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ABSTRACT 
Prostaglandins are potent lipid mediators, synthesized de novo from arachidonic acid (AA) upon cell 
activation. AA is oxidized by the cyclooxygenase isoenzymes (COX-1 and COX-2) to form PGH2, 
the common substrate for downstream enzymes involved in prostaglandin biosynthesis. COX-1 is 
constitutively expressed in most cells and regarded as housekeeping protein. In contrast, expression 
of COX-2 is markedly increased by pro-inflammatory cytokines at sites of inflammation. PGH2 is 
converted into biologically active prostanoids like PGD2, PGE2, PGF2α, TXA2 and PGI2 by specific 
enzymes in a cell-specific manner. The isomerization of PGH2 to PGE2, a potent mediator of pain 
and inflammation, is specifically catalyzed by human microsomal prostaglandin E synthase-1 
(mPGES-1), a member of the MAPEG (membrane associated proteins in eicosanoid and 
glutathione metabolism) superfamily. High levels of PGE2 have been found in numerous disease 
states.  

Human mPGES-1 was expressed as an N-terminal-histidine-tagged protein in E. coli. The 
membrane bound enzyme was solubilized using Triton X-100 and purified to apparent homogeneity 
using a combination of hydroxyapatite and immobilized metal affinity chromatography. Purified 
mPGES-1 exhibited high glutathione (GSH)-dependent catalytic activity for the conversion of both 
PGH2 to PGE2 and, PGG2 to 15-hydroperoxy-PGE2. Moreover, mPGES-1 also exhibited GSH-
dependent peroxidase activity towards cumene hydroperoxide and 5-HpETE as well as low but 
significant glutathione transferase activity, possibly reflecting a relationship to other members of the 
MAPEG family. A 10 Å projection map of mPGES-1 determined using electron crystallography as 
well as hydrodynamic studies of mPGES-1-Triton X-100 complex, independently demonstrated the 
trimeric organization of mPGES-1. 

The role of mPGES-1 in endotoxin-induced fever, as well as aseptic, cytokine-dependent, 
inflammation-induced fever was investigated. In response to intraperitoneal injection of 
lipopolysaccharide (LPS), wildtype DBA/1lacJ mice developed a robust fever with markedly 
increased PGE2 levels in the cerebrospinal fluid (CSF) and significant LPS-induced mPGES-1 
activity in membrane fractions isolated from brain tissues. In contrast, the mPGES-1 knockout mice 
did not develop fever and, the PGE2 levels in the CSF did not differ significantly from the saline-
treated wildtype mice, suggesting a critical role for mPGES-1 in the development of endotoxin-
induced fever. In a cytokine-dependent fever model, subcutaneous injection of turpentine induced 
biphasic fever in wildtype mice, whereas mPGES-1 knockout mice displayed a core body 
temperature similar to the saline-treated wildtype mice, indicating that mPGES-1 activity was 
indispensable for the induction of cytokine-dependent fever. mPGES-1 did not, however, mediate 
hyperthermia induced by psychological stress. 

The role of mPGES-1 in neonatal respiratory depression was investigated using 9-day old 
DBA/1lacj mice. Wildtype mice treated with IL-1β exhibited a reduced respiratory frequency during 
normoxia as well hyperoxia compared to saline treated mice. This effect of IL-1β was attenuated in 
mPGES-1 knockout mice. Moreover, IL-1β treatment induced apneas, irregular breathing pattern 
and reduced the anoxic survival of the wildtype mice, and these effects were attenuated in mice 
lacking mPGES-1. Both IL-1β and hypoxia treatment synergistically induced a rapid 4-fold 
mPGES-1 activity in the brainstem of wildtype mice compared to the saline treatment. These results 
suggest a central role for mPGES-1 in the regulation of neonatal breathing. 

Taken together, these findings provide further support of mPGES-1 as an attractive target for 
the development of anti-inflammatory and anti-pyretic drugs. It is also possible that such drugs 
could be used in neonates at risk for respiratory suppression. 
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LIST OF ABBREVIATIONS 
 
AA Arachidonic acid 
BBB Blood brain barrier 
CDNB 1-chloro-2,4-dinitrobenzene 
CNS Central nervous system 
COX Cyclooxygenase 
cPGES Cytosolic Prostaglandin E synthase 
cPLA2 Cytosolic phospholipase A2 
CSF Cerebrospinal fluid 
DP Prostaglandin D receptor 
EP Prostaglandin E receptor 
FLAP Five lipoxygenase activating protein 
FP Prostaglandin F receptor 
GSH Reduced glutathione 
IL-1α Interleukin 1 alpha 
IL-1β Interleukin 1 beta 
IL-1ra Interleukin 1 receptor antagonist 
iPLA2 Cytosolic Ca2+-independent phospholipase A2 
IP Prostacyclin I receptor 
LPS Lipopolysaccharide 
LTC4S Leukotriene C4 synthase 
MAPEG Membrane associated proteins in eicosanoid and glutathione metabolism 
MGST Microsomal glutathione transferase 
mPGES Microsomal prostaglandin E synthase 
NSAIDs Non steroidal anti-inflammatory drugs 
NTS Nucleus of the solitary tract 
PGD2 Prostaglandin D2 
PGDH Prostaglandin dehydrogenase 
PGE2 Prostaglandin E2 
PGF2α Prostaglandin F2 alpha 
PGG2 Prostaglandin G2 
PGH2 Prostaglandin H2 
PGI2 Prostaglandin I2 (Prostacyclin) 
PGT Prostaglandin transport 
POA Preoptic area 
Pre-BötzC Pre-Bötzinger complex 
RA Rheumatoid arthritis 
RP-HPLC Reverse phase-high performance liquid chromatography 
RT-PCR Reverse transcriptase-Polymerase chain reaction 
RVLM Rostral ventrolateral medulla 
SDS-PAGE Sodium dodecyl sulphate-Polyacrylamide gel electrophoresis 
sPLA2 Secretory phospholipase A2 
TLR-4 Toll like receptor 4 
TNF-α Tumor necrosis factor alpha 
TXA2 Thromboxane A2 
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INTRODUCTION 
BRIEF HISTORY 

In 1930, Ulf Von Euler of Sweden described prostaglandins from human semen. Since 
prostate gland was the organ from which the substance was isolated, Von Euler named 
the substance as ‘Prostaglandin’ (379). Prior to this identification, Battez and Boulet in 
1913 discovered that extracts from the human prostate gland could lower blood 
pressure and contract the urinary bladder in dogs (14). Similar research led by two 
gynecologists, Kurzrok and Lieb showed that human semen contracted and relaxed 
human uterus during artificial insemination (175). The research on prostaglandins was 
continued and the E and F series of prostaglandins were isolated by Bergström and 
Sjövall (19). Soon after, the structures of these compounds were solved by mass 
spectrometry (18). In 1964, Bergström and van Dorp independently observed that 
incubation of homogenates of the sheep vesicular gland with [3H]-labeled arachidonic 
acid resulted in an enzymatic conversion to PGE2 and thus established that 
prostaglandins originate from C20 polyunsaturated fatty acids (17, 357). Subsequently, 
Hamberg and Samuelsson detected and isolated an endoperoxide by short-time 
incubations of arachidonic acid with the microsomal fraction of homogenates of sheep 
vesicular glands and the endoperoxide was later termed prostaglandin H2 (PGH2) (113, 
115). 

In the 5th century BC, Hippocrates, a Greek physician found that a bitter powder 
extracted from willow bark could provide relief from pain and fever. The active-extract 
of the bark, called salicin, was isolated in its crystalline form in 1828 by Henri Leroux, 
a French pharmacist. Few years later Raffaele piria; an Italian chemist isolated the acid 
in the pure state. In 1971 Sir John Vane discovered that the analgesic effect of aspirin 
was the result of its inhibition of prostaglandin biosynthesis (358). In honor to their 
discoveries in the field of prostaglandins and related bioactive substances and the 
mechanism of action of aspirin, Sune Bergström, Bengt Samuelsson and Sir John Vane 
were awarded the 1982 Nobel Prize in Physiology or Medicine. 

Prostaglandins are important mediators of various physiological processes such 
as regulation of gastrointestinal, renal and blood homeostasis. On the other hand, they 
also act as potent mediators of inflammation and fever. Two distinct cyclooxygenase 
isoenzymes were discovered, Cyclooxygenase-1 (COX-1), the constitutive form and 
Cyclooxygenase-2 (COX-2), the inducible enzyme (69, 173, 219, 383, 389). COX-2 
specific inhibitors were developed in order to reduce the side effects caused by non-
specific COX inhibitors. However, in 2004, VioxxTM, a COX-2 specific inhibitor was 
withdrawn by Merck from the market following several investigations showing 
increased risk of cardiovascular related deaths (315, 343).  
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EICOSANOIDS 

Eicosanoids are a class of polyunsaturated hydrophobic molecules that act as autocrine 
and paracrine mediators. The term ‘eicosanoids’ (evolved from Greek word eicosi 
meaning 20) is used collectively to denote fatty acid molecules with 20 carbon atoms. 
The eicosanoid family constitutes prostaglandins, leukotrienes, thromboxanes, lipoxins 
and other related compounds. Certain fatty acids such as linoleic acids (18:2 cis-∆9, ∆12) 
and α-linolenic acids (18:3 cis-∆9, ∆12, ∆15) are essential in the human diet. Humans can 
easily make monounsaturated fatty acids with a double bond at ω-9 positions, but do 
not have the enzyme machinery necessary to introduce a double bond beyond ω-9 
position of the fatty acid chain. However, arachidonic acid (20:4, ω6) and dihomo-γ-
linolenic acids (20:3, ω6) can be synthesized from linoleic acid. Figure 1 illustrates 
different precursors of eicosanoids. 
 
 
 

 
 
Figure 1. Precursors of eicosanoids. 
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PHOSPHOLIPASES RELEASE ARACHIDONIC ACID 

Among the various fatty acids, arachidonic acid is the most abundant in human cells. 
This C20 polyunsaturated fatty acid is predominantly bound to the sn-2 position of 
membrane phospholipids (138). The level of free arachidonic acid under normal 
physiological condition is very low. However, different stimulatory agents trigger the 
release of arachidonic acid by phospholipases. Availability of free arachidonic acid is 
essential for the biosynthesis of eicosanoids and it is a rate-limiting step in this process. 
Phospholipases and acyl-CoA transferases determine the concentration of free 
arachidonic acid through hydrolysis and re-esterification of phospholipids (105). A 
number of different enzymes have so far been identified with phospholipase activity 
(11, 172) and present in different isoforms in different cell types (68). The superfamily 
of the phospholipase enzymes is divided into four classes: secretory (sPLA2), cytosolic 
Ca2+-dependent (cPLA2), cytosolic Ca2+-independent (iPLA2) and platelet-activating 
factor (PAF) acetyl hydrolase (172). 
 
Phospholipase A2 

sPLA2s 

This group of secretory phospholipase A2 consists of 14-19 kDa secreted enzymes and 
comprise the largest group of phospholipase enzymes. These enzymes contain a highly 
conserved Ca2+ binding loop and a catalytic site. The presence of at least 6 conserved 
disulphide bonds contribute to the high degree of stability of these enzymes (172). 
sPLA2s hydrolyze the ester bond at the sn-2 position of glycerophospholipids in the 
presence of mM concentrations of Ca2+ with no strict fatty acid selectivity (172). The 
genes for the different subgroups of sPLA2s enzymes are clustered on the same 
chromosome locus and are often referred to as the group II subfamily. Several of the 
sPLA2 have been reported to take part in a number of biological processes such as 
inflammation and host defense. Secretory PLA2-IIa is the most widely distributed 
isozyme in human. The expression of sPLA2-IIA is markedly induced by pro-
inflammatory stimuli (260) and downregulated by anti-inflammatory cytokines or 
glucocorticoids in a wide variety of cells and tissues (246). Using sPLA2-IIA transgenic 
mice the anti-bacterial and atherosclerotic properties of sPLA2 have been studied (177, 
340). Indeed, sPLA2-IIA possesses the strongest bactericidal activities among the 
sPLA2 members and several lines of recent evidences suggest that the anti-bacterial 
function of sPLA2-IIA appears to be the primary physiological function (160). 
Transgenic over-expression of sPLA2-IIA in mouse testis leads to infertility due to the 
impairment of spermatogenesis indicating abnormal expression of this enzyme in 
male genital organs may cause developmental defects (95). 
 sPLA2-IID is structurally similar to sPLA2-IIA and constitutively expressed in the 
immune and digestive organs and upregulated by pro-inflammatory stimuli in some 
restricted tissues (139). sPLA2-IIE, which is another sPLA2-IIA related enzyme, is 
expressed constitutively in several tissues at low levels and also upregulated by pro-
inflammatory stimuli (325). Similarly, sPLA2-IIF is expressed in the testis of adult mice 
and also detected in low levels in various human tissues. This enzyme is thought to be 
involved in the regulation of developmental process as high levels of expression is 
found in mouse embryo (238, 356).  

sPLA2-III is an unusually large protein (55 kDa) among the sPLA2 family. It is 
expressed in the kidney, heart, liver and skeletal muscles. sPLA2-V is mainly detected 
in the human heart and lungs (48) and its expression is also found to be induced by pro-



 12 

inflammatory stimuli (300). sPLA2-X is synthesized as a zymogen and the removal of 
the N-terminal propeptide produces an active mature enzyme (116).  
 

Cytosolic Ca2+-dependent phospholipase A2 

The cPLA2 family consists of three isozymes, cPLA2α, cPLA2β and cPLA2γ. cPLA2α 
is constitutively expressed in most cells and tissues and its expression is induced under 
certain conditions (196). cPLA2α shows remarkable selectivity toward phospholipids 
containing arachidonic acid at the sn-2 position (57). It also possesses sn-1 
lysophospholipase activity and weak transacylase activity (202). In contrast, cPLA2β 
and cPLA2γ possess less specificity towards the fatty acid selectivity and, in fact, the 
sn-1 hydrolysis by these enzymes is more potent compared to sn-2 hydrolysis (278). 
Submicromolar concentration of Ca2+ is required for the translocation of cPLA2α from 
the cytosol to the nuclear membrane which is necessary for the release of arachidonic 
acid (289). cPLA2α has been reported to play a role in cellular proliferation, 
transformation and oncogenesis in certain cell types. cPLA2α deficient mice showed 
markedly reduced airway anaphylactic response (352), significantly reduced 
experimental Parkinsonian syndrome (157) and delayed onset of labor (29, 352) 
demonstrating its role in maintaining both physiological functions and 
pathophysiological reactions.  
 
Cytosolic Ca2+-independent phospholipase A2 

iPLA2 is classified as group VI PLA2 and two enzymatically active forms namely 
iPLA2-VIA and -VIB have been identified. iPLA2 exists in several splice variants (181, 
331). iPLA2-VIA and -VIB are ubiquitously expressed in various tissues and are fully 
active in the absence of Ca2+. The iPLA2 protein is about 85 kDa in size and contains 
lipase consensus sequence and ATP binding motif (2). Besides their roles as 
housekeeping genes, such as maintenance of phospholipids homeostasis, iPLA2-VIA 
seems also involved in stimulus coupled AA release (243). 
 

PAF acetyl hydrolase 

PAF acetyl hydrolase (PAF-AH) specifically catalyzes the hydrolysis of phospholipids 
containing an acetyl group at sn-2 position and it degrades PAF, a potent inflammatory 
mediator. Two types of PAF-AH have been identified, a 45 kDa secreted form with 
potent anti-inflammatory properties (342) and an intracellular form containing three 
subunits of 29, 30 and 45 kDa (121). These two forms show significant sequence 
identity (∼ 41%) and classified as group VII enzymes. High levels of the plasma type 
enzyme is expressed in thymus and tonsil, while the intracellular enzyme is abundant in 
liver and kidney (121, 342). 
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METABOLISM OF ARACHIDONIC ACID 
In mammals, oxygenation of free arachidonic acid is carried out by three different 
enzymatic pathways. The cyclooxygenase pathway produces prostaglandins and 
thromboxanes via production of the intermediate prostaglandin endoperoxides PGG2 
and PGH2. The lipoxygenase pathway produces leukotrienes and certain hydroperoxy 
acids (HpETEs). The cytochrome P-450 pathway produces a series of epoxy and 
hydroxyl-acid-derivatives (313). In figure 2, the cyclooxygenase and 5-lipoxygenase 
pathways are briefly illustrated.  
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Figure 2. An overview of arachidonic acid metabolic pathway. The intermediate 
products of arachidonic acid such as PGH2 and Leukotriene A4 produced by the 
cyclooxygenase and the 5-lipoxygenase enzymes respectively are further metabolized 
by specific enzymes to produce leukotrienes and prostaglandins.  
 
BIOSYNTHESIS OF PROSTAGLANDINS 

Prostaglandins represent a group of potent lipid mediators, formed by most cells in our 
body and act as local hormones. They are synthesized de novo from membrane-released 
arachidonic acid upon cell-stimulation, caused by mechanical stress, cytokines, growth 
factors or hormones. In activated cells, phospholipase A2-derived arachidonic acid is 
metabolized to PGH2 sequentially in a two-step reaction by either of the two 
cyclooxygenase isoforms (Figure 2). PGH2 is the common substrate for several 
different downstream enzymes and accordingly converted to biologically active 
prostanoids i.e. PGE2, PGD2, PGF2α, TXA2 or PGI2 by their respective enzymes in a 
cell-specific manner. Once the prostaglandins are formed, they are released from the 
cells and bind to receptors specific for each prostanoid to exert their biological 
functions. In many cases only one prostanoid is produced in a given cell type. For 
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example, thromboxane A2 synthase is present in platelets, prostacyclin synthase is 
present in endothelial cells and PGF2α synthase is present in the uterus. Furthermore, 
two types of PGD2 synthases have been identified in brain and mast cells. Microsomal 
prostaglandin E synthase-1, which specifically catalyzes the conversion of PGH2 into 
PGE2, is expressed mainly in activated cells involved in inflammation (143), including 
endothelial cells. Two more enzymes, the cytosolic PGE synthase (cPGES) (334) and 
the membrane bound PGE synthase-2 (mPGES-2) (332) have also been identified with 
PGE synthase activity. However, these enzymes are constitutively expressed in most 
cells and believed to constitute housekeeping genes. 
 
Cyclooxygenases 

Cyclooxygenase, also referred to as prostaglandin endoperoxide H synthase, is a 
membrane bound, heme-containing, bis-oxygenase and peroxidase. COX enzymes 
contain two distinct active sites, one cyclooxygenase and one peroxidase site that 
catalyze two sequential reactions. The cyclooxygenase reaction includes a double 
dioxygenation of arachidonic acids and formation of the ring structure in the carbon 
skeleton leading to the formation of PGG2, a 15-hydroperoxy endoperoxide 
intermediate. In the next step, the peroxidase reaction carries out the reduction of PGG2 
to form the 15-hydroxyl endoperoxide compound, PGH2 (113, 115). There exist two 
isoforms of COX, referred to as COX-1 and COX-2. In general, COX-1 is 
constitutively expressed in most organs and believed to be responsible for homeostatic 
functions. In contrast, expression of the COX-2 transcript is barely detectable in most 
quiescent cells, but is markedly upregulated by inflammatory stimuli (125). Both 
enzymes are located in the luminal surface of the endoplasmic reticulum and on the 
inner and outer membranes of the nuclear envelope (235). COX-1 and COX-2 enzymes 
share 60% identity in their amino acid sequence and nearly superimposable in overall 
folding (204, 279). 
 
COX-1 and -2: gene structure, expression and function 

In 1976, Miyamoto et al reported the purification of the COX-1 enzyme from bovine 
vesicular gland microsomes and demonstrated the enzyme to be a membrane-bound 
heme containing protein (227). The COX-1 cDNA was cloned from sheep vesicular 
glands (69, 219, 389) and soon after, the primary gene structure of the enzyme was 
characterized (390). The gene is located on the human chromosome 9q32-q33.3 and 
approximately 25 kb in size (166). The gene contains 11 exons and transcribed as 2.8 
kb mRNA which is translated to form a protein with an apparent molecular mass of 68 
kDa (169). There are several putative transcriptional regulatory elements (Sp1, AP-2, 
NF-IL-6 and GATA) in the promoter region of the COX-1 gene. However, the COX-1 
promoter does not possess a TATA or CAAT box and rich in GC sequences, consistent 
with the features of the housekeeping gene. The two Sp1 sites contribute to constitutive 
expression of COX-1 (385). In addition to the constitutive expression of COX-1, 
increased expression has also been observed in several cell systems although not 
coupled to stimulus-induced expression (239, 347). 
 A second isoform of COX i.e. COX-2 was discovered independently by Xie et al 
(383) and Kubuju et al (173). The COX-2 gene is about 8 kb long, composed of 10 
exons and located on human chromosome 1q25.2-q25.3. The mRNA is about 4.1-4.5 
kb and encodes a protein of about 68 kDa (125). The promoter region of the COX-2 
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gene contains a TATA box as well as various transcription elements, such as NF-IL6, 
AP-2, Sp-1, NF-κB, CRE/E-box (220). NF-κB-dependent transcription of COX-2 has 
been shown to be suppressed by high concentrations of NSAIDs, which block IκB 
kinase activation (388). A number of studies have demonstrated stimulus induced 
expression of COX-2 enzyme in various inflammatory diseases (176, 374). Pro-
inflammatory stimuli often has also increased the stability of COX-2 mRNA and 
proteins which requires the presence of an AU rich region (ARE) found within the 3’ 
untranslated region of COX-2 mRNA (77, 185, 309). The induction of COX-2 is 
markedly downregulated by anti-inflammatory glucocorticoids, even though the COX-
2 promoter does not contain a glucocorticoid response element (GRE). The mechanism 
for glucocorticoid-mediated downregulation of COX-2 induction has been 
demonstrated to involve suppression of the AP-1 and NFκB-dependent transcription (7, 
301) as well as destabilization and degradation of COX-2 mRNA and protein (76, 254). 
 
Pathophysiological functions: lessons from mice deficient in COX-1/COX-2 

In order to better characterize the physiological and pathological functions of each 
COX isoform in vivo, mice deficient in either COX-1 or COX-2 were generated (180). 
Despite the thought that inhibition of COX-1 was associated with ulcerative effects of 
NSAIDs, genetic deficiency of COX-1 did not increase spontaneous gastric ulceration 
in mice (180, 198). COX-1 deficiency in female mice did not impede conception or 
fetal development but significantly prolonged gestation period and thereby reduced the 
offspring survival. In contrast, female mice deficient in COX-2 showed reproductive 
abnormalities with defects in ovulation and implantation (194). Although COX-1 has 
been thought to be the isoform primarily responsible for the maintenance of 
physiological processes in kidney, the genetic deficiency of COX-1 failed to produce 
an identifiable renal pathology. In contrast, COX-2 deficient mice showed severe 
developmental defects in the kidney. The contribution of each COX isoform in the 
development of inflammation was studied by applying the tumor promoter, 12-O-
tetradecanoylphorbol-13-acetate (TPA) topically to the ear to induce edema. The level 
of edema induced by TPA was not significantly different between wildtype, COX-1 
and COX-2 deficient mice. These findings were surprising, in particular for the COX-2 
deficient mice, since TPA is a potent inducer of COX-2 expression and expected to 
mediate, at least in part, the inflammatory response to TPA (173). Furthermore, the role 
of COX isoforms in the development of intestinal tumorigenesis was studied using the 
Min (multiple intestinal neoplasia) mice model. Min mice have a chemically induced 
mutation in the Apc (adenomatous polyposis coli) gene, which results in a 100% 
incidence of neoplasia (267, 311). The Min mice deficient in either COX-1 or COX-2 
showed 80% reduction in intestinal tumorigenesis (55) suggesting the involvement of 
both COX-1 and COX-2 enzyme in intestinal tumorigenesis. In a collagen induced 
arthritis (CIA) model, COX-2 deficient mice showed reduced incidence and severity of 
the disease compared to the wildtype and COX-1 deficient mice (245). A recent 
development in the area of cyclooxygenase research shows that disruption of COX-1 
and COX-2 gene in mouse has effects both in the severity and nociception of diseases 
in a sex specific manner (52). In a chronic Freund's adjuvant-induced arthritis and 
inflammatory pain model, both COX-1 and COX-2 knockout females displayed less 
severe bone destruction and inflammation compared to the male knockouts.  
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COX and NSAIDs 

Over the past years non-steroid anti-inflammatory drugs have been widely used to treat 
various types of chronic and acute pain. COX-1 and COX-2 are the major targets for 
NSAIDs. The classical NSAIDs inhibit both COX-1 and COX-2 isoenzymes producing 
therapeutic as well as adverse effects. Therapeutic doses of classical NSAIDs often lead 
to gastrointestinal bleeding and inhibition of mucoprotective prostaglandins. In 1999, 
Warner et al reported a full in vitro analysis of COX-1 &-2 selectivities for a wide 
range of NSAIDs and COX-2 selective compounds and discovered that inhibition of 
COX-1 underlies the gastrointestinal toxicity of NSAIDs (360) which also reconfirmed 
earlier observations (226). Using a carrageenan-induced inflammatory rat model, Seibrt 
et al have demonstrated that expression of COX-2 mRNA was upregulated in response 
to carrageenan and a selective COX-2 inhibitor blocked the resultant edema formation 
(308). The structural basis for the selective inhibition of COX-2 was explained from the 
structures of COX-2 and selective COX-2 inhibitors determined at 3.0-2.5Å resolution. 
This structure study also demonstrated some of the conformational changes associated 
with time dependent inhibition of COX-2 (174). In 1999, rofecoxib and celecoxib were 
the first two drugs in this new class of selective COX-2 inhibitors to be approved for 
use (42). In 2001, valdecoxib was another addition to this class of selective COX-2 
inhibitors (270). These new generation of COX-2 inhibitors were widely used to treat 
inflammatory diseases such as rheumatoid arthritis (104, 152, 256), osteoarthritis (37, 
179, 294), as well as neurodegenerative diseases including Alzheimer’s disease (103) 
and Parkinson’s disease (335, 336). Many forms of cancers were shown to be 
associated with overexpression of COX-2 and COX-2 specific inhibitors were used in 
attempts to lower the progression of these diseases (118, 267, 310, 327). However, in 
addition to the anti-inflammatory effect, COX-2 specific inhibitors were found to 
trigger cardiovascular disease such as myocardial infarction and stroke (170) and in 
September 2004, Vioxx was withdrawn from the market due to the increased risk of 
myocardial infarction found among the group taking 25mg/day rofecoxib (343). These 
side effects caused by COX-2 specific inhibitotrs bring limitations to the use of these 
drugs in general and patients with less sensitivity to gastrointestinal side effects are 
today treated with non-specific COX inhibitors. 
 
COX-3 

A third isoform of COX enzyme was thought to exist with the observation that 
acetaminophen, a drug with potent anti-pyretic action but very-weak anti-inflammatory 
activity reduces the levels of prostaglandin metabolites in urine (30). In 2003, 
Chandrasekharan et al reported the identification of a splice variant of COX-1, named 
COX-3 and cloned into baculovirus (43). The COX-3 mRNA is transcribed from COX-
1 gene and retains intron-1 and therefore the COX-3 protein is also called COX-1b. 
RT-PCR of canine cerebral cortex RNA, as well as analysis of Northern blots indicated 
that COX-3 mRNA is present in the brain region at about 5% of the level of COX-1 
mRNA. In human, COX-3 mRNA is transcribed as 5.2 kb transcript and abundantly 
expressed in cerebral cortex and heart. Recently the rat COX-3 mRNA from cerebral 
endothelial cells was cloned and a vector containing the rat COX-3 cDNA was 
transfected to COS 7 cells (314). Western blot analysis using an affinity-purified 
antibody against COX-3 protein demonstrated highest expression in heart, kidney and 
neuronal tissues. Notably, the COX-3 protein did not show any cyclooxygenase activity 
and thus the physiological significance for the existence of COX-3 is not known. 
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PROSTANOID SYNTHASES 

Prostaglandin E synthases 

Prostaglandin E synthases are enzymes involved in the catalyzation of cyclooxygenase 
derived PGH2 to PGE2. In 1999, Jakobsson et al for the first time reported cloning and 
expression of recombinant human microsomal prostaglandin E synthase-1 (mPGES-1) 
(143). Following this report, orthologs of this protein were cloned from several animal 
species (212, 242, 299). In addition one cytosolic (334) as well as another microsomal 
PGE synthase (332) have been identified. There are also various cytosolic glutathione-
S-transferases with PGE synthase activity albeit with very low catalytic efficiency (20). 
This section will focus on the current understanding of different forms of PGE synthase 
enzymes. 
 
Identification of Microsomal Prostaglandin E synthase-1 and the MAPEG members  

mPGES-1 constitutes a member of the MAPEG (membrane associated proteins in 
eicosanoid and glutathione metabolism) superfamily (142). mPGES-1 is a glutathione 
dependent membrane bound protein. The human enzyme was initially discovered as an 
expressed sequence tag (EST) clone by database searches based on the amino acid 
sequence of microsomal glutathione S transferase 1 (MGST1) (142). The homologous 
EST clones were characterized and found to code for a novel protein with 38% 
sequence identity to MGST1 and hence the protein was referred to as MGST1-like 1 
(MGST1-L1). The gene coding for MGST1-L1 was also independently identified as a 
p53 induced gene (PIG12), but no function was described (280). MGST1-L1 was 
subsequently found to specifically catalyze the conversion of PGH2 to PGE2 and 
henceforth referred to as mPGES-1 (143). Based on amino acid sequence, size, 
hydropathy profile (represented in figure 3) and membrane localization, mPGES-1 was 
classified as a member of the MAPEG superfamily (142). The six human protein 
members of the MAPEG superfamily are 16-18 kDa integral membrane proteins, 
including 5-lipoxygenase activating protein (FLAP), leukotriene C4 synthase (LTC4S), 
MGST1, MGST2, MGST3 and mPGES-1. Multiple sequence alignment demonstrates 
six conserved amino acid sequence in the human members. MGST1, -2 and -3 possess 
glutathione transferase and glutathione-dependent peroxidase activities, possibly 
demonstrating the roles of these enzymes in detoxification of xenobiotics and 
protection against oxidative stress. MGST1 is highly expressed in liver and acts on 
various lipid hydroperoxides (233, 236). FLAP, LTC4S and MGST2 form a group of 
enzyme involved in the biosynthesis of leukotrienes. FLAP has been demonstrated to 
present the substrate to 5-lipoxygenase (5-LO) and shown to be necessary for 5-LO 
activity (78, 211, 223). LTC4S specifically conjugates the 5-LO product LTA4 with 
reduced glutathione to produce LTC4 (178, 369). MGST2 and MGST3 were also found 
to possess LTC4S activity, however, they have broader substrate specificity (140, 141). 
The MAPEG superfamily also includes several plant members (Arabidopsis thaliana, 
Oryza sativa and Ricinus communis), fungi (Aspergillus nidulans) and bacterial 
members (Synechosystis, Escherichia coli and Vibrio cholerae).  
 



 18 

 

-4

-3

-2

-1

0

1

2

3

4

20 60 80 100 120 140 160 180

Alignment position

H
yd

ro
pa

th
y

-4

-3

-2

-1

0

1

2

3

4

0 20 40 60 80 120 140 160 180

Alignment position

H
yd

ro
pa

th
y

 
Figure 3. Hydropathy plots of the human MAPEG members based on multiple 
sequence alignments. 
 

Structure and enzymatic properties 

mPGES-1 has been characterized as an inducible, glutathione-dependent membrane 
bound enzyme (143). The primary structures of human, rat and mouse mPGES-1 
demonstrated a high degree of amino acid sequence homology (> 80%). mPGES-1 also 
shows significant homology with other proteins in the MAPEG superfamily including 
MGST1, MGST2, MGST3, FLAP and LTC4 synthase with the highest homology being 
found with MGST1 (38%). The hydropathy plot in figure 3 suggests that all MAPEG 
proteins have similar three dimensional and membrane-spanning topographic properties 
(142). All MAPEG proteins have similar molecular masses ranging from 14-18 kDa 
and all, except FLAP, have pI values of 10-11. Amino acid sequence alignment of the 
MAPEG family members demonstrates a strictly conserved Arg110 residue. Murakami 
et al have demonstrated that replacement of Arg110 by Ser abrogated the catalytic 
activity of mPGES-1 implying an essential role of this residue in protein function (242). 
Although Tyr117 is also a conserved amino acid in all human MAPEG enzymes, this 
residue did not seem to play an essential role for the enzymatic activity of mPGES-1 or 
MGST1 (242, 368). mPGES-1 activity is inhibited by the COX-2 inhibitor NS-398 
with IC50 value of 20 µM in vitro. In addition, LTC4 and sulindac sulphide are also 
weak inhibitors of mPGES-1 activity with IC50 values of 5 µM and 80 µM respectively 
(339). 15-deoxy-∆12,14-PGJ2 and other fatty acids have also been recently described as 
inhibitors of mPGES-1 with similar IC50 value (0.3 µM) (284). 

The gene of mPGES-1 maps to chromosome 9q34.3 (94) and spans about 15 kb, 
divided into three exons. The putative promoter of the human mPGES-1 gene is GC-
rich, lacks a TATA box and contains binding sites for C/EBPα and β, two AP-1 sites, 
two tandem GC boxes, two progesterone receptors and three GRE elements, two cAMP 
response elements, and six serum response elements (SRE) (248). A recent 
investigation demonstrated that the suppression of IL-1β-induced mPGES-1 activity by 
curcumin (an anti-cancer and anti-inflammatory agent) was mediated by the inhibition 
of transcriptional activity of EGR-1 (230). Recently Degousee et al described the role 
of Jun N-terminal kinase (JNK) for mPGES-1 expression in rat neonatal 
cardiomyocytes. By chromatin immunoprecipitation analyses and nuclear run off 
assays there was no evidence of increased transcriptional activity, however the IL-1β 
and LPS induction of mPGES-1 mRNA was found to depend on mRNA stability (67). 
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Under normal physiological conditions, the expression of mPGES-1 is very low; 
however, inflammatory stimuli promote an increase in the levels of mPGES-1 mRNA 
and protein in various tissues. Marked elevation of mPGES-1 usually occurs 
concomitantly with the induction of COX-2 (242) although discordant expression has 
been described (392, 393). Furthermore, coordinate upregulation of COX-2 and 
mPGES-1 and the subsequent attendant PGE2 biosynthesis are reversed simultaneously 
to basal levels by glucocorticoids (339). When COX-2 and mPGES-1 were 
cotransfected into HEK293 cells, considerable amounts of PGE2 was produced both 
from exogenous and endogenous AA relative to cells transfected with either enzyme 
alone, suggesting a coupling between COX-2 and mPGES-1 (242). However, a recent 
study showed that deletion of the mPGES-1 gene resulted in 80-90% decrease in basal, 
COX-1-dependent PGE2 production in stomach and spleen, demonstrating the ability of 
mPGES-1 to couple also with COX-1 (31) as suggested previously by Dieter et al (71). 
The potential involvement of mPGES-1 in various pathological conditions will be 
elaborated later in the discussion section. 
 
Mice deficient in the mPGES-1 gene 

mPGES-1 deficient mice were generated by targeted homologous recombination in 
DBA/1lacJ embryonic stem cells and the phenotype was evaluated in several models of 
acute and chronic inflammation (345). These mice were born healthy and could not be 
distinguished from the wildtype littermates in general behavior, appearance and body 
weight or tissue histology. In a model of inflammatory pain, which was induced by 
intraperitoneal injection of dilute acetic acid, mPGES-1 deficient mice showed 40% 
decreased pain perception that was comparable to the response demonstrated by 
NSAID-treated wildtype mice. mPGES-1 was also found to play a major role in the 
pathogenesis of collagen induced arthritis (CIA), an experimental animal model of 
inflammatory arthritis, which in many ways resemble human rheumatoid arthritis (RA) 
(380). Macrophages derived from mPGES-1 knockout mice did not produce PGE2 after 
LPS stimulation (348). In addition, inflammatory pain hypersensitivity was 
demonstrated to be much milder in mPGES-1 deficient mice compared to the wildtype 
littermates (148). The involvement of PGE2 in neuropathy pain was demonstrated by 
use of mPGES-1 knockout mice (206). In a recent study Oshima et al have shown that 
transgenic mice expressing both COX-2 and mPGES-1 develop hyperplastic gastric 
tumors with inflammatory histopathology (268). As PGE2 produced by mPGES-1 is 
involved in inflammation and because preterm deliveries are associated with infection 
combined with inflammation, the role of mPGES-1 was evaluated in preterm delivery 
using mPGES-1 knockout mice in LPS-induced preterm labor model (171). It was 
found that in the mPGES-1 knockout mice, LPS induced the expression of mPGES-2 in 
the myometrium and the fetal membrane and the duration of labor in mPGES-1 
knockout mice was not statistically different from the wildtype mice. These results 
provide an indication that inhibition of mPGES-1 is not sufficient to prevent preterm 
labor as mPGES-2 might compensate the role of mPGES-1. In a very recent study by 
Hartney et al the impact of sustained alterations in PGE2 pathways on changes in 
airway resistance was investigated (119). In this study, mice with a genetic deletion of 
15-hydroxy prostaglandin enzyme that caused elevation of PGE2 levels in lungs, 
presented attenuated airways responsiveness to metacholine as measured by lung 
resistance. All these data reveal a dual role played by mPGES-1; PGE2 formed by 
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induced expression of mPGES-1 is mostly involved in pain and inflammatory 
processes, whereas PGE2 produced under basal expression of mPGES-1 maintains 
certain physiological functions. 
 
Microsomal PGE synthase 2  

mPGES-2 was expressed and purified from microsomes of bovine heart (363, 364). 
The corresponding monkey protein was recently cloned, expressed and purified (332). 
Interestingly, no sequence homology was found between the two membrane bound 
PGE synthase enzymes. The gene for mPGES-2 is localized to human chromosome 
9q33-34 in proximity to the genes for mPGES-1, COX-1 and lipocalin-type PGDS 
(332). The cDNA encodes a 33 kDa protein with a consensus region of glutaredoxin 
and thioredoxin. Recombinant mPGES-2 can use different reducing agents, for instance 
dithiotheritol, glutathione or β-mercaptoethanol for its PGE synthase activity. Purified 
mPGES-2 displayed a Vmax and Km value of 3.3 µmol·min-1·mg-1 and 28 µM, 
respectively, for PGH2 with a pH optimum of 6-7 (332). Northern blot analysis 
demonstrated that mPGES-2 mRNA was mainly localized in various regions of the 
brain and heart but not in genital organs as compared to mPGES-1. mPGES-2 is 
initially produced as a golgi membrane-associated protein followed by spontaneous 
cleavage of the N-terminal hydrophobic domain, leading to the formation of a truncated 
mature protein that is distributed in the cytosol (240). Cotransfection of mPGES-2 with 
either COX isozyme to HEK293 cells demonstrated that mPGES-2 could be coupled 
with both COX-1 and COX-2 (240). Although mPGES-2 is constitutively expressed in 
many cells and the expression was not induced by inflammatory stimuli, a marked 
elevation of this enzyme was demonstrated in human colorectal cancer tissues and cell 
lines (240). However, the role of mPGES-2 in cancer remains to be investigated. 
Crystallization of mPGES-2 reveals that it forms a homo dimer and attached to the lipid 
membrane by anchoring the N-terminal section (386).  
  
Cytosolic PGE synthase  

Cytosolic PGE synthase (cPGES) is a glutathione-requiring enzyme, constitutively 
expressed in a variety of cells. cPGES is a 23 kDa protein and identical to p23, a heat 
shock protein 90 (Hsp90)-binding protein (334). cPGES is highly conserved among 
animal species (> 95%) and its gene consists of 8 exons (241). Although cPGES is 
expressed ubiquitously and constitutively in most cells, lipopolysaccharide (LPS) 
treatment evoked a three-fold increase in activity in the cytosol of rat brain (334). Co-
transfection of cPGES and COX-1 in a human embryonic kidney cell line (HEK293) 
resulted in a ten-fold increase in PGE2 formation, relative to the cells transfected with 
COX-1 alone, suggesting a functional coupling between these enzymes (334). 
Furthermore, IL-1 administration in the mouse cortex via intraparenchymal 
microinjection led to an increase in PGE2 with concomitant elevated expression of 
cPGES as well as COX-2 and mPGES-1 (232). Recombinant cPGES/p23 was purified 
from E. coli and the Km value of this enzyme for PGH2 was found to be 14 µM, which 
was comparable to other cytosolic terminal prostaglandin synthases. In a follow-up 
study it was shown that Hsp90 significantly affects the PGE2-biosynthetic activity of 
cPGES (333). Furthermore, in the presence of ATP and Mg2+, cPGES and Hsp90 
formed a complex and the PGES activity of recombinant cPGES was increased by 
association with Hsp90 (333). Moreover, incubation of the rat fibroblastic 3Y1 cells 
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with Hsp90 inhibitors reduced the interaction of cPGES and Hsp90 to a basal level, 
accompanied by ablation of PGE2 generation. In a more recent study, it has been 
proposed that functional cPGES exists in cells as a multicomponent complex 
containing Hsp90 and casein kinase II (CK-II) (159). According to this study, under 
normal culture conditions, only a small fraction of cPGES pool is complexed with CK-
II and Hsp90 and undergoes steady state phosphorylation possibly through serum 
stimulation. However, activation of CK-II by upstream signals triggers dual 
phosphorylation of Ser113 and Ser118 on cPGES and promotes the recruitment of cPGES 
into the Hsp90 complex which finally leads to full activation of cPGES. This provides 
evidence that the functional aspect of cPGES is controlled by a protein kinase in 
cooperation with molecular chaperone. 
 
Functional Coupling between Cyclooxygenases and PGE synthases 

mPGES-1 and COX-2 enzymes have been found to be coexpressed in several tissues 
(242, 322, 339) indicating a functional coupling of these two enzymes in the 
downstream pathway of arachidonic acid metabolism to produce PGE2. In line, rat 
peritoneal macrophages stimulated with LPS for various periods exhibited marked 
increase in PGE2 production with concomitant induction of COX-2 (214). Co-
expression experiments clearly demonstrated functional coupling of mPGES-1 with 
COX-2 in marked preference to COX-1 (242). In this study, human kidney cells stably 
cotransfected with COX-2 and mPGES-1 accumulated a large amount of PGE2 in the 
culture supernatant compared to cells transfected with either enzyme alone. In support 
of this, COX-2 and mPGES-1 were colocalized in symptomatic atherosclerotic plaques 
and provided the evidence that expression of these enzymes in activated macrophage is 
associated with acute ischemic syndrome (56). In a more recent study, mPGES-1 
protein expression was found to be stimulated following IL-1β challenge in gastric 
tissue and both COX-2 and mPGES-1 immunoreactivity was observed in inflammatory 
and messenchymal cells of the same ulcer bed section (107). In line, COX-2 and 
mPGES-1 were coordinately upregulated in synovial cells from patients with 
rheumatoid arthritis resulting in an abundant production of PGE2 at the site of 
inflammation (163). Similar coordinate upregulation of these two inducible enzymes 
were demonstrated in rat adjuvant induced arthritis model (58). More studies have 
provided evidence and strengthened the coupling of these two inducible enzymes. In 
rats, LPS-treated microglia exhibited co-expression and induction of mPGES-1 and 
COX-2 proteins (137). Both in vivo and in vitro experiments demonstrated the 
upregulation of mPGES-1 and COX-2 proteins in LPS-treated microglial cells leading 
to a 100-fold increase of PGE2 production compared to control cells. On the other hand, 
functional coupling of cPGES and COX-1 was observed in HEK293 cells as 
demonstrated by a high conversion of exogenous AA to PGE2 in cells cotransfected 
with COX-1 and cPGES as compared to cells transfected with either COX alone (334). 
Furthermore, COX-1-cPGES-mediated PGE2 biosynthesis was recently shown to play 
a role in spinal nociceptive processing during the early phase of formalin evoked pain 
response (130). When rats were infused intrathecally with cPGES antisense 
oligonucleotides, which reduced the endogenous cPGES expression, the nociceptive 
behavior was significantly decreased.  
 Several lines of investigations also suggest an existence of alternative coupling 
between COX isozymes and the PGE synthases. Intracerebral injection of IL-1β 
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induces COX-2 mediated expression of mPGES-1 and cPGES (232). Schneider et al 
have demonstrated colocalization of COX-1, COX-2 and mPGES-1 to mediate PGE2 
biosynthesis in kidney (304). Similarly, in several cell lines, mPGES-2 was found to 
promote PGE2 biosynthesis by coupling to both COX-1 and COX-2 (240). Recently, 
PGE2 production in the murine mammary gland shown to be dependent on the 
functional pairing of mPGES-1 and COX-1 (44). In support, mPGES-1 and COX-1 
mRNA were upregulated in several ovarian cancer cell lines and contributed to the 
overproduction of PGE2. Moreover, the PGE2 synthesis in these cell lines was inhibited 
by SC-560, a COX-1 specific inhibitor, in a dose-dependent manner and neither NS-
398 nor rofecoxib significantly suppressed PGE2 production in these cells (154).  
 
The µ class of GSTs 

Several cytyosolic GSTs have the capability to catalyze the conversion of PGH2 to 
PGE2, PGD2 and PGF2α non-specifically (45, 258, 350). Recombinant GST-µ2 and -µ3 
expressed in bacteria catalyze the conversion of PGH2 to PGE2 specifically. The 
apparent Km values of GST-µ2 and -µ3 for the conversion of PGH2 to PGE2 were 
estimated to be 140 µM and 1500 µM respectively. Human GST-µ2 and -µ3 are mainly 
localized in the brain among the various tissues analyzed whereas the rat GST-µ3 is 
expressed in the thalamus and hypothalamus (146). These enzymes display very low 
Kcat/Km values and thus are not significant for PGE2 production in humans. 
  
PGF synthase 

The F series of PGs are widely distributed in various organs of mammals and exhibit 
varieties of activities, including contraction of the pulmonary arteries. PGF2α can be 
formed by three different enzymatic pathways; from PGD2 by PGD2-11-ketoreductase, 
from PGE2 by PGE2-9-ketoreductase and from PGH2 by 9,11-endoperoxide reductase 
(361). The PGF synthase that catalyzes the formation of 9α,11β-PGF2 from PGD2 
(PGD2 11-ketoreductase activity) in the presence of NADPH was first purified from 
bovine lung (362). This enzyme belongs to the aldo-keto reductase-family based on 
broad substrate specificity, molecular weight and high amino acid sequence homology 
with other members of this family (377). A recent study demonstrated that PGF2α 
metabolism was high during mid-pregnancy and post-labor (89). The two stereoisomers 
that are formed in vivo (PGF2α and 9α,11β-PGF2) are potent smooth muscle contractors 
(271, 277). A study by Wu et al demonstrated that PGF synthase mRNA expression 
was decreased during betamethasone-induced premature labor in endometrium and 
maternal placenta but remain unchanged in fetal placenta and myometrium (382). An 
additional enzyme was recently identified in bovine endometrium and possessed higher 
PGF synthase activity compared to the previously discovered enzymes (208). 
 
PGD synthase 

Prostaglandin D2 is a major prostaglandin produced in the central nervous system and 
involved in the regulation of sleep-awake responses, mediated through DP receptors 
(123). PGD synthase catalyzes the isomerization of PGH2 to PGD2 in presence of 
sulfhydryl compounds. Two distinct types of PGD synthase have been identified: the 
lipocalin-type (L-PGDS) and the hematopoietic-type (H-PGDS). L-PGDS and H-
PGDS are quite different from each other in terms of amino acid sequence, tertiary 
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structure, evolutionary origin, cellular distribution, chromosomal localization and also 
functional relevance (353). The primary structure of L-PGDS revealed that the enzyme 
is a member of the lipocalin gene family, which is composed of various secretory 
proteins, involved in binding and transport of small hydrophobic molecules. L-PGDS is 
localized in the central nervous system and male genital organs of various mammals as 
well as in the human heart and it is secreted into the cerebrospinal fluid, seminal plasma 
and the blood stream (82, 351). H-PGDS is a cytosolic enzyme and a member of the 
GST family. H-PGDS is widely distributed in peripheral tissues and mainly localized in 
antigen presenting cells, mast cells, megakaryocytes and Th2 lymphocytes (150). 
Several studies indicate that PGD2 plays a major role in the resolution phase of 
inflammation that is mediated partly by its non enzymatic degradation product 15-
deoxy ∆ 12,14 PGD2 (101, 102). In support of this, a recent study shows that endotoxin-
induced inflammation causes sequential stimulation of an immediate and short lasting 
mPGES-1 and a delayed induction of H-PGDS in mouse heart (305). An enhanced 
expression of PPARγ was also observed in these cells and the levels of expression 
peaked earlier than that of H-PGDS which was thought to mediate the anti-
inflammatory effects of PGD2 metabolites.  
 
Thromboxane synthase 

Thromboxane A2 synthase (TXAS), a membrane bound hemoprotein, catalyzes the 
isomerization of PGH2 to form thromboxane A2 (TXA2). TXAS activity was first 
described in platelets (250) and the enzyme was later purified to homogeneity as a 60 
kDa hemoprotein with spectroscopic characteristics of a cytochrome P450 enzyme 
(122). TXA2 has been implicated as an autocrine or paracrine lipid mediator in a variety 
of pathophysiological processes (257). TXA2 exerts a vasoconstrictor effect by serving 
as an agonist of the thromboxane receptor (TP) on the vascular smooth muscle cell 
membranes. Significant effect of TXAS on platelet aggregation was also demonstrated 
(114). The putative effect of TXA2 on thrombosis was demonstrated by the clinical 
effectiveness of aspirin in the treatment of acute coronary syndromes. Aspirin, at low 
doses, selectively inhibits TXA2 formation without changing the basal prostacyclin 
biosynthesis (33, 273). 
 
Prostacyclin synthase 

Prostacyclin synthase (PGIS) catalyzes the conversion of prostaglandin H2 (PGH2) to 
prostacyclin (PGI2) and has been purified from solubilized microsomal fractions of 
porcine and bovine aorta and identified as a hemoprotein. PGIS has been characterized 
as a member of the cytochrome P-450 family (70). PGI2 is a strong vasodilator that 
inhibits growth of vascular smooth muscle cells, and the most potent endogenous 
inhibitor of platelet aggregation. Recently, the human PGIS was cloned, expressed in 
baculovirus- insect cell system and the recombinant human protein was purified (355). 
The Vmax and Km values of the purified PGIS for PGH2 were 15 µmol·min-1·mg-1 and 
30 µM, respectively. Immunohistochemical study demonstrated the localization of 
PGIS in epithelial cells, smooth muscle cells and endothelial cells (135). PGIS is 
primarily expressed in vascular endothelial and smooth muscle cells. Recent 
investigations, however, have shown that PGIS is also expressed in non-vascular cells 
such as neurons, oviducts, embryonic cells, and cancer cells, and its functions have 
extended to neuroprotection (195), reproduction (136), and colon cancer growth (35, 
111). PGIS has been shown to be involved in embryo implantation and decidualization. 
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PGIS and COX-2 were found to be colocalized in maternal-embryo interface as well as 
in embryo trophoblasts and both the enzymes were coordinately upregulated with 
generation of high levels of PGI2 (193).  
 
PROSTANOID RECEPTORS 

The biological activities of prostanoids are mediated through specific G protein-
coupled receptors. There are at least 9 known prostaglandin receptor forms in mouse 
and human, as well as several additional splice variants with divergent carboxy termini 
(249). Four of the receptor subtypes bind PGE2 (EP1-4), two bind PGD2 (DP1 and 
CRTH2), and the receptors FP, IP, and TP bind PGF2α, PGI2, and TXA2 respectively. 
These prostanoid receptors have been cloned from various species, including human 
and their distinct binding properties as well as signal transduction pathways have been 
characterized by analyses of cells expressing each receptor. These receptors are 
rhodopsin-type receptors with seven transmembrane domains. Based on homology and 
signaling attributes, the prostaglandin receptors belong to three clusters. The IP, DP1, 
EP2 and EP4 belong to the relaxant receptors, signaling through Gs mediated increase 
in intracellular cAMP and the contractile receptors EP1, FP and TP form a second 
group that signal through Gq mediated increase in intracellular calcium. The EP3 
receptor is regarded as an inhibitory receptor coupling through Gi mediated decrease in 
cAMP. Among the EP receptors, EP3 was the first EP receptor to be cloned (324), 
followed by cloning of EP1 (98), EP4, (which was originally misdesignated as EP2) 
(133) and EP2 receptors (287). Most of the GPCRs are localized on the plasma 
membrane while some are situated on the nuclear envelope (21). Investigation of the 
expression patterns revealed that the EP receptors are present in major subsets of cells 
involved in adaptive immune response including T, B and dendritic cells (341) 
suggesting a pivotal role of PGE2 in modulating immune system. It has been 
demonstrated that enhanced pain perception in LPS-treated mice is mediated through 
either one or both the EP3 and IP receptor, while endotoxin-induced fever is mediated 
through the EP3 receptor only (349). The human IP receptor was first cloned from lung 
and megakaryocyte cDNA libraries (28, 153). IP receptor is expressed in the spinal 
cord and implicated in spinal pain transmission in response to peripheral inflammation 
(79). The FP receptor was originally cloned from human kidney, uterus and placental 
cDNA libraries (1). Consistent with the functions of PGF2α, FP receptor has been found 
to be expressed in corpus luteum, ocular tissues and ventricular myocytes (237, 296). 
The human TP receptor was the first eicosanoid receptor to be cloned (128) and two 
splice variants of TP were found in human. The mRNA for both splice variants was 
shown to express in platelets, placenta, vascular smooth muscle, brain and small 
intestine (221). The PGD2 receptor DP is widely expressed in hematological and non-
hematological cells (34, 120). CRTH2 was initially cloned as a Th2-selective surface 
molecule (127) and differs from DP in biological functions and cellular distributions 
(99). CRTH2 has been specifically identified in hematological tissues such as Th2 cells, 
cytotoxic T cells, eosinophils, basophils, mast cells and monocytes (317). Several lines 
of evidences indicate both pro-inflammatory (97, 215, 317) and anti-inflammatory role 
of DP and CRTH2 receptors (4, 50). 
 



 

   25

PROSTAGLANDIN TRANSPORT 

PGH2 is synthesized from arachidonic acid by cyclooxygenase-1 or -2 in the lumen of 
the endoplasmic reticulum (ER) (235) and believed to diffuse through the ER 
membrane to the cytosol where it is converted to more polar prostanoids by terminal 
enzymes (293, 330). Prostaglandin’s efflux across the plasma membrane to the 
extracellular compartment is driven by pH and the membrane potential (306). The first 
prostaglandin carrier characterized was the rat prostaglandin transporter (rPGT) which 
was identified as an ‘organic anion transporter’ (OATP) (149). Subsequently, human 
(hPGT) (203) and the mouse (mPGT) transporters (283) were cloned and characterized. 
PGT exhibits a broad tissue mRNA expression in rat, human and mouse (307, 329). 
The carrier-mediated epithelial transport of prostaglandins has been demonstrated by 
northern blot detection of PGT mRNA in epithelial tissues (149). In a recent 
investigation, expression of two principal prostaglandin carriers, i.e. the prostaglandin 
transporter (PGT) and the multidrug resistance-associated protein 4 (MRP4) were 
examined both in vitro and in vivo in cells of blood brain barrier and choroids epithelial 
cells in rat brain after LPS challenge (155). Both PGT and MRP4 were found to 
express in cerebral epithelial cells (CEC) under basal conditions and the levels of 
expression in these cells were not influenced by LPS treatment. In rat brain, PGT was 
highly expressed in supraoptic and paraventricular nuclei of the hypothalamus and the 
expression was induced by LPS treatment. This indicates a potential role of PGT and 
MRP4 in transporting prostaglandins through blood brain barrier (BBB). Recently a 
new class of PGT inhibitors was developed by screening a library of small molecules. 
This allowed to study the mechanism of PGE2 influx and efflux and supported the 
hypothesis that PGE2 efflux occurs by simple diffusion (51). Computer modeling, using 
standard algorithms, indicated that the deduced PGT polypeptide resembled a standard 
12 membrane-spanning transporter.  
 
PROSTAGLANDIN CATABOLISM 

Biological inactivation of prostaglandins and related eicosanoids is carried out mainly 
by 15-hydroxyprostaglandin dehydrogenases (15-PGDHs) (5). Two types of 15-
PGDHs have been identified. The type I enzyme is NAD+-dependent and primarily 
utilizes prostaglandins and related eicosanoids as substrates (145). The type II enzyme 
uses both NAD+ and NADP+ as cofactors and exhibits broader substrate specificity 
(197). In contrast to type I, the type II enzyme possesses a higher Km towards 
prostaglandins and hence is not believed to catabolize prostaglandins. The type I 15-
PGDH catalyzes the initial oxidation of the 15(S)-hydroxyl group followed by a 
reduction of the ∆13 double bond to 15-keto-13,14-dihydro prostaglandins catalyzed by 
the 13-keto prostaglandin reductase (6, 326). In a recent investigation, the levels of type 
I 15-PGDH was compared in normal and tumor tissues. 15-PGDH was found to be 
present in high levels in human and mouse large intestine whereas the expression and 
activity of this enzyme was significantly downregulated in several colorectal carcinoma 
cell lines (10). Moreover, genetic disruption of 15-PGDH completely blocked the 
production of urinary PGE2 metabolite. 15-PGDH was also found to be underexpressed 
in human lung tumors (75). In addition, mice injected with A549 cells expressing 
wildtype 15-PGDH displayed a significant decrease in tumor growth compared to mice 
injected with control A549 cells. This study also demonstrated that overexpression of 
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15-PGDH induced apoptosis in A549 cells. These studies suggest a potential role of 15-
PGDH in tumor suppression by decreasing the levels of proliferative PGE2. 

Carbonyl reductase is another prostaglandin-inactivating enzyme that possesses 
9-keto-reductase activity and thus inactivates PGE2 by converting it to PGF2α (338). 
Both 15-PGDH and carbonyl reductase are widely distributed in peripheral tissues but 
are weakly expressed in mammalian brain (87, 372). A recent finding shows a negative 
correlation between the expression of carbonyl reductase and tumor progression and 
angiogenesis (328). In non-small cell lung cancer high expression of carbonyl reductase 
was demonstrated to be a significant factor to predict a favorable prognosis. 
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FEVER 
INTRODUCTION 

Fever is a central nervous system (CNS) elicited response to infectious diseases and 
regarded as the hallmark of infection. Clinically, fever can be defined as an elevation in 
core body temperature caused by a raised thermoregulatory set point. Thus, fever 
differs from hyperthermia that does not necessarily depend on a raised temperature set 
point. Following a peripheral infection, a number of brain-mediated signs of illness are 
generated that include fever and activation of the hypothalamic-pituitary-adrenal (HPA) 
axis. HPA axis activation results in the production of corticosteroids in the adrenal 
medulla that have immune modulatory effects. Previous studies have suggested both 
beneficial and injurious effects of fever. However, until recent investigations, the 
potential benefits of the febrile response have not been tested experimentally. In 1980, 
Vaughn et al have shown that blocking fever in rabbits infected with Pasteurella 
multocida resulted in decreased survival (365). Several lines of investigations 
suggested that febrile response is also present among small organisms such as beetles 
and leeches, indicating fever as phylogenetically well conserved adaptive response to 
infection (158). The positive effects of fever has been thought to be mediated by 
increased T-cell proliferation and cytotoxicity, increased bioactivity of inflammatory 
cytokines, enhanced neutrophil motility and chemotaxis and promotion of lymphocyte 
delivery to endothelial venules (88, 158). Traditionally, fever has been thought to be 
initiated by pyrogenic cytokines acting on the preoptic area (POA) of the anterior 
hypothalamus in the brain. Infact, a variety of endogenous substances and drugs seem 
to affect temperature regulation by altering the activity of hypothalamic neurons and 
perhaps, the best examples of such substances are the pyrogenic cytokines. These 
substances are released by phagocytic leukocytes in response to a wide array of stimuli 
and have the capacity to raise the thermoregulatory set point. Traditionally pyrogens 
have been divided into two general categories: exogenous pyrogen (originate outside 
the body such as microbes, toxins or other product of microbial origin) and endogenous 
pyrogen (derived from host cells such as cytokines) (207). The endogenous pyrogen 
was found to be identical to the leukocyte activating factor (LAF) and most commonly 
known as interleukin 1 (IL-1). The role of individual cytokines in the generation of 
fever will be discussed in this section. 
 

Cytokine signaling across the blood-brain barrier 

Cytokines are highly inducible, secreted proteins mainly produced by 
immunocompetent cells. The primary function of cytokines is the regulation and the 
coordination of immune responses. Several lines of investigations demonstrate that 
cytokines and their receptors are expressed in the central nervous system where they 
are produced by glial or neuronal cell types. In the CNS, cytokines are believed to 
function as possible trophic factors, which can directly affect neuronal function and 
also participate in local inflammatory processes. The pro-inflammatory cytokines 
interleukin-1 (IL-1), interleukin-6 (IL-6) and the tumor necrosis factor alpha (TNF-α) 
have been investigated mostly for their pyrogenic action (41, 74, 244). The role for 
endogenous IL-10 in the regulation of fever has been investigated in a number of 
studies (186, 188). Circulating cytokines bind directly to most cells and trigger an acute 
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phase reaction. However, the tight seal of cells that line the blood vessels in the brain, 
known as the BBB, protect the brain from potentially harmful and neuroactive 
substances. The lipophobic property and relatively large size of the cytokine molecules 
prevent their entry through the BBB. This raises the question, how the circulating 
pyrogens signal to the brain. Several theories have been proposed for the action of 
peripheral cytokines to develop fever (25, 252). The existence of a carrier mediated 
transport into the brain has been reported for IL-1α, IL-1β (12, 13) and also for IL-1 
receptor antagonist (IL-1ra) (112) but not for IL-10 (151). This mechanism seems to be 
mediated by low capacity saturable transporters that could account for a modest 
elevation of central cytokine levels over an extended period of time, possibly sufficient 
to have a biological effect on the receptor of the hypothalamic neurons. 

Cytokines might also reach the brain through areas devoid of BBB, particularly in 
the circumventricular organ at the organum vascolosum laminae terminalis (OVLT) in 
the midline of POA. The peripheral cytokine activation of endothelial cells in the 
circumventricular organs might result in the release of putative neuroregulators, which 
then process the original signal to the POA (26). The action of the peripheral cytokines 
on the central thermoregulatory circuit might also be mediated by neuronal afferents 
(292). 
 
Interleukin 1 family 

The interleukin-1 (IL-1) family consists of IL-1α, IL-1β and IL-1ra (83). In humans, 
the gene encoding for these three proteins are located in a cluster on chromosome 2q14 
(366). IL-1α is mainly cell associated and therefore IL-1β is believed to be the ligand 
most important for distant signaling (8). IL-1β is secreted after maturation of its 
precursor form (pro-IL-1β) by IL-1β caspase 1 (40, 72). IL-1ra is a secreted protein 
acting as a negative regulator of IL-1α and IL-1β actions. IL-1α, IL-1β and IL-1ra all 
bind to the same IL-1 receptors: the type I and type II receptors. The type I IL-1 
receptor (IL-1RI) is a member of the Toll receptor family (218). The type II receptor is 
a decoy receptor without signaling properties and believed to be a negative regulator of 
IL-1 actions (60). LPS, a component of the gram negative bacterial cell wall, 
upregulates the expression of IL-1α, IL-1β and IL-1RI while causing downregulation 
followed by inhibition of IL1-RII (276). The IL-1β level is elevated in plasma and 
cerebrospinal fluid of several species following peripheral application of LPS (378), 
turpentine (229) and zymogen (205) leading to fever generation. Injection of IL-1β 
induces fever in rodents, rabbits and humans (9, 244, 251).  
 
IL-1 and LPS signaling  

IL1-1α, IL-1β and IL-1ra act through the IL-1 type I receptor, a hetero-dimer of the IL-
1RI and its accessory protein IL1RAcP. Binding of these ligands induce the recruitment 
of the cytosolic adaptor protein, MyD88 (myeloid differentiation factor 88) (36) and 
initiates the activation of the IL-1 receptor-associated kinase (IRAK)-1 and TNF 
receptor-associated factor (TRAF)-6 pathway. This subsequently leads to the activation 
of NF-κB, which stimulates the transcription of multiple genes such as COX-2 and 
mPGES-1 causing the production of potent inflammatory mediator PGE2. LPS is a 
potent pyrogen and strong inducers of pro-inflammatory cytokines. Investigation by 
Lien et al showed that LPS acts predominantly through the Toll-like receptor 4 (TLR-
4) (192). LPS by binding to the TLR-4 can activate the same transduction signal as IL-
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1β, utilizing the IRAK/TRAF pathway. Thus LPS can act directly to generate the fever 
response by activating the same signaling pathway as IL-1 but through an independent 
receptor. These findings showed the presence of two major peripheral pyrogens, the 
endogenous IL-1 and the exogenous LPS, which can induce febrile response 
independent of each other but through the same intracellular mechanism. A schematic 
representation of IL-1 and LPS action is shown in figure 4. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Schematic representation of IL-1β and LPS signaling. 
 
Interleukin 6 

IL-6 is an important mediator of host responses to disease. Together with IL-1β, IL-6 is 
considered as a major pyrogen (384). There have been multiple reports of elevated IL-6 
levels in a variety of human diseases and in human body fluid such as plasma, 
cerebrospinal fluid and joint fluids (59). The human gene of IL-6 is localized on 
chromosome 7p15-p21 (91) and upon inflammatory stimuli the gene is transcribed in 
different cell types including monocytes, synoviocytes, vascular endothelial cells and 
fibroblasts. In the CNS, IL-6 is synthesized by glial cells and neurons (96, 210). IL-6 
binds to a specific surface receptor complex consisting of specific cytokine binding 
subunits, IL-6R α chain and a signal transducing protein gp130 (391). Injection of LPS 
into a subcutaneous air pouch in rats resulted in an increased concentration of bioactive 
IL-6 in the plasma (222) and the rise in body temperature was abolished by pre-
treatment of IL-6 antiserum (39). In addition, IL-6 knockout mice did not develop fever 
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neither in response to intraperitoneal administration of low dose of LPS or IL-1β nor to 
intracerebroventricular (i.c.v.) injection of IL-1β (41). Instead, i.c.v. injection of IL-6 
resulted in an elevation of body temperature in these mice suggesting that IL-6 is a 
necessary component of fever response to both endogenous IL-1β and exogenous LPS. 
 
Interleukin 10 

Interleukin 10 has been recognized as one of the anti-inflammatory cytokines that 
counteract inflammatory responses. IL-10 was originally known as cytokine synthesis 
inhibitory factor (CSIF) as it displayed the ability to suppress the production of IL-2 
and interferon-γ (IFN-γ) by T-helper cells as well as it inhibits cytokine production by 
activated macrophages (92). IL-10 is produced by a variety of cell types namely Th2 
lymphocytes, monocytes, macrophages and other cell types (66). IL-10 was also 
demonstrated to inhibit the formation of endogenous pyrogens such as IL-1, IL-6 and 
TNF α (65). The gene for human IL-10 is located on chromosome 1q32.1 and active as 
a 37 kDa homo-dimer. The anti-inflammatory role of IL-10 is evident from the study 
showing the ability of IL-10 to inhibit the formation of endogenous pyrogens such as 
IL-1, IL-6 and TNF (65). In line, co-administration of rat recombinant IL-10 led to the 
reduction of the strength and duration of fever induced by LPS in rats (38). The same 
study showed that neutralization of IL-10 by a specific antiserum increased the duration 
of febrile response and augmented the formation of pro-inflammatory cytokines at the 
site of the inflammatory stimulation. Mice injected intraperitoneally with recombinant 
murine IL-10 or rats treated i.c.v. with IL-10 are resistant to LPS induced fever (188). 
Moreover, IL-10 null mice responded to a low dose of LPS with an increased and 
prolonged fever, accompanied by elevated plasma levels of IL-6. A high dose of LPS in 
these mice caused a profound long lasting hypothermia leading to enhanced mortality 
(188).  
 
Tumor Necrosis Factor 

TNF-α is the principal mediator of acute inflammation in response to gram-negative 
bacteria. This cytokine is mainly produced by LPS-activated mononuclear phagocytes 
(359). Antigen-activated T cells, natural killer cells and mast cells also secret TNF-α 
(15, 61). In human, the TNF-α gene is located on the short arm of chromosome 6 (318). 
TNF-α is synthesized as a membrane bound homo-trimer protein which is subsequently 
cleaved by TNF-α converting enzyme (TACE) to produce the secreted form (81). 
There are two transmembrane signaling receptors, type I and type II, through which the 
effect of TNF-α is mediated (47, 124) and the third soluble receptor acts as an 
antagonist of TNF activity (126). The role of TNF-α in fever is more complex since 
TNF-α possesses both pyrogenic and anti-pyretic effects (74, 200). In support of the 
anti-pyretic effect of TNF-α, it was demonstrated that LPS-induced fever in rat was 
enhanced by systemic injection of TNF-α neutralizing antiserum (199) and LPS 
induced fever in rats was attenuated by treatment of a non-pyrogenic dose of TNF-α 
(156). In favor of pyrogenic effect of TNF-α and in contrast to previous findings, 
Cooper et al have shown that a neutralizing TNF-α antiserum attenuates fever observed 
after turpentine injection in rats (62). A study involving TNF receptor knockout mice 
demonstrated that both the wildtype and TNF receptor knockout mice displayed similar 
febrile response to LPS, supporting the anti-pyretic effect of TNF (189).  
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mPGES-1 expression in the brain endothelial cells 

Elevated levels of PGE2 in the brain triggers CNS activity in the generation of fever. In 
1970, Milton and Wendlandt reported that injection of PGE1 into the third ventricle 
resulted in an elevation of body temperature in cats (224). Following this report, much 
attention has been focused on PGEs in fever generation. Since PGE2 is the predominant 
form of PGE in the brain, it is currently considered as the principal mediator of fever 
(27). However, it was not clear until recently, where and how PGE2 is formed in the 
brain under pathological conditions such as fever. Using the in situ hybridization 
technique, Ek et al have demonstrated that IL-1β treatment of rats led to an 
upregulation of COX-2, mPGES-1 and IL-1R in a majority of endothelial cells of the 
BBB, suggesting a coupled system for production of PGE2 in these cells (85). Another 
study by Yamagata et al demonstrated that after LPS challenge, mPGES-1 and COX-2 
were coexpressed in the perinuclear region in a subset of brain endothelial cells (387). 
These findings suggest a functional link between COX-2 and mPGES-1 and their 
relevance to fever.  
 
Role of EP receptors in fever 

PGE2 acts by interacting with one of the four EP receptor subtypes (EP1-EP4). The 
sensitive site where PGE2 produces fever is located within the region of the brain 
containing the OVLT and the surrounding preoptic area (POA) (375). In rats, the 
distribution of EP1-EP4 receptor mRNA was apparent in the region of OVLT/POA and 
at least three EP receptors EP1, EP3 and EP4 were found to have distinctively different 
distribution patterns (263). The involvement of EP1 receptor in mediating IL-1β fever 
has been suggested since hyperthermia induced by central injection of PGE2 was 
blocked by a specific EP1 receptor antagonist (259, 261). Studies involving EP receptor 
knockout mice have demonstrated that mice lacking the EP3 receptor failed to show a 
febrile response to either i.c.v. injection of IL-1β or to intravenous (i.v.) LPS (354). It 
has also been showed that i.c.v. injection of PGE2 induces fever in EP1, EP2 and EP4 
receptor deficient mice but not in EP3 receptor deficient mice, indicating a potential 
role mediated by only EP3 receptor in fever development. Furthermore, Oka et al have 
studied the febrile response to different doses of intraperitoneally injected LPS in EP1 
and EP3 receptor deficient mice (262). While EP1 receptor deficient mice showed 
febrile response to LPS, at doses of 1, 10 and 100 µg /kg body weight, mice deficient in 
the EP3 receptor displayed a normal circadian temperature, once again confirming the 
critical involvement of EP3 receptor in endotoxin induced fever. In addition, EP3 
receptor deficient mice did not develop fever in response to subcutaneous injection of 
turpentine, whereas, the EP1 receptor deficient mice demonstrated a similar febrile 
response as wildtype mice. These data strongly demonstrate the involvement of the EP3 
receptor also in aseptic inflammation induced fever development although a role for 
EP1 receptor was also suggested. 
 
ASEPTIC INFLAMMATION-INDUCED FEVER 

Turpentine (a viscous liquid distilled from pine tree) injected subcutaneously in an 
experimental model of local aseptic inflammation induces robust acute phase responses 
(APR) consisting of fever, anorexia, cachexia and acute phase protein production. In 



 32 

studies using cytokine deficient mice, IL-1β and IL-6 were shown to be necessary for 
the development of turpentine-induced fever (167, 168). Pre-treatment of mice with a 
monoclonal antibody to IL-1R1 attenuates several of the acute phase responses to 
turpentine (100, 264). In addition, fever was shown to be completely abolished in IL-1β 
and IL-1R1 knockout mice after subcutaneous turpentine injection (187). Previous 
investigations using IL-1β knockout mice showed that subcutaneous turpentine 
injection to wildtype mice resulted in significant increase in plasma IL-6 levels which 
was not the case in IL-1β knockout mice (100, 394). Interestingly, fever induction by 
turpentine was abolished only in IL-1β knockout mice but not in IL-1α knockout mice, 
indicating that IL-1α deficiency in the febrile response can be compensated for by the 
presence of IL-1β but not vice versa (134).  
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NEONATAL RESPIRATORY DEPRESSION 
INTRODUCTION 

Sudden infant death syndrome (SIDS) is a major cause of death between one month 
and one year of age among infants in industrialized nations and developed countries 
(22, 217). The definition for SIDS was established in 1969 as ‘‘the sudden death of any 
infant or young child, which is unexpected by history, and in which a thorough 
postmortem examination fails to demonstrate an adequate cause of death’’ (16). The 
definition was revised in 1989 to ‘‘the sudden death of an infant under one year of age 
which remains unexplained after a thorough case of investigation, including 
performance of a complete autopsy, examination of the death scene and review of the 
clinical history’’ (291, 376). The major risk factors that contribute to the occurrence of 
SIDS are bacterial infections, in particular infection of the respiratory tract (23). 
Pathological and epidemiological data indicate that viral infections are also important 
triggering factor of acute hypoxia and death in several SIDS victims (93). In about 80% 
of the SIDS victims, bacterial or mild viral infection preceded death (282). Genetical, 
developmental, and environmental factors could also contribute to the severity of 
inflammatory responses to infection. Apnea, the medical term for cessation of 
breathing, is another major cause of infant death. Apnea is also a common symptom in 
infants with infection and septicemia (213). Infants at the age of two to four months are 
more susceptible to the detrimental effect of infection because of the presence of an 
immature immune system and a decrease in maternal antibodies (23, 285). Pro-
inflammatory cytokines such as IL-1β produced during acute phase immune responses 
have been proposed to serve a critical mediator of apnea and SIDS (109). Figure 5 
briefly illustrates a hypothetical pathway by which an infection may lead to apnea and 
SIDS. The involvements of cytokine in the pathogenesis of SIDS became evident from 
the study in which half of the infants investigated for SIDS contained a higher 
concentration of IL-6 in their cerebrospinal fluid, similar to those dying from infectious 
diseases such as meningitis or septicemia (367).  
 
RESPIRATORY CONTROL CENTRE 

Breathing movements start episodically in uterus and are continuous after birth. 
However, although ready to function at birth; the mammalian breathing control system 
is immature and undergoes a prolonged period of postnatal maturation.  

Three different breathing patterns are generated which include eupnea (the 
normal resting pattern), sighing (larger inspiratory efforts overlying on eupneic breaths) 
and gasping (short inspiratory efforts with high amplitude interspersed with long 
expiratory pauses). One of the central questions in the control of breathing is how and 
where in the brain the respiratory rhythm is generated. Le Gallois proposed that the 
source, the noeud vital for the respiratory rhythm exists at the pontomedullary junction 
within the brainstem (184). Recent investigations by Wenninger et al have addressed a 
number of issues concerning generation of respiratory rhythm (370, 371). These data 
together with previous investigations (147, 288, 312) indicate a necessary role for pre-
Bötzinger complex (pre-BötzC) neurons in the generation of normal relaxed respiratory 
rhythm. The pre-BötzC is a discrete region located ventral to the caudal end of the 
compact part of nucleus ambiguus, within the ventral respiratory column of the 
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Figure 5. Schematic representation of a potential pathway by which pro-inflammatory 
cytokines such as IL-1β released due to an infection may lead to apnea and SIDS in 
newborn infants. 
 
ventrolateral medulla (3). A number of in vitro and in vivo studies have subsequently 
reinforced the concept that pre-BötzC is important in the generation of normal 
respiratory rhythm. Feldman et al have shown that blocking of the synaptic 
transmission in the pre-BötzC in rats or cats abolishes respiratory activity (90). In 
contrast to these findings, a very recent report has provided evidence that pre-BötzC 
neurons are critical for the neurogenesis of gasping but not for the eupneic rhythm 
(272). Gray et al reported that neuron expressing neurokinin 1 receptor (NK1R) are 
abundant in pre-BötzC (106) and Wenninger et al observed that a small reduction of 
NK1R expressing neurons in pre-BötzC induces abnormal breathing pattern in goats 
(370). However mice lacking NK1R continue to breathe indicating that NK1R per se 
are not critical for breathing (337). Further research in this area shows that ventral 
medulla is not the only site at which genesis of respiratory rhythm occurs. It has been 
demonstrated that lesions, neurotoxins, neurochemical stimulations and blocking of 
pontine portions of the rhombencephalon induce modification in respiratory pattern 
suggesting a potential role of pontine region in respiratory rhythm generation (323). 
 
INFECTION, PROSTAGLANDINS AND APNEA 

Pro-inflammatory cytokine IL-1β has been proposed to play a critical role in mediating 
infection and hypoxia in newborn babies. Several lines of investigations have shown 
that IL-1β and TNF-α reduce the normoxic breathing frequency in rodents (265, 346). 
In addition, IL-1β markedly reduced the number of breathing efforts and the ability to 
autoresuscitate during anoxic challenge in mice compared to the vehicle treatment 
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(131). However, in isolated brainstem IL-1β has no direct effect on respiratory rhythm 
generation indicating an underlying mechanism mediating the effect of IL-1β in 
respiratory depression (265). Previous studies have shown that PGE1 and PGE2 cause 
apnea in newborn swine (319) and newborn human infants with cyanotic heart disease 
(253). The incidence of central apnea in preterm infants was also shown to be related to 
endogenous PGE concentration (129). Several studies in animal models have verified 
the widespread existence of PGE2 receptors in the central nervous system including the 
neurons in the nucleus of the solitary tract (NTS) and rostral ventrolateral medulla 
(RVLM) (84). Using dual in situ hybridization technique Ek et al have demonstrated 
the colocalization of COX-2, mPGES-1 and IL-1 receptor mRNA in the endothelial 
cells of rat brain treated with IL-1β (85). It may therefore possible that peripheral 
administration of IL-1β upregulates the expression of COX-2 and mPGES-1 mRNA 
centrally. As a consequence, the downstream signal molecule PGE2 is produced in the 
endothelial cells of the BBB and crosses the blood brain barrier because of its small 
size and lipophilic property or by a transport mechanism and acts on EP3 receptor to 
exert its effect. In an intermittent hypoxia (IH) model of sleep-disordered breathing, Li 
et al have observed induction of COX-2 mRNA and upregulation of COX-2 protein, 
resulting in substantial increase in PGE2 production (191). Furthermore, treatment of 
these animals with NS-398, a selective COX-2 inhibitor blocked the IH-induced PGE2 
elevation suggesting a critical contribution of COX-2 associated with hypoxic episode 
during sleep. 
 
 
 



 36 

AIMS OF THE PRESENT INVESTIGATION 
 
The general aims of this study were as follows: 
 
• To biochemically characterize the human microsomal prostaglandin E synthase-1 

(Paper I) 
 
• To investigate the role of mPGES-1 in lipopolysaccharide mediated fever in mice 

(Paper II) 
 
• To investigate the role of mPGES-1 in cytokine dependent fever in mice (Paper III) 
 
• To investigate the mechanism behind cytokine induced respiratory depression in 

neonates (Paper IV) 
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METHODOLOGY 
 
The methods used in the present investigation are described below. Detailed 
descriptions of the other methods can be found in the original papers. 
 
PAPER I 

mPGES-1 over-expression 

BL21DE3 E. coli cells containing the plasmid pSP19T7LT with an inserted mPGES-1 
were grown in terrific broth at 37 oC. Cells were grown until Abs600 reached 0.55-0.65 
AU. 3 mM isopropyl-β-thiogalactopyranoside (IPTG) was added to the growing cells at 
this point and the cells were allowed to grow for another 3 hr. The cells were harvested 
and the pellet was washed with PBS and stored at -20 oC. 
 
Preparation of membrane fraction 

Cell pellets were allowed to thaw on ice and resuspended in TSEG (Tris, sucrose, 
EDTA, Glutathione) buffer. The cells were lysed by repeated freezing (in CO2-ice-
ethanol bath) and thawing (in a waterbath at 37 oC) and sonicated to disrupt the 
membranes. The cell debris was separated by a short centrifugation (10 min at 5000 x 
gav). The supernatant containing the cytosol and the membrane fraction was subjected 
to ultracentrifugation (1hr at 250,000 x gav). The pellet containing the membrane 
fraction was stored at -80oC. 
 
Purification of human recombinant his6-tagged mPGES-1 

Membrane bound his6-mPGES-1 was solubilized in 4% Triton X-100, either from 
membrane fraction or from whole cell lysate. The solubilized fraction was mixed with 
hydroxyapatite and the unbound fraction containing mPGES-1 was collected by a short 
centrifugation. The supernatant was filtered through a 0.45 µM filter, adjusted to pH 8 
and immediately loaded onto the pre-equilibrated nickel affinity column on fast protein 
liquid chromatography (FPLC). The Ni-column was washed with 60 mM imidazole 
buffer until the absorption maxima returned to base line. Finally his6-mPGES-1 was 
eluted with 350 mM imidazole. The eluted peak from the nickel column was 
immediately desalted using a PD10 column.  
 
Electron Crystallography 

Purified recombinant human his6-mPGES-1 protein at a concentration of 1 mg/ml 
containing 1% Triton X-100 was mixed with bovine liver lecithin (BLL) at LPR (lipid 
to protein molar ratio) 9. This mixture was dialyzed for 8 days at room temperature. 
Crystals were checked by negative staining in a transmission electron microscope 
(Philips CM 120) operated at 120 kV. Specimens were kept frozen during data 
collection and electron micrographs were recorded on Kodak SO-163 film using the 
same microscope. The data was subjected to several steps of image processing. 
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Hydrodynamic studies 

Hydrodynamic studies were performed to determine the molecular mass of his6-
mPGES-1. The sedimentation coefficient of the mPGES-1-Triton X-100 complex was 
determined by density sucrose-gradient ultracentrifugation. Purified mPGES-1 and 
marker proteins with known sedimentation coefficients were added on top of 5-20 % 
sucrose gradient containing 2 mM GSH and 1% Triton X-100. The samples were then 
subjected to ultracentrifugation at 160,000 x gav for 45 h at 20oC. Fractions were 
collected from the bottom of the tube. Protein content, refractive index and mPGES-1 
activity was determined in each fraction. The sedimentation coefficient of his6-mPGES-
1 was calculated from the plot of protein content, refractive index and mPGES-1 
activity using the known sedimentation coefficients of the marker proteins.  

The partial specific volume of the his6-mPGES-1-Triton X-100 complex was 
determined by density equilibrium centrifugation. Purified mPGES-1 was applied on 
top of 20-50% sucrose gradient containing 1 mM GSH and 1% Triton X-100 and 
centrifuged for 96 hr at 246,000 x gav at 20oC. Fractions were collected from the bottom 
of the centrifuge tube and the refractive index was plotted against the mPGES-1 
activity. The partial specific volume of the mPGES-1-Triton X-100 complex was 
determined from the refractive index plot of sucrose in the fraction with the highest 
PGES activity.  

Stoke’s radius was determined by gel filtration exclusion chromatography. 
Purified mPGES-1 was loaded on a Sepharyl S-300 HR column together with marker 
proteins. Samples were collected and the PGES activity and absorbance was measured 
at 280 and 405 nm, respectively. From a plot of known Stokes radii of the marker 
proteins and the square root of –log Kav values, the Stokes radius of mPGES-1 Triton 
X-100 was calculated. The molecular weight of the mPGES-1-Triton X-100 complex 
was determined by substituting the values of sedimentation coefficient, partial specific 
volume and Stokes radius into the Svedberg equation (Paper I, Eq.1). 

In another experiment, we measured the protein content and UV absorption of 
mPGES-1 peak fraction from the nickel column, and calculated the amount of bound 
detergent in the mPGES-1-Triton X-100 complex.  
 
mPGES-1 activity assay  

mPGES-1 activity was measured on membrane fractions of E. coli expressing human 
mPGES-1, purified protein (Paper I) and in the microsomal fraction of mice brain 
(Paper II, Paper IV), following the method developed by Thorén et al (339). Briefly, 
samples were incubated with 10 µM PGH2 for 1 min on ice or at 37oC. The reaction 
was terminated by adding acidified FeCl2 solution. The samples were immediately 
subjected to solid phase extraction; PGE2 was eluted with acetone, evaporated under 
nitrogen flow and finally dissolved in 33% acetonitrile. An aliquot of the sample was 
analyzed by RP-HPLC combined with on-line UV detection at 195 nm. The amount of 
PGE2 in each sample was calculated after subtracting the non-enzymatic PGE2 
formation obtained in the buffer control. 
 
SDS-PAGE and Western Blot  

All samples were diluted to appropriate protein concentration in 0.1 M potassium 
inorganic phosphate (KPi) buffer, mixed with SDS containing loading buffer and 
boiled for 2 min. Proteins were separated on 4-15% SDS-PAGE and electroblotted onto 
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a PVDF membrane. After blocking with 5% non-fat dry milk, the membranes were 
incubated with primary antibody at 4oC, overnight. After few washing steps, the 
membranes were incubated with secondary antibody, conjugated with Horseradish 
peroxidase. Immunoreactivity was detected with enhanced chemiluminescense (ECL-
plus kit, Amersham Biosciences, Sweden).  
 
PAPER II AND III 

Animals 

Wildtype and mPGES-1 knockout mice were generated by breeding heterozygotes 
littermates of the DBA/1lacj strain as previously reported (345). Animals were kept one 
per cage in a pathogen free facility at an ambient temperature of 27± 1oC and on a 12 hr 
light/dark cycle (lights on at 7 a.m.) with food and water available ad libitum. All 
experimental procedures were performed during the early phase of the light cycle. 
 
Intraperitoneal injection of LPS and IL-1β 

The mice were briefly restrained and injected intraperitoneally with LPS (2 µg 
dissolved in 100 µl 0.9% NaCl, Sigma 0111:B4) or IL-1β (600 µg in 100 µl 0.9% 
NaCl, Pierce Chemical Company, Sweden). Control mice were injected with 100 µl 
saline (0.9% NaCl). 
 
Subcutaneous injection of turpentine 

The mice were briefly anaesthetized with isoflurane and given a subcutaneous injection 
of 150 µl commercially purified turpentine (Riedel-de Haën, VWR, Stockholm, 
Sweden) in the left thigh. Control mice were injected with 150 µl saline. 
 
Telemetric temperature recording  

This method was used to measure the core temperature of mice. At least one week prior 
to the fever study, mice were implanted with transmitters in the intraperitoneal cavity. 
The one week period allows the mice to be acclimatized to the transmitter. A receiver 
that transmits the signals on-line to the connected computer was placed beneath the 
cage of each mouse. Recordings were started at least 1 hr prior to injection and data 
were obtained every 2 min throughout the entire observation period.  
 
Enzyme immunoassay (EIA)  

The amount of PGE2 in the cerebrospinal fluid (CSF) of the control and LPS-treated 
wildtype and mPGES-1 knockout mice was measured by UV spectroscopy at 405 nm, 
using the PGE2 metabolite EIA kit from Cayman Chemical.  
 
Circadian changes in core temperature and motor activity 

Core temperature and motor activity were monitored for two consecutive days. 
Animal’s motor activity was quantitatively assayed from the change in position of the 
transmitter in relation to the receiver and the speed with which movement occurred. 
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Cage exchange induced stress response 

Cage exchange induced stress was evoked by exchanging the home cage of two mice. 
Control mice were just lifted up and replaced in the same cage. 
 

PAPER IV 

Animals 

9 days old inbred DBA/1lacj and C57Bl/6 mice were used. All newborn pups were 
accompanied by their mother prior to the experiment and kept under standardized 
conditions with food and water provided ad libitum. 
 
Whole-body plethysmography 

Understrained whole body plethysmography implemented in the present investigation 
is a non-invasive alternative method compared to spirometry and pneumotachography 
in smaller animals. This method is based on the principle that the warming and 
humidification of inspired air results in an increased pressure within the 
plethysmography chamber. This method of respiratory evaluation depends on the 
fluctuation in air flow superimposed upon the baseline air flow through the 
plethysmograph chamber are result of the animal’s own respiratory effort. 
 
Respiratory activity measurement in response to intraperitoneal treatment of 

IL-1β and i.c.v. injection of PGE2 

 
Mice were injected intraperitoneally with IL-1β or saline. At 70 min after injection, 
each mouse was placed in the plethysmograph chamber. Respiratory activity of the 
mouse was recorded in response to 4 min normoxia followed by 1 min of hyperoxia 
(100% O2). The animals were then subjected to a 5 min recovery period with 100% 
normoxia which was followed by a 5 min anoxic exposure. Finally 100% O2 was 
administered for 8 min. Skin temperature was measured before and after 
experimentation. 

i.c.v. injection of PGE2 or saline was performed after briefly anesthetizing the 
mice with isoflurane. Immediately thereafter the mice were put in the plethysmograph 
chamber and subjected to 100% normoxia for 14 min allowing them more time to 
recover from the anesthesia. The mice were then subjected to 1 min hyperoxia; 5 min 
normoxia followed by 5 min anoxic exposure and 8 min of 100% O2 administration. 
Skin temperature was measured throughout the experimentation. 
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RESULTS 
 
Reference to figures in this section refers to the figures in the papers included in the 
thesis. 
 

Paper I 

Solubilization and purification of recombinant human mPGES-1 

We have found that buffer containing 4% Triton X-100 solubilized most of the 
mPGES-1 from the membrane fraction. Addition of 1 mM GSH and 10% glycerol in 
the solubilization buffer found to induce the mPGES-1 activity (fig. 2A) as well as 
preserved the enzymatic activity for a longer time period (fig. 2B). Infact, a pure 
enzyme preparation stored at -20oC did not show any loss of activity when assyed after 
6 months compared to the freshly purified enzyme. When the purity of 350 mM 
imidazole peak was verified by protein electrophoresis, we found that this peak 
displayed a single band with a molecular weight of about 18 kDa on the silver stained 
SDS-PAGE gel (fig. 4A) and Western blot analysis demonstrated mPGES-1 
immunoreactivity of the purified protein (fig. 4B). The amount of purified protein 
recovered was up to 2% of the total membrane protein. The purified protein was highly 
active and demonstrated a high specific conversion of PGH2 to PGE2. 
 
Quaternary structure of mPGES-1 

Purified his6-mPGES-1 in 1% Triton X-100 was successfully crystallized using the 
crystallization conditions similar to those applied for MGST1. Triton X-100 used for 
solubilization of mPGES-1 from the bacterial membrane was coincidentally the same 
detergent suitable for 2-D crystallization. A 10 Å projection structure of mPGES-1 
obtained after several image processing steps demonstrated a trimeric organization of 
the protein in the crystal (fig. 8).  
 
Hydrodynamic studies 

Hydrodynamic studies were performed on the mPGES-1-Triton X-100 complex. From 
the sedimentation coefficient, partial specific volume and Stokes radius (4.1 S, 0.891 
cm3/g and 5.09 nm, respectively), we calculated the molecular mass of the mPGES-1-
Triton X-100 complex to 215,000. From the detergent binding experiment, we found 
that 2.8g Triton X-100 was bound/g protein. Based on these findings, a trimer of 
mPGES-1 would weigh 53,700 and thus bind 150,400 units of Triton X-100. The 
resulting weight of the protein detergent complex was close to the calculated molecular 
mass of mPGES-1-Triton X-100 complex and thus agrees best with a trimeric 
quaternary structure.  
 
Steady state kinetics of mPGES-1 

Purified human recombinant His6-mPGES-1 showed Michaelis-Menten rate behavior 
toward PGH2 in presence of GSH (fig. 6A). The purified enzyme exhibited an apparent 
Km and Vmax value of 160 µM and 170 µmol·min-1·mg-1, respectively for PGH2. In 
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addition to the PGE synthase activity, purified mPGES-1 also catalyzed the conversion 
of PGG2 to 15-hydroperoxy-PGE2. The Vmax was 250 µmol·min-1·mg-1 and apparent Km 
for PGG2 was almost identical to that demonstrated for PGH2 (table I&II). mPGES-1 
also catalyzed the reduction of 15-hydroperoxy-PGE2 and cumene hydroperoxide, 
however, at a very low rate (table II). Moreover, purified mPGES-1 catalyzed a small 
but significant CDNB-GSH conjugating activity with a specific activity of 0.81 
µmol·min-1·mg-1. 
 
Paper II 

The role of mPGES-1 for endotoxin-induced fever in mice was investigated. We 
performed intraperitoneal injections of bacterial wall lipopolysaccharide to mice 
deficient in the gene encoding for mPGES-1 and their wildtype littermates. In response 
to LPS injection, wildtype mice displayed a robust and sustained fever, which started at 
about 1.5 hr after injection and persisted for about 5 hr (fig. 1). In contrast, mPGES-1 
knockout mice did not develop LPS-induced fever. However, an initial restrain-induced 
hyperthermia was seen in mice irrespective of genotype and treatment. Analysis of the 
PGE2 concentration in the CSF showed a marked increase of the PGE2 levels after 
immune challenge of the wildtype mice (fig. 2a). In comparison, mPGES-1 knockout 
mice exhibited similar levels of PGE2 as saline-treated mice. We have also analyzed 
PGE2 synthesizing capacity in the membrane fraction of the brain. While mPGES-1 
activity was increased in response to immune challenge in the wildtype mice, mPGES-
1 knockout mice displayed a low activity similar to that seen in saline-treated wildtype 
mice. By RT-PCR, we confirmed that the knockout mice were devoid of mRNA 
encoding mPGES-1 whereas wildtype mice displayed a strong immune elicited 
induction of mPGES-1 mRNA. In contrast, mPGES-2 was not upregulated following 
the immune challenge. Finally, by i.c.v. injection of PGE2 we showed that mPGES-1 
deficient mice, but not the EP3 receptor knockout mice, retain intact capacity to 
develop fever to the same degree as the wildtype mice.  
 
Paper III 

We have shown previously that intraperitoneal injection of LPS induces fever in 
wildtype DBA/1lacJ mice. LPS is a potent pyrogen and a strong inducer of pro-
inflammatory cytokines. However, a recent discovery showed that LPS acts 
predominantly by binding to the Toll-like Receptor 4 (TLR-4), implying that LPS can 
act on brain directly, the fever response thus being independent of cytokine signaling. 
Therefore, we examined the febrile response in an animal model that is dependent on 
intact cytokine signaling such as the aseptic inflammation induced by subcutaneous 
injection of turpentine.  

We have observed similar core body temperature and motor activity in wildtype 
and mPGES-1 knockout mice. In response to subcutaneous injection of turpentine, the 
wildtype mice showed a biphasic febrile response (fig. 5). However, the mPGES-1 
knockout mice did not develop fever in response to turpentine and displayed a core 
temperature similar to that demonstrated by the saline injected wildtype mice. 
Nevertheless, turpentine-induced local inflammation was observed in both wildtype 
and mPGES-1 knockout mice demonstrated by complete lack of motor activity in these 
mice starting soon after the injection, in comparison to the control mice displaying 
normal motor activity (fig. 6). The response of the mPGES-1 knockout mice and their 
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wildtype littermates to i.p. injection of IL-1β was very similar to that demonstrated by 
i.p. injection of LPS (fig. 7 and Paper II fig. 1). In order to investigate the role of 
mPGES-1 in psychological stress-induced hyperthermia, we have used a cage 
exchange-induced stress model. Both the mPGES-1 knockout mice and the wildtype 
littermates responded with similar hyperthermic reaction to cage exchange-induced 
stress which is significantly higher compared to the hyperthermic response displayed 
by the control mice of either genotype (fig. 3). 
 
Paper IV 

IL-1β induced respiratory depression in wildtype mPGES-1 mice during normoxia 

and hyperoxia 

Using flow plethysmography, we monitored the respiratory activity in 9 days old 
mPGES-1 wildtype and knockout mice in response to IL-1β or saline treatment. The 
basal respiratory frequency was reduced in IL-1β treated wildtype mice between 70-80 
min of peripheral administration (fig. 1a). In contrast, IL-1β had no such effect in the 
heterozygote or mPGES-1 knockout mice. IL-1β also lowered the respiratory frequency 
during 1 min hyperoxia in wildtype mice compared to those treated with vehicle. 
However, this inhibitory effect of IL-1β was not observed in mPGES-1 knockout mice. 
In a complementary study using 9 days old C57Bl/6 mice lacking EP3 receptor, we 
found that IL-1β could not alter the basal ventilation or the hyperoxic response 
compared to vehicle treatment.  
 
IL-1β reduced anoxic survival in wildtype mice but not mPGES-1-/- or EP3R-/- mice 

9 days old DBA/1lacj and C57Bl/6 mice were exposed to 5 min anoxia (100% N2) at 
80 min after IL-1β or vehicle treatment. Ventilation was investigated during this period. 
All mice exhibited a characteristic biphasic response with an initial increase in 
ventilation (hyperpnia) followed by a hypoxic ventilatory depression (gasping 
response). Total number of gasps in the wildtype mice was significantly reduced by IL-
1β treatment compared to vehicle-injected mice (fig. 2d). However, mice with either 
single or both allele deletion of mPGES-1 gene did not display any change in the 
gasping response to IL-1β treatment compared to vehicle injected mice. The survival of 
IL-1β treated mPGES-1 wildtype mice after hypoxic apnea was significantly reduced 
compared to those treated with vehicle (fig. 2e). In comparison, IL-1β treated mPGES-
1 knockout mice demonstrated a higher survival rate after anoxia. Survival rate of the 
heterozygote mice was comparable to the mPGES-1 knockout mice. IL-1β treated EP3 
receptor knockout mice did not show any alteration to anoxic respiratory response 
compared to vehicle treated mice. Interestingly, C57Bl/6 mice strain displayed reduced 
sensitivity to anoxia compared to the DBA/1lacj strains. All DBA/1lacj mice 
terminated their gasping response during the 5 min anoxic period while the C57Bl/6 
mice continued the gasping response beyond the 5 min anoxia. 66% of C57Bl/6 mice 
survived to anoxia exposure compared to 55% of DBA/1lacj mice. 
 
PGE2 induced apneas and irregular breathing pattern in EP3 wildtype mice 

To investigate if PGE2 plays a central role in modulating respiratory behavior, C57Bl/6 
and DBA/1lacj mice were injected i.c.v. with PGE2. Ventilatory response was 
examined at 10 min following injection. PGE2 induced significantly greater number of 
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apneic events and irregular breathing patterns during normoxia and hyperoxia in 
wildtype EP3 mice compared to the vehicle treatment. PGE2 administration also 
reduced respiratory frequency in the wildtype but not in EP3 knockout mice during 
normoxia as well as hyperoxia. However, the apneic events and irregular breathing 
patterns displayed by PGE2 treated mPGES-1 wildtype mice during normoxia and 
hyperoxia was not significantly different from control mice. When mice were exposed 
to 5 min anoxia at 20 min after i.c.v. injection of PGE2 or saline, all mice exhibited an 
initial hyperpnic period followed by a gasping response. However, the duration of 
hyperpnia was prolonged in EP3 knockout mice compared to the wildtype EP3 mice. 
PGE2 treated wildtype EP3 mice displayed lower respiratory frequency during 
hyperpnea compared to the vehicle treated mice and EP3 knockout mice.  
 
mPGES-1 enzyme activity was induced by IL-1β and hypoxia  

mPGES-1 activity was measured in the brainstem and cortex of IL-1β or saline-treated 
wildtype and knockout mice. We have observed that irrespective of treatment, 
brainstem displayed higher activity compared to corresponding cortex (fig. 4). Mice 
with targeted deletion of mPGES-1 gene demonstrated abrogated mPGES-1 activity. 
Basal level of mPGES-1 activity was observed in saline-treated wildtype mice. 
Wildtype mPGES-1 mice treated with IL-1β and exposed to hypoxia displayed 4 times 
higher enzymatic activity compared to the control mice as well as significantly higher 
activity compared to either treatment alone. A longer exposure (180 min) of the 
wildtype mice to IL-1β induced a three-fold increase in mPGES-1 activity compared to 
control mice. The IL-1β induced mPGES-1 activity displayed by wildtype EP3 mice 
was comparable to wildtype mPGES-1 mice. 
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DISCUSSION 
mPGES-1: BIOCHEMICAL CHARACTERIZATION (PAPER I) 

Previous attempts to purify GSH-dependent mPGES-1 protein were partially 
successful, the main obstacle being the instability of the protein, which lost activity 
soon after purification (231). We have successfully purified the recombinant human 
mPGES-1 enzyme that was over-expressed as an N-terminal 6-histidine tagged (his6) 
fusion protein in E. coli BL21DE3 cells. Kinetic characterization of the purified protein 
displayed a high Km value for PGH2 (160 µM). Independent from our study, a report 
describing purification of mPGES-1, expressed in a baculovirus-insect cell system, 
demonstrated a lower apparent Km for PGH2 (14 µM) (269). A possible explanation for 
these discrepancies in Km could be the differences in post-transcriptional processing 
between prokaryotic and eukaryotic systems. Another explanation could be the 
different detergents used for the solubilization of mPGES-1 during purification. PGH2 
is a lipophilic substrate and it is reasonable to believe that different types of detergent 
might considerably influence the binding of PGH2 to the active site of mPGES-1. In 
line with our findings, membrane fraction from E. coli expressing mouse mPGES-1 
also demonstrated high Km value for PGH2 (183). However, a true comparison of the 
Km values is not possible since the lipid composition in the membrane fraction may 
provide a different microenvironment for mPGES-1 enzymatic activity compared to the 
detergent solubilized enzyme. Nevertheless, the purified enzyme displayed a very high 
catalytic activity for the formation of PGE2 demonstrating the specificity of this 
enzyme for PGE2 biosynthesis. In addition to PGE synthase activity, purified human 
mPGES-1 also catalyzed GSH dependent conversion of PGG2 to 15-hydroperoxy-PGE2 
and glutathione-dependent peroxidase activity for cumene hydroperoxide, 5-HpETE 
and 15-hydroperoxy-PGE2. 15-hydroperoxy-PGE2 can also be reduced non-
enzymatically to PGE2 in presence of GSH (298). The alternative pathway for the 
biosynthesis of PGE2 from PGG2 via the intermediate formation of 15-Hydroperoxy-
PGE2 might represent physiological importance. However, more in vivo investigations 
are required in order to establish the physiological relevance of 15-hydroperoxy-PGE2 
production. 
 The projection map of purified mPGES-1 demonstrated a homo-trimeric structure 
and it resembles the structure of MGST1 suggesting that the fold of PGES is a left-
handed four-helix bundle as shown for MGST1 (fig. 6) (132, 303). Furthermore, 
hydrodynamic studies performed on the purified protein also independently 
demonstrated the trimeric organization of mPGES-1. This is in line with the studies on 
the closely related MAPEG member MGST1, which has been demonstrated to be a 
trimer (32). Recently, the projection map determined by electron crystallography of 
recombinant human LTC4 synthase, another MAPEG protein, at a resolution of 4.5 Å 
also demonstrated trimeric organization of the enzyme (302) although the active form 
of the enzyme was previously suggested to constitute a homo-dimer (255).  
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Figure 6. Overlap between the MGST1 3D structure and the projection map of 
mPGES-1. 
 
mPGES-1 IN FEVER DEVELOPMENT (PAPER II & III) 

Several pro-inflammatory cytokines such as IL-1β and IL-6 act as endogenous 
pyrogens signalling through respective receptors (73). Since the core temperature is 
regulated centrally, it has been assumed that these cytokines are released into the 
systemic circulation and transported to the preoptic area of the anterior hypothalamus. 
However, the entry of these cytokines into the brain is restricted by the presence of 
BBB, although saturable transport system, transport through OVLT and binding of 
cytokines to peripheral nerves have been reported. Until recently the mechanism of 
fever generation was not clear. Recent developments in knockout mice technology 
provide a unique tool to study fever and unravel the underlying mechanism. The most 
recent and widely accepted concept of fever mechanism is the formation of PGE2 in the 
brain endothelial cells in response to immune stimuli and because of its small size and 
lipophilic property entry of PGE2 through the BBB is facilitated. PGE2 by binding to 
EP3 receptor in the POA of anterior hypothalamus elevates the thermal set point 
resulting in fever generation (a simplified diagram is represented in figure 7). Using 
mPGES-1 knockout mice we have recently shown that mPGES-1 is necessary for 
endotoxin induced fever development (Paper II, fig. 1) (86). Our investigation also 
demonstrated that the fever generating signal of PGE2 is mediated through EP3 
receptors since mice deficient in EP3 receptor did not develop fever in response to i.c.v. 
injection of PGE2 (Paper II, fig. 3). In line with this data, previous investigation using 
EP receptor knockout mice has also demonstrated that only mice lacking EP3 receptor 
failed to develop fever in response to LPS, IL-1β and PGE2 (354). Moreover, co-
induction and co-expression of COX-2 and mPGES-1 in the endothelial cells of rat 
brain in response to LPS demonstrates a functional link between the two enzymes for 
the biosynthesis of PGE2 (387). Importantly, using in situ hybridization histochemistry, 
Ek et al have shown that upregulation of COX-2 mRNA expression peaked at 1 hr of 
IL-1β injection in rat while expression of mPGES-1 mRNA peaked at 3 hr thus 
demonstrating a coordination between up-stream protein expression and PGE2 
biosynthesis (85). By RT-PCR analysis of mPGES-1 and mPGES-2 in brain tissue we 
have shown that only mPGES-1 mRNA was upregulated in response to LPS treatment 
in wildtype mice (Paper II, fig. 2C). In contast, mPGES-2 mRNA showed constitutive  
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Figure 7. Schematic representation of the COX-2-mPGES-1-EP3 mediated pathway 
for the generation of LPS/IL-1β induced fever. 
 
expression which did not upregulate by LPS treatment. This data gives a clear 
indication that endotoxin induced PGE2 formation is dependent on mPGES-1 
expression and the absence of mPGES-1 enzyme is not compensated by mPGES-2 for 
the synthesis of PGE2. Analysis of PGE2 levels in the CSF showed that wildtype mice 
injected with LPS contained significantly higher PGE2 compared to the LPS treated 
mPGES-1 knockout mice. Interestingly, Yamagata et al have also detected similar 
PGE2 levels in the CSF of LPS treated rats and pre-treatment of rats with NS-398 
completely suppressed the PGE2 levels which again confirms the COX-2-mPGES-1 
pathway for the induced biosynthesis of PGE2 in fever generation (387). These findings 
are in support of the model where cytokines exert their effects on the BBB mediated by 
PGE2. 

LPS is known to elicit a cascade of cytokine synthesis, including the formation of 
IL-1β, IL-6 and TNF-α. Functional IL-1 type 1 receptors are also expressed on 
endothelial cells, which express mPGES-1 (164). In addition to activating cytokines, 
LPS has been shown to exert effect directly by binding to TLR-4 (fig. 4) (53). In order 
to investigate if mPGES-1 is essential for cytokine-dependent fever generation, we used 
mPGES-1 knockout mice in an aseptic, cytokine-dependent fever model. Previous 
investigation using knockout mice lacking IL1-R1 has shown an essential role of IL1-
R1 in APR such as fever, lethargy and anorexia to local inflammation caused by 
turpentine (187). However, intraperitoneal injection of a low or high dose of LPS 
induced similar APR in wildtype and IL1-R1 knockout mice. In our turpentine-induced 
fever model, wildtype mice showed a biphasic fever response to subcutaneous injection 
of turpentine. In contrast, the mPGES-1 deficient mice did not develop fever and 
displayed a temperature pattern similar to that of saline injected wildtype mice (Paper 
III, fig. 5) (295). However, both wildtype and the mPGES-1 knockout mice displayed 
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similar core body temperature throughout the light and dark cycle. Thus, in contrast to 
the dependence on mPGES-1 for the inflammation induced febrile response that was 
demonstrated in the aseptic fever model, mPGES-1 did not seem to be critical for 
regulating normal circadian temperature variations. In support, investigation using EP1 
and EP3 receptor knockout mice showed that the baseline temperature in these mice did 
not differ from wildtype mice (262). In our stress-induced fever model, both the 
wildtype and the mPGES-1 knockout mice demonstrated similar febrile responses 
suggesting an mPGES-1 independent mechanism (paper III, fig. 3). In contrast to the 
findings demonstrated in our stress-induced fever model, Morimoto et al have shown 
that psychological stress elevated the plasma PGE2 levels in rat (234), indicating the 
involvement of other PGE synthase enzymes in stress-induced fever development. The 
response displayed by the wildtype and the mPGES-1 deficient mice to intraperitoneal 
injection of IL-1β was very similar to that demonstrated in intraperitoneal LPS 
injection (paper III, fig. 7 & paper II, fig. 1), suggesting a similar phenomena 
involved in both processes. 

 
mPGES-1 IN NEONATAL RESPIRATORY DEPRESSION (PAPER IV) 

Several factors have been attributed to the pathology of sudden infant death syndrome. 
Pro-inflammatory cytokines such as IL-1β has been proposed to play an active role in 
mediating infection and apnea. However, the entry of IL-1β into the brain is restricted 
since the larger size and lipophobic nature doesn’t allow it to cross the BBB. Several 
lines of evidences show that PGE2 has prominent respiratory depressant effects in the 
perinatal period in humans, sheeps and pigs (108, 190, 201). Moreover, intracarotid 
treatment of PGE2 in 5-day old lambs caused hypoventilation due to a decrease in 
breathing frequency. PGE2 also caused hypoxemia, hypercapnia, and increased the 
incidence of short apneas (117). Hoch et al have observed a significant correlation 
between urinary PGE metabolite concentration and number of central apneas in 
neonates (129). In our latest investigation we have demonstrated that intraperitoneal 
treatment of mice with IL-1β suppresses the central respiration and autoresuscitation by 
activation of mPGES-1. The positive correlation between increase activity of mPGES-1 
and incidence of apneic events in the wildtype mice suggests a potential role of this 
enzyme in respiratory depression during hypoxic events. By direct application of PGE2 
to the brainstem-spinal cord preparation, we showed that the central respiratory rhythm 
generation was inhibited in the wildtype EP3 mice. In contrast, these effects were not 
apparent in mice lacking EP3 receptor. The possible underlying mechanism in 
respiratory depression might be the activation of mPGES-1 results in induced 
production of PGE2, which, by binding to EP3 receptors modulates the activity of the 
neurons involved in respiratory rhythm generation. Previous findings have 
demonstrated the presence of NK1R expressing neurons in the pre-BötzC area (370). 
However, it remains to be investigated if EP3 receptors are also colocalized in the 
neurons expressing NK1R. Measurement of PGE2 levels in the CSF will provide more 
information about the endogenous release of PGE2 and its involvement in causing 
respiratory depression. Our results also demonstrated that similar to IL-1β, severe 
hypoxia in the wildtype mice can also activate mPGES-1 suggesting a similar pathway 
leading to respiratory depression during neonatal period. These effects of IL-1β and 
hypoxia were absent in mPGES-1 knockout mice and deletion of mPGES-1 gene 
demonstrated a positive effect on the survival of mice during anoxic events. 
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We have observed that wildtype mice exposed to 5 min hypoxia displayed 
significantly higher mPGES-1 activity compared to the control mice. The mechanism 
behind such a rapid (about 20 min between hypoxic exposure and sacrifice) activation 
of mPGES-1 in response to hypoxia is not known. One could speculate that post-
transcriptional modification of the constitutively expressed mPGES-1 might be one 
potential mechanism. A previous investigation has demonstrated that the presence of 
IL-1α regulated stability of COX-2 mRNA and sustained COX-2 protein production in 
a human cell system (290). A very recent investigation has also demonstrated that in rat 
neonatal cardiomyocytes, both IL-1β and LPS stimulated mPGES-1 mRNA expression 
and protein synthesis by stabilization of mPGES-1 mRNA (67). Whether short term 
hypoxia exposure could also lead to stabilize both COX-2 and mPGES-1 mRNA and 
subsequently enhance the production of PGE2 is subject of future investigations. 
  
mPGES-1 IN PATHOPHYSIOLOGY 

Pain 

Prostaglandins, in particular PGE2 and PGI2 are key mediators of both central and 
peripheral pain sensitization (297). The importance of PGE2 in inflammatory pain has 
been demonstrated by using selective anti-PGE2 antibodies that inhibit pain 
sensitization, edema and hyperalgesia in rats (228, 281). Peripheral nociceptor 
terminals are sensitized by COX-2 derived PGE2 and produce localized pain 
hypersensitivity (216). Peripheral inflammation also affects the neighboring tissue and 
causes pain hypersensitivity as well as muscle and joint pain, fever, fatigue and 
anorexia (64). These illness symptoms were thought to involve signaling by nerve 
impulses originating at the site of injury through the spinal cord to the brain (381). 
However, accumulating evidences show that PGE2 is produced in the spinal cord in 
response to peripheral tissue injury and inflammation and thus PGE2 is suggested in 
contributing nociceptive transmission and amplification of sensory outflow from the 
spinal cord (225, 247). In fact, a recent investigation demonstrated the crucial role 
mediated by mPGES-1 derived PGE2 in developing anorexia in response to peripheral 
infection and neuroinflammation in mice (274). Moreover, Ek et al (85) and Yamagata 
et al (387) have independently shown that the pro-inflammatory cytokine, IL-1β, 
upregulates COX-2 and mPGES-1 expression in brain endothelial cells. These cells 
posses a coupled enzyme system resulting in induced production of PGE2 during 
peripheral infections which provide signals to the brain. Studies using prostanoid 
receptor knockout mice showed that IP and EP3 are the major receptors involved in 
mediating enhanced acetic acid-induced writhing response which is a model of acute 
inflammatory pain, in LPS-treated mice (349). In line, Trebino et al (345) have 
demonstrated reduced pain sensitivity in mice deficient in mPGES-1. Furthermore, a 
recent study by Kamei et al (148) have also shown reduced pain sensitivity and 
inflammation in mPGES-1 deficient mice, altogether implicating a major contribution 
of mPGES-1 in inflammatory pain. 
 
Inflammation 

Inflammation is the classic local response to tissue injury for instance, by 
microorganisms with the typical symptoms of pain, swelling, redness, heat generation 
and loss of function. Use of NSAIDs inhibit prostaglandin formation at inflammatory 
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sites and thus reduces the pathological symptoms related to inflammation (358). Large 
quantities of PGE2 are formed at the site of inflammation, which mediate the 
pathological features of such conditions (182). Pro-inflammatory stimuli, such as IL-
1β, TNF-α and LPS induce the expression of COX-2 and mPGES-1 both in vitro (322) 
and in vivo (212, 387). Trebino et al have shown that mPGES-1 plays a major role in 
both acute and chronic inflammation in mice (345). Furthermore, a recent study by 
Westman et al (373) have demonstrated that mPGES-1 is over-expressed in synovial 
tissues from patients with rheumatoid arthritis (RA). These data support the 
involvement of mPGES-1 in the development of inflammation.  
 
Rheumatoid arthritis  

Rheumatoid arthritis is a prototype of inflammatory arthritis characterized by chronic 
and erosive synovitis of peripheral joints. NSAIDs, glucocorticoids as well as disease-
modifying anti-rheumatic drugs (DMARDs) have been clinically used for the medical 
treatment of RA (275). RA is regarded as an autoimmune disease and there is a strong 
association with a number of autoantibodies (320). COX-2 and mPGES-1 are 
coordinately upregulated by IL-1β in the perinuclear membrane in rheumatoid arthritis 
synovial fibroblasts (RASFs), causing an increased PGE2 production at the site of 
inflammation (163). Although the synovial fibroblasts derived from RA patients were 
demonstrated to constitutively express cPGES and mPGES-2, the expression of these 
enzymes were not upregulated in response to IL-1β stimuli. Moreover, PGE2 enhances 
mPGES-1 expression associated with an increase of cAMP levels via EP2 and EP4 
receptors in IL-1β stimulated RASFs (162). A recent study showed that in early 
passages of RA-derived synovial cells, the COX-1 gene is induced by IL-1α and thus, 
suggest the involvement of COX-1 in an acute phase inflammation of RA patients 
(266). However, IL-1α-induced COX-1 expression was not observed in the RA-derived 
synovial cells after five passages. In addition to contributing to the pathogenesis of RA, 
mPGES-1 expression was induced by IL-1β in the synovial fibroblasts from patients 
with osteoarthritis (OA). Evidence also shows that IL-1β and TNF-α stimulation 
triggered the expression of mPGES-1 in the articular chondriocytes of OA patients 
(161). A current investigation also focused on the effect of TNF-α blockers in the 
remission of RA (165). TNF blockers did not show significant down regulation of 
COX-2 and mPGES-1 in the synovial tissue from RA patients before and after 
treatment. In contrast, local administration of steroids decreased the expression of 
COX-2 and mPGES-1 in the synovial tissues of patients with inflammatory arthritis 
including RA. Altogether these evidences suggest mPGES-1 as an additional target for 
the treatment of inflammatory arthritis including RA and OA. 
 
Cancer 

The first evidence of a potential relationship between COX-2 and human cancers was 
reported in 1994, when COX-2 mRNA levels were found to be markedly elevated in 
colorectal carcinomas (80). COX-2 and the downstream enzyme mPGES-1 were found 
to be upregulated in many forms of cancer, including colorectal, breast, prostate, colon 
and lung cancer cells (46, 110, 392, 393). There are clinical, biochemical and 
epidemiological evidences for the importance of COX-2 derived PGE2 in the 
development of colorectal cancer and possibly other cancers (374). Experimental and 
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epidemiologic studies have demonstrated that NSAIDs are effective in the prevention 
of human cancers (35, 54, 286, 310).  
 The potential role of COX-2 and mPGES-1 in colorectal carcinogenesis was 
strengthened by gene targeting studies. In a model of familial adenomatous polyposis 
(FAP), it was shown that disruption of the COX-2 gene results in a reduction in the 
number of intestinal polyps (267). In a similar study, using the same model system, it 
was demonstrated that EP2 and not the other EP receptor subtypes substantially 
affected the polyposis phenotype (316) suggesting that PGE2 signalling mediated 
through EP2 receptor contributes essential role in intestinal polyposis. In a human 
embryonic kidney cell line HEK293, transfection of both mPGES-1 and COX-2 
resulted in an aggressive cell growth and aberrant morphology, suggesting a functional 
coupling of these enzymes in the development of tumors (242). However, the degree of 
expression of COX-2 and mPGES-1 was different in various tumors. For example, in 
non-small lung cancer and colorectal adenomas, marked differences in the extent of up-
regulation of mPGES-1 and COX-2 were observed in individual tumors, suggesting 
different regulatory mechanisms (392, 393). In contrast to these findings, a transgenic 
mice model overexpressing mPGES-1 in the alveolar and airways epithelial cells did 
not show any significant difference in tumor multiplicity or size compared to the 
control mice (24) suggesting that overproduction of PGE2 is not sufficient in the 
induction of lung tumors. In this context one might speculate that although over-
expression of mPGES-1 will lead to induction of PGE2 production but these cells may 
not express sufficient EP receptor subtype that will subsequently binds the excess PGE2 
in order to mediate the effect in inducing tumorigenesis. Further investigation is needed 
to verify the role of inducible PGES-1 in the pathogenesis of lung cancer. Evaluation of 
COX-2 and mPGES-1 protein expression in gastric cancer shows that compared to non-
neoplastic adjacent tissues, these inducible proteins were expressed more in cancer 
tissues and gradually increased with the progression of gastric lesions with the highest 
expression observed in dysplasia (144). In summary, increasing bodies of evidences 
show the potential involvement of mPGES-1 in many different cancer types, including 
breast, lung, intestinal, gastric and others, suggesting mPGES-1 as a potential 
additional target for the treatment of cancer. 
 
mPGES-1 AS A DRUG TARGET 

NSAIDs have been used for centuries in the treatment of common cold, headache and 
fever as well as in rheumatoid arthritis, atherosclerosis and cancer. Although COX-2 
specific inhibitors posses less gastrointestinal toxicity, as compared to the non-specific 
COX inhibitors, severe unwanted side effects still exist (63). For example, specific 
COX-2 inhibition can lead to edema and elevated blood pressure due to altered 
excretion of sodium (321), and there are reports of cardiovascular morbidity following 
the use of these drugs (343). Inhibition of mPGES-1 is probably a better alternative to 
combat these diseases and allow the production of anti-inflammatory metabolites. For 
instance, cells expressing PGD synthase might shunt COX-2 derived PGH2 to PGD2, 
which can further be non-enzymatically metabolized to produce the anti-inflammatory 
metabolite 15-deoxy-∆12,14-PGJ2 (209). However, the amounts of these metabolites 
produced in vivo are not yet known and needs further investigations. Since mPGES-1 
deficient mice demonstrate a normal physiology (behavior, weight, reproduction etc.), 
inhibition of mPGES-1 would theoretically not interfere with any homeostatic 
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functions although the role of mPGES-1 in kidney models needs to be investigated. 
Furthermore, accumulating evidences suggest mPGES-1 as an important determinant in 
pain, inflammation, cancers and neurological disorders and thus selective inhibition of 
PGE2 biosynthesis by specific inhibition of mPGES-1 seems to be a promising 
therapeutic target. 
 
CONCLUSION 

We have characterized the recombinant human mPGES-1, purified the protein to 
apparent homogeneity and prepared 2-D crystals. We have demonstrated by two 
independent methods, electron microscopy and hydrodynamic studies, that purified 
recombinant human 6-histidine tagged mPGES-1 constitutes a homo-trimer. In addition 
to PGE synthase activity, purified mPGES-1 possessed several other activities, like 
GSH-dependent peroxidase and GSH-transferase activities, probably representing the 
evolutionary relationship to other MAPEG members. In an endotoxin-induced fever 
model, mPGES-1 was found to be critical in mediating fever. Several studies have 
demonstrated co-expression of mPGES-1 and COX-2 in the brain endothelial cells, 
suggesting that these enzymes are functionally coupled. mPGES-1 was also found to 
play a major role in a local, aseptic, inflammation-induced fever development in mice. 
We have also demonstrated that mPGES-1 mediates Il-1β induced respiratory 
depression in neonatal mice and there seems to be a positive correlation between PGE2 
levels and incidence of apneic events in human infants. There are now increasing 
evidences for the role of mPGES-1 in a number of pathological conditions and diseases 
like RA, cancer, atherosclerosis and neurodegenerative disorders. Taken together, the 
results from our studies and others suggest that mPGES-1 is an important enzyme 
involved in the pathogenesis of various diseases. 
 
FUTURE PERSPECTIVE 

Despite a substantial amount of research showing the involvement of mPGES-1 in 
various inflammatory diseases, a number of questions remain unanswered. The 
development of mPGES-1 knockout mice has enabled a few steps forward in the 
understanding of the physiological and pathophysiological functions of mPGES-1. 
However, if this understanding can be extended and applicable in human beings remain 
a major issue to be solved. The most downstream position of mPGES-1 in the 
arachidonic acid metabolic cascade presents this enzyme as a potent and selective target 
as a novel anti-inflammatory drug. Determination of the 3-dimensional structure of 
mPGES-1 at atomic resolution would provide some basis for better understanding of 
the mechanism of catalysis and hopefully assorting rational drug design. The effect of 
genetic disruption of the mPGES-1 gene has provided the evidence for the shunting of 
prostaglandins towards the major formation of TxB2 (a stable derivative of TxA2) in 
murine macrophages (344), although the major shunting of PGH2 in vivo seems to be 
PGI2 (49). The redirection of PGH2 metabolism by inhibition of mPGES-1 and the 
physiological effect of the altered prostanoid metabolic profile will have profound 
importance for the pharmacological effects of future drug candidates. 
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