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ABSTRACT 

 

Prostaglandin (PG) E2 is an eicosanoid derived from the 

polyunsaturated twenty carbon fatty acid arachidonic acid (AA). PGE2 has 

physiological as well as pathophysiological functions and is known to be a key 

mediator of inflammatory responses. Formation of PGE2 is dependent upon 

the activities of three specific enzymes involved in the AA cascade; 

phospholipase A2 (PLA2), cyclooxygenase (COX) and PGE synthase (PGEs). 

Although the research within this field has been intense for decades, the 

regulatory mechanisms concerning the PGE2 synthesising enzymes are not 

completely established. 

PGE2 was investigated in human monocytes with or without 

lipopolysaccharide (LPS) pre-treatment followed by stimulation with calcium 

ionophore, opsonised zymosan or phorbol myristate acetate (PMA). Cytosolic 

PLA2α (cPLA2α) was shown to be pivotal for the mobilization of AA and 
subsequent formation of PGE2. Although COX-1 was constitutively expressed, 

monocytes required expression of COX-2 protein in order to convert the 

mobilized AA into PGH2. The conversion of PGH2 to the final product PGE2 

was to a large extent due to the action of microsomal PGEs-1 (mPGEs-1). In 

addition, experiments with inhibitors of extracellular signal regulated kinase and 

p38 activation, indicated that phosphorylation of cPLA2α was markedly 

advantageous for the formation of PGE2.  

Ellagic acid, a natural polyphenolic compound found in fruits and nuts, 

was shown to inhibit stimuli induced release of PGE2 in human monocytes. 

The effect of ellagic acid was not due to a direct effect on the activities of the 

enzymes but rather to inhibition of the LPS-induced protein expression of 

COX-2, mPGEs-1 and cPLA2α.  
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INTRODUCTION 

 

Monocytes and their role in inflammation 

 

Inflammation is an important part of our defence against pathological 

agents that we more or less are constantly exposed to. The inflammatory 

response is dependent on the production of different cytokines, chemokines 

and eicosanoids [1-3]. These inflammatory mediators are produced in a tightly 

regulated way primarily in white blood cells, leukocytes. Monocytes are large 

leukocytes of the myeloid lineage, circulating in the peripheral bloodstream. 

Upon activation, due to infection or mechanically damaged tissue, the 

monocytes migrate to the site of inflammation, penetrate the arterial wall and 

enter the surrounding tissue where they may differentiate into long-lived 

macrophages or dendritic cells [4].  

Once at the infected area, monocytes act as professional phagocytes and 

recognise infecting agents via specific receptors. Subsequently, these agents are 

destroyed by degrading enzymes and fragments of the phagocytosed material 

are presented on the surface of the monocytes allowing lymphocytes to 

recognise them and initiate the adaptive immune response [5]. Furthermore, 

monocytes produce a variety of different pro-inflammatory mediators, such as 

interleukin (IL)-1, tumor necrosis factor alfa (TNFα) and different eicosanoids, 

which may act stimulating in an autocrine or paracrine way or act as recruiters 

of other cells important for the inflammatory response [6]. Monocytes 

expressing large amounts of CD14 but not CD16 on their surface are referred 

to as classical monocytes. The non-classical monocytes, which are CD14 as well 

as CD16 positive, are known as highly pro-inflammatory and represent, under 

normal conditions, about 10 % of the peripheral blood monocytes [7]. 

However, the amount of these cells can increase dramatically during 

inflammation.   

Monocytes have also been ascribed a role in the resolution of 

inflammation by producing for example anti-inflammatory mediators such as 

IL-10 [8]. This is highly important although inflammation is our essential 

defense against pathogens, if not tightly regulated, this defense can become our 

enemy. Chronic inflammation is a part of the cause for several more or less 

severe diseases, where elevated levels of the enzymes involved in the 



 2 

arachidonic acid (AA) cascade as well as the produced metabolites, the 

eicosanoids, have been detected.   

 

Arachidonic acid and eicosanoids 

 

AA (20:4n-6; AA) is a 20-carbon polyunsaturated omega-6 fatty acid  

that can be found in animal based food, especially in fish and eggs, while no or 

only little are found in plants. This fatty acid  is not strictly essential, since it can 

be formed from linoleic acid (18:2n-6) endogenously [9]. AA is the major 

precursor for several different eicosanoids, recognised as important 

inflammatory mediators. When liberated from membrane phospholipids via the 

action of phospholipase A2 (PLA2), AA can be metabolised by three main 

pathways and the enzymes involved are cyclooxygenase (COX), lipoxygenase 

(LO) and p-450 epoxygenase [10]. The set of eicosanoids derived from these 

pathways is diverse and consists for example of prostaglandins (PGs), 

leukotrienes (LTs), thromboxanes (TXs) and lipoxines.  

These products exhibit a wide variety of functions, both pro- and anti- 

inflammatory as well as homeostatic. The most abundant form of the PGs is 

PGE2 and the focus of this thesis lies on the pathway (highlighted in fig. 1) that 

leads to this product. 

 

 

From phospholipids to the final product prostaglandin E2 

 

The formation of PGE2 is dependent on three enzymatic reactions. 

First, in order to be further metabolised, AA must be available in a free form. 

This requires the enzymatic action of a PLA2, which hydrolyse and release AA 

from the membrane phospholipids. When liberated, AA is metabolised in a 

two-step reaction by COX to an unstable intermediate, PGH2. Finally, this 

intermediate is converted into the product PGE2 by different PGE synthases 

(PGEs).  
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Figure 1. Formation of eicosanoids from arachidonic acid. 

 

 

 

Phospholipase A2  

 

PLA2 constitutes a large family of enzymes that all share the common 

function of hydrolysing the ester bond at the stereospecific nomenclature (sn)-2 

position of membrane phospholipids, generating free fatty acids and 

lysophospholipids (Fig. 2). 

PLA2 can be divided into two major groups that differ when it comes to 

size, function, regulation and localisation; the intracellular PLA2s, cytosolic 

calcium dependent PLA2 (cPLA2) and calcium independent PLA2 (iPLA2), and 

the secretory PLA2s (sPLA2) [11]. 
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Figure 2. PLA2 hydrolyses membrane phospholipids at the sn-2 position 

 

 

Intracellular phospholipase A2 

Cytosolic phospholipase A2  

 

cPLA2, also known as type IV PLA2, is regarded as a high molecular 

PLA2 and has a size of about 85 kDa. As the name implies this enzyme 

performs its work within the cell and preferentially hydrolyze phospholipids in 

the nuclear membrane [12]. Previously cPLA2 was referred to as a single 

enzyme but it is now known that this is a group of enzymes and today one has 

to distinguish between six paralogs; cPLA2α, -β, -γ, -δ, -ε and –ζ [13-17]. These 

enzymes share the active domain but differ when it comes to regulation via 

phosphorylation and calcium dependency, substrate selectivity and expression 

pattern. cPLA2α is by far the most studied and best characterized of these 

paralogs and in this section this isoform is the only one to be further addressed. 

In 1986, cPLA2α was isolated from human neutrophils and platelets 

simultaneously by two research groups [18, 19]. cPLA2α is the only known 

PLA2 that selectively hydrolyse membrane phospholipids containing AA at the 

sn-2-position. This has been observed in vesicle models [20] and in natural 

cellular membranes [21]. Because of this, cPLA2α plays a key role in initiating 

the AA cascade and thereby enabling the subsequent formation of different 

eicosanoids.  



 5

Expression of cPLA2α is ubiquitously and constitutively found in most 

cells, except for mature T and B lymphocytes [22]. The promoter region of the 

cPLA2α gene have binding sites for activating protein (AP)-1, AP-2, 

glucocorticoid response element (GRE), CCAAT/enhancer binding proteins 

and nuclear factor kappa B (NFκB) [23, 24] and although the enzyme often is 

constitutively expressed, it can be slightly induced under certain conditions, 

such as in response to IL-1α, epidermal growth factor, phorbol myristate 
acetate (PMA) and TNFα [25-27].  

cPLA2α contains two functionally important domains, the C2 domain 

and the active α/β hydrolase domain [28]. The active site, consisting of Ser-228, 

Asp-549 and Arg-200, is located at the bottom of a deep narrow cleft and in the 

inactive state, this cleft is partially covered by a lid [28, 29]. When binding to 

phospholipid membranes, a change in conformation most likely occurs, 

removing the lid over the active site allowing AA to enter. cPLA2α does not 

require calcium for its catalytic activity, however the binding of Ca2+ to the C2 

domain is essential for translocation and binding to intracellular membranes, 

particularly in the perinuclear region [30, 31]. When intracellular levels of 

calcium is elevated, two Ca2+-ions bind to the C2 domain at three distinct 

loops, termed calcium binding regions (CBR). This binding allows the 

hydrophobic residues of the CBRs to be inserted into the membrane interior 

[32]. The C2 domain of cPLA2α preferentially interacts with the charge-neutral 

phosphatidylcholin (PC) [33], however studies have shown that cPLA2α does 
not have preference for hydrolysing phospholipids with a specific headgroup 

[34, 35]. In addition to a rise in intracellular calcium, complete activation of 

cPLA2α also requires phosphorylation. However, this regulatory mechanism is 

less important when intracellular calcium levels are high [36].  

There are three known serine residues in the catalytic domain that are of 

importance for maximal function of cPLA2α [37]. Ser-505 is phosphorylated by 

mitogen activated protein kinases (MAPKs) [38]. Phosphorylation of this 

residue only modestly increase the activity of the enzyme, however, Das et al. 

[39] have shown that it resulted in a 60-fold enhanced membrane affinity. Ser-

727 can be phosphorylated by MAPK-interacting kinase [40]. It has been 

suggested that this phosphorylation enhance the activity of cPLA2α by 

inhibiting annexin A2 and the calpactin light chain, p11, to form an inactivating 

complex with cPLA2α [41]. When phosphorylation occurs at Ser-515 by 

calmodulin kinase II the activity increases three-fold [42], which might be due 

to a conformational change of the enzyme. Furthermore, the catalytic efficiency 

of cPLA2α can be increased via binding to phosphatidylinositol 4,5-
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bisphosphate (PIP2) [43]. It has been proposed that PIP2 can act as an anchor 

molecule and facilitate translocation to the perinuclear region even at low 

intracellular calcium levels [44]. It has also been shown that ceramide-1-

phosphate, in a Ca2+-dependent way, can activate cPLA2α while annexin I and 

V have inhibitory effects [45, 46]  

The roles of cPLA2α in physiological and pathological conditions have 

been investigated mostly by using cPLA2α-deficient knock-out mice. These 

studies have revealed that deletion of the enzyme caused difficulties during 

labour and in embryogenesis [47]. It also led to a disrupt ability to concentrate 

urine and the mice developed a large number of ulcers in the intestine [48, 49]. 

On the other hand, these knock-out mice showed to be healthier in other 

aspects and out of this one could conclude that cPLA2α is involved in 

postischaemic brain injury, allergic responses, acute respiratory distress 

syndrome, arthritis and adenomatous polyposis [50]. Moreover, evidence exists 

that cPLA2α also is involved in the development of multiple sclerosis and in 

different forms of cancer [51, 52].  

 

 

Calcium independent phospholipase A2 

 

iPLA2s are calcium independent intracellular PLA2s that are ubiquitously 

expressed and located in the cytosol as well as in membrane fractions of cells 

[53-55]. This group of PLA2 can be divided into several subgroups, iPLA2 VIA 

– F, out of which type VIA is by far the most studied. This enzyme can be 

present as five splice variants, two of which show characteristic PLA2 activity 

[54, 56] while three lack the catalytic region and might have negative inhibitory 

effect on the other two [57]. The iPLA2 enzymes have no preference for 

hydrolysis of AA-containing phospholipids [53]. The molecular sizes of iPLA2 

differ widely depending on specific subgroup, however, they are generally 

regarded as high molecular weight PLA2s with molecular masses around 85-90 

kDa.  

Although iPLA2s do not require Ca2+ for its catalytic activity, it has in 

some reports been proposed that the activity of this enzyme indirectly is 

regulated by the intracellular calcium concentrations in Ca2+-stores [58, 59]. 

Depletion of such stores has been shown to elevate the activity of iPLA2. 

Furthermore, type VIA iPLA2 is thought to be activated by Protein kinase C 



 7

(PKC)alfa [60] and several other reports also demonstrate that reactive oxygen 

species (ROS) can potentiate the activity of the enzyme [61, 62].   

iPLA2s are considered to play key roles in homeostatic membrane 

phospholipid metabolism, rearrangement and reincorporation of fatty acids [63, 

64]. This reincorporation is pivotal due to the great importance of keeping free 

AA at a low concentration. For example, high levels of AA have been shown to 

induce apoptosis [65]. Moreover, evidence exist that iPLA2 is involved in signal 

transduction in certain cell types, for example in insulin-secreting beta-cells. It 

has been shown that the presence of an active type VIA iPLA2 is crucial for 

increased insulin secretion in response to glucose stimulation [66, 67]. 

Furthermore, Balboa et al. [68] has recently shown that proliferation of human 

promonocytic U937 cells is mediated via the action of type VIA iPLA2. The 

relevance of iPLA2 in different biological events are complex and there are 

probably a numerous of functions yet to be elucidated. 

 

 

Secretory phospholipase A2 

 

Today there are 10 known mammalian genes encoding different types of 

sPLA2. In order of discovery and structural features, these enzymes were 

numbered as follows; IB, IIA, IIC, IID, IIE, IIF, III, V, X and XII. In addition, 

there are two known proteins that are closely related to sPLA2 in a structural 

aspect but that lack the PLA activity. All sPLA2s have a low molecular weight 

around 14-18 kDa (except for III) and a set of 6 to 8 disulfide bonds making 

them very stable but also susceptible to reducing environments. For catalytic 

activity sPLA2 requires calcium in the range of 1 –100 µM and all of the sPLA2 

types share a highly conserved Ca2+-binding loop and a histidine/arginin 

catalytic dyad. [69] 

The tissue distribution of sPLA2 varies widely depending on specific sub 

group and several types of sPLA2 do often coexist in cells [70]. Within the cells, 

sPLA2s are stored in granules and upon stimulation they may be secreted and 

can thereafter act in a paracrine or autocrine way to release AA and other fatty 

acids. In addition to hydrolysing the outer leaflet of phospholipid membranes, 

sPLA2s may act intracellular during secretion [71, 72] or through the heparan 

shuttling–pathway [73]. This pathway makes it possible for heparin-binding 

sPLA2, via internalisation, to also hydrolyse phospholipids in intracellular 

membranes. Different sPLA2 show different preference for certain 
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phospholipids but most commonly sPLA2 act on anionic phospholipids, except 

for type V and X that are known to also hydrolyse the charge-neutral PC [74, 

75].  

Although sPLA2s are not believed to have selectivity for AA containing 

phospholipids, it has been demonstrated that both type V and X sPLA2 

effectively mobilize AA in different cell types [76, 77]. However, another study 

has shown that the eicosanoid levels were only slightly elevated when the 

activity of type V sPLA2 was heavily increased in mice over expressing the 

enzyme [78]. Furthermore, in certain cell types, several sPLA2s have been 

suggested to act in concert with, or even be critical for the activity of cPLA2α 

[71, 72, 79, 80]. Non-enzymatic activities have been ascribed to sPLA2s [81], for 

example the binding to specific M-type receptors. This binding may affect cells 

in different ways; it has been proposed that it can give rise to cell proliferation, 

cell migration, eicosanoid and cytokine production [82, 83] but also that it 

might inactivate sPLA2s [84].  

The functions of the different sPLA2s are extremely diverse and are far 

from being fully understood and there are discussions concerning regulation 

and importance of the action of these enzymes. However, fact is that high 

levels of sPLA2s have been found in a numerous of pathological states for 

example in rheumatoid arthritis [85], Chron´s disease [86], respiratory distress 

syndrome [87] and pneumonia [88]. Furthermore, type X sPLA2 has recently 

been suggested to play a role in colon cancer [89]. Most of the sPLA2s also play 

important roles in our defense against various pathological microorganisms; 

type III, V and X sPLA2 have all been shown to execute antiviral actions [90, 

91] while group IIA sPLA2 are known to show great bactericidal activity [92, 

93]. 

 

 

Cyclooxygenases 

 

Next step in the AA metabolism cascade involves the bifunctional 

action of COXs, which are heme-containing membrane bound enzymes. COXs 

are homodimers and each dimer consists of three domains; an epidermal 

growth factor domain, a membrane binding domain and a catalytic domain [94]. 

The latter contains two distinct active sites that enable the enzyme to catalyse 

two sequential reactions (fig. 3); first COX performs its oxygenase activity 

which leads to cyclisation of AA and the addition of a 15-hydroperoxy group, 
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generating PGG2. In the next step, COX performs its peroxidase activity where 

the 15-hydroperoxy group is reduced and PGH2 is formed [94]. The membrane 

binding domain surrounds the active site and it is believed that gross 

conformational changes of this domain is necessary for AA to enter and get in 

contact with the active residues [95].  

At present, the COX enzymes can be divided in two genetically distinct 

isoforms, COX-1 and COX-2. A splice variant of COX-1 has also been 

discovered and is referred to as COX-3.   

 

 

 

 
 

 

Figure 3. Conversion of arachidonic acid into prostaglandin H2  

COXs exhibit both oxygenase and peroxidase activity when converting AA into PGH2 

 

 

Cyclooxygenase-1 

 

The fist cyclooxygenase was purified in 1976 from sheep and in bovine 

seminal vesicles [96, 97]. Today, this isoform is known as COX-1 and is a 70 

kDa large protein that is constitutively and abundantly expressed in mammals. 

COX-1 is considered to have housekeeping functions and several features, such 

as multiple transcription start sites and the lack of TATA and CAAT box in the 

promotor region of the gene, support this theory [98]. Two existing SP1 motifs 
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in the promoter region are proposed to regulate the constitutive expression of 

the enzyme [99]. However, some reports demonstrate that in certain cell types 

COX-1 can be induced for example by IL-1beta [100], transforming growth 

factor beta [101] and vascular endothelial growth factor [102]. 

 

 

Cyclooxygenase-2 

 

For several years, COX-1 was believed to be the exclusive COX 

generating PGs. In the early 1990’s two separate groups simultaneously 

discovered a novel inducible form of the enzyme, termed COX-2, which shared 

about 60 % amino acid sequence homology with COX-1 [103, 104]. In contrast 

to COX-1, this isoform is seldom present in control cells and the promoter 

region for COX-2 contains several regulatory elements, for example binding 

sites for NFκB and nuclear factor-IL6 and a cis-acting replication element motif 

and an E-box [105]. Expression of COX-2 protein can be induced by different 

cytokines such as IL-1, TNFα, by bacterial agents such as lipopolysaccharide 

(LPS) and by different growth factors [106]. In addition of being induced, 

COX-2 can also be markedly suppressed by anti-inflammatory cytokines like 

IL-4 and IL-10 [107]. Moreover, the induction of the enzyme can be inhibited 

by high levels of non-steroidal anti-inflammatory drugs (NSAIDs) through 

inactivation of IκB kinase [108]. Despite the fact that the promoter region of 
COX-2 lacks GRE, COX-2 is markedly suppressed by anti-inflammatory 

glucocorticoids [109]. This inhibition of the protein expression is suggested to 

be due to suppressed levels of activated NFκB and by destabilised and degraded 

COX-2 mRNA. Modification of the stability of the mRNA for COX-2 is an 

important regulatory mechanism. For example, PGE2 is known to stabilise the 

COX-2 mRNA in a p38 dependent way [110, 111]. Hereby, the enzyme is 

regulated via a positive feed-back loop.  

 

 

Cyclooxygenase-3 

 

A third isoform of COX was isolated by Chandrasekharan in 2002 [112]. 

This enzyme, termed COX-3, is a splice variant of COX-1 and retains an intron 

in mRNA and protein expression compared to COX-1. High levels of this 
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enzyme have been found in cerebral cortex and in heart tissue [112, 113]. The 

regulation of this isoform does not differ from that of COX-1 and it shares 

features with both COX-1 and COX-2 when it comes to structure and 

enzymatic function. However, it has been suggested that the catalytic activity is 

slower in comparison to the other two isoforms [112].  

 

 

Differences between cyclooxygenase-1 and cyclooxygenase-2 

 

Although COX-1 is mostly associated with keeping different 

prostaglandins, including PGE2, at homeostatic levels, it has also been 

demonstrated that this isoform is responsible for elevated levels of prostanoids 

in the immediate inflammatory phase in response to Ca2+ mobilizing agents 

[114]. In contrast to COX-1, COX-2 is considered to be utterly important for 

the delayed PG generation. Fever, induced for example by LPS, has been 

shown to be suppressed by disruption of the COX-2 gene but not of the COX-

1 gene [115]. An explanation for this can be that COX-2, in contrast to COX-1, 

is not dependent on high levels of mobilized AA [116, 117]. Interestingly, the in 

vitro Km value for COX-1 is almost the same as for COX-2 suggesting that the 

AA-level is not a decisive factor [118]. Another proposed explanation for the 

difference in function between the two isoforms is the difference in subcellular 

localisation. Hereby, there is a possibility that one isoform of COX is more 

strongly associated to a certain PLA2 over the other. Even though both COX-1 

and COX-2 are localised at the endoplasmic reticulum and perinuclear 

envelope, COX-2 has been proposed to preferentially localise to the latter [119]. 

Contradictory results have however been presented by Spencer et al. [120], 

which did not reveal any differences in subcellular localisation for the two 

isoforms.  

In addition to inflammation, COX enzymes and its subsequent 

formation of PGE2 are known to play crucial roles in numerous of biological 

functions such as female reproduction, kidney function and bone metabolism 

[121-123]. There is often a discrepancy in the contribution from the two 

isoforms of COX and often they have quite opposite effects [124]. Although 

COX-1 has shown to be critical for PGE2 formation in for example ovarian 

cancer cell lines [125], severe complications are more often associated with 

dysregulation of the COX-2 protein. COX-2 has been implicated in diseases 
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such as Alzheimer’s [126], multiple sclerosis [127] and in several different 

cancer forms [128-130].  

 

 

Cyclooxygenase inhibitors 

 

Aspirin has been used as an anti-inflammatory drug for over a hundred 

years, however, it was first in the 1970’s that the therapeutic mechanism of the 

substance became known [131]. Aspirin, along with NSAIDs, inhibit the 

actions of the COX enzymes and are the most commonly prescribed drugs in 

the world. When COX-2 was discovered, several research groups expressed a 

hypothesis that COX-1 was the good and COX-2 the bad COX and that 

specific inhibition of the latter would give rise to wanted therapeutic effects 

without any side effects such as gastric irritation [132, 133]. However, COX-2 

was proven to be involved in several homeostatic functions as well and the use 

of specific COX-2 inhibitors resulted in for example unwanted cardiovascular 

side effects [134]. Although COX-2 specific drugs are of interest for treatment 

of diseases such as colon cancer [135]  and neuroblastoma [136] side effects 

exists and have to be taken into consideration.  

Paracetamol is another common drug used for treatment of fever and 

pain, however this substance has no direct inhibitory effect on either COX-1 or 

COX-2. When the third COX-enzyme was discovered, it was found to be 

inhibited by paracetamol [112], and the “mystery” of the action of paracetamol 

was thought to be solved. However, inactivation of COX-3 cannot explain the 

therapeutic effect of paracetamol and this inhibitory effect is not likely to be 

clinically relevant [137]. Today, the precise action of paracetamol is still unclear 

but it might be involved in reducing glutathione and thereby deplete a necessary 

cofactor for certain PGEs [138]. 

 

 

Prostaglandin E synthases 

 

The last enzymatic step that leads to the generation of PGE2 is due to 

the action of the PGEs (Fig 4). Today, three distinct enzymes that convert 

PGH2 to PGE2 are known; the microsomal PGEs-1 and -2 (mPGEs-1, 

mPGEs-2) and the cytosolic PGEs (cPGEs) [139].  
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Figure 4. Conversion of PGH2 to PGE2 by terminal PGEs 

 

 

Microsomal prostaglandin E synthase-1 

 

mPGEs-1 is a 16 kDa enzyme that is associated with the nuclear 

membrane and that have a significant sequence homology with proteins 

belonging to the membrane associated proteins in eicosanoid and glutathione 

metabolism (MAPEG) family. mPGEs-1 was the first PGEs to be discovered 

and was relative recently purified by Jakobsson et al [140]. The activity of the 

enzyme is dependent on the presence of glutathione as a cofactor. Furthermore, 

a conserved Arginin110 has been shown to be critical for its catalytic activity 

[141]. The transcription of mPGEs-1 is known to be regulated via the MAPKs 

extracellular signal-regulated kinase (ERK) and p38 and via a zinc finger 

protein, the early growth response-1 (Egr-1) [142-144]. mPGEs-1 is normally 

not present in resting cells but can be induced in response to pro-inflammatory 

stimuli such as TNFα, IL-1 and LPS [141, 145-147] while a down regulating 

effect of the enzyme has been seen by the anti-inflammatory prostaglandin 15-

deoxy-PGJ2 [148].  

The action of this PGEs is believed to play a major role in the 

inflammatory response and a study revealed that macrophages from mPGEs-1 

knock-out mice completely failed to produce PGE2 in response to LPS [142]. 

Furthermore, mPGEs-1 is along with COX-2 involved in a series of other 

different biological functions such as reproduction and normal kidney function 

[149, 150]. This enzyme has also been detected at high levels in several types of 

cancer [151, 152].  
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mPGEs-1 has been suggested to be co-regulated with COX-2 and to 

have a preference for coupling with this isoform over COX-1 [140, 141, 153]. 

However, mPGEs-1 can be coupled to COX-1 when the amount of free AA is 

high, as when added exogenously [154].  

 

 

Microsomal prostaglandin E synthase-2 

 

Another mPGEs was identified by Watanabe et al. in 1999 [155] and 

named mPGEs-2. This second mPGEs has a molecular weight of 33 kDa and 

is constitutively expressed in most cells, however, it is most abundant in the 

heart and brain [155]. mPGEs-2 is not, in contrast to mPGEs-1, dependent on 

glutathione as a cofactor [156, 157].  

mPGEs-2 is considered to be coupled to both of the COX-enzymes, 

however, with a slight preference for COX-2 [154]. The role of mPGEs-2 is 

not yet fully established, however importantly, a recent study suggested that this 

form of PGEs is not critical for the synthesis of PGE2 in vivo [158].  

 

 

Cytosolic prostaglandin E synthase 

 

The third known PGEs is a cytosolic form that was first reported in 

2000 by Tanioka et al. [114]. cPGEs is identical to the protein p23, has a 

molecular weight of 23 kDa and is considered to be a constitutively expressed 

enzyme in most tissues and cells. cPGEs is, like mPGEs-1, dependent on 

glutathione as a cofactor for its enzymatic activity [114]. The binding of cPGEs 

to heat shock protein 90 has also been shown to be necessary for its activation 

[159]. Moreover, Kobayashi et al. [160] discovered that cPGEs is regulated by 

phosphorylation by casein kinase II that in turn requires an active p38 MAPK.  

The coupling of cPGEs to the different COX-isoforms has been studied 

in transfected HEK293 cells and revealed a marked preference for coupling to 

COX-1 and is considered to maintain homeostatic levels of PGE2. It has also 

been suggested to be involved in the immediate PGE2 formation induced by 

calcium ionophore [114].  
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Prostaglandin E2  

 

PGE2 participates in a wide range of body functions and has 

physiological as well as pathophysiological effects. First, PGE2 was believed to 

be released from cells only through passive diffusion but it is now known that 

the release of PGE2 is mainly mediated by a specific transporter, multidrug 

resistance protein 4 [161]. When released, PGE2 can act in an autocrine or 

paracrine manner and the action is mediated by binding to either of four 

different PGE2 receptors [162]. These belong to the family of G-protein-

coupled receptors and are termed EP1, EP2, EP3 and EP4. Depending on the 

receptor, PGE2 mediates different signals and different processes are launched. 

Due to this, PGE2 can give rise to completely opposite effects in cells. For 

example EP2 and EP4 couples to Gs, which leads to increased formation of the 

second messenger cyclic adenosine monophosphate (cAMP) and subsequent 

activation of protein kinase A (PKA) while EP3 couples to Gi that results in 

decreased levels of cAMP [163, 164].  When PGE2 gives rise to elevated levels 

of cAMP, it is generating a positive feed-back loop; cAMP activates the MAPK 

p38, which leads to stabilised mRNA of COX-2.[110, 111, 163]. Moreover, 

when acting as a ligand to EP1, PGE2 generates signals leading to 

bronchoconstriction and smooth muscle contraction while opposite effects, 

bronchodilatation and smooth muscle relaxation is seen when PGE2 acts as a 

ligand to EP2 [165-167]. PGE2 is also known to have a protective effect on 

mucous membranes by decreasing the gastric acid secretion and stimulating 

gastric mucous secretion [168]. Furthermore, its presence has been shown to be 

pivotal for female reproduction, normal kidney function, vascular hypertension 

and neuronal function [169]. The signal transduction generated from PGE2 and 

its binding to EP receptors is considered to be extremely complex. The wide 

range of functions associated with PGE2 is probably due to the ability of the 

affected cells to interpret and respond to patterns of signals rather than respond 

to a single signal. 

One of the key responsibilities PGE2 is known to have is to be an 

intermediate for several events occurring during the inflammatory response. 

Fever, pain, redness and swelling are all typical symptoms during inflammation 

and are all ascribed to elevated levels of PGE2. Via EP1 and EP3, PGE2 initiate 

the febrile response by signalling to hypothalamus to elevate the body 

temperature [170]. This elevated temperature will remain for as long as PGE2 is 

present. PGE2 is also involved in local pain hypersensitivity by making 

peripheral nocireceptors more sensitive [171]. PGE2 can also act as a 
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vasodilator and can cause an increase in vascular permeability. Hereby, redness 

and edema can occur as this allows plasma and more leukocytes, such as 

monocytes, to leak through arterial wall into the surrounding tissue at sites of 

inflammation [172]. Although PGE2 is a pro-inflammatory mediator, PGE2 is 

also important for resolution of inflammation. For example a study has shown 

that PGE2 can up- regulate the anti-inflammatory IL-10 whiles it down-

regulates the pro-inflammatory mediator TNFα. [173]. 
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PRESENT INVESTIGATION 

 

Background and aim 

 

Paper I 

 

Ever since the PGs were first discovered and identified as key mediators 

in inflammation, the desire for finding out the exact signalling pathway and 

regulatory mechanisms concerning these eicosanoids has been immense. AA is 

a major precursor of all eicosanoids produced during inflammation as well as 

under normal conditions. Enzymes involved in the AA cascade leading to the 

generation of PGs are PLA2, COX and PGEs and these, especially the former 

two, have been studied intensely in the last decades.  

The common viewpoint when cells are in a resting state is that cPLA2α 

is a key distributor of free AA that subsequently is metabolised via COX-1 and 

cPGEs or mPGEs-2, generating basal levels of PGE2. These enzymes are also 

considered to be responsible for the PGE2 formation in the initial stage of 

inflammation [114]. During the delayed inflammatory response, which can be 

mimicked by exposure of the cells to bacterial components such as LPS, 

expression of COX-1 is unaffected while expression of cPLA2α is slightly 

elevated and especially COX-2 and mPGEs-1 are markedly induced. This, in 

combination with elevated levels of calcium and initiated phosphorylation 

cascades, results in a large amount of generated PGE2. Although COX-1 has 

been suggested to contribute to the PGE2 formation also under these 

conditions [174], cPLA2α along with COX-2 and mPGEs-1 are considered to 

be the major actors [175].  

The complex systems regulating the formation of eicosanoids are known 

to be cell and tissue specific and a problem is that the viewpoint of today 

mostly is based on results from studies using animal cells and/or different cell 

lines. Although easier, often more cost effective and better controlled system as 

such, there is no guarantee that these regulatory mechanisms are comparable 

with the system in healthy human cells. Although all results in this thesis are 

based on in vitro experiments, the use of primary cells from healthy individuals 

may provide a more correct estimation of actual events occurring in the human 

body. Therefore, the aim of our study was to elucidate the specific roles of 

different enzymes, involved in the generation of PGE2 in human monocytes, in 

response to specific stimuli and LPS- treatment.  
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Paper II 

 

The last decade has presented a lot of studies concerning so called 

functional food. The interest of this field has grown both among researchers 

and the general population. The reason for this is the hopes and beliefs that 

different substances in fruits, vegetables and other natural ingredients used in 

daily cooking could potentially exert a therapeutic effect in some diseases. For 

example, the western diet contains very high levels of pro-inflammatory omega-

6-fatty acids, such as AA. A diet with an intake of less omega-6 but and more 

omega-3 fatty acids, such as eicosapentaenoic acid and docosahexaenoic acid, 

has shown to ease rheumatoid arthritis symptoms [176] 

Recently, attention has been paid to ellagic acid, a polyphenolic 

compound of which the highest levels are found in fruits and nuts such as 

pomegranate, blackberries, strawberries and walnuts. This compound has been 

shown to have anti-tumorigenic effects in terms of inhibiting proliferation and 

initiating apoptosis in certain forms of cancer cell-lines as well as having anti-

inflammatory properties. The exact mechanism by which ellagic acid exerts its 

effects is yet unknown, however it has been suggested that ellagic acid modulate 

the activity of transcription factors, such as NFκB [177].   

Most of the studies concerning the anti-inflammatory effect of ellagic 

acid have used pomegranate juice or other fruit concentrates containing other 

substances potentially interacting with ellagic acid. In our study we wanted to 

study whether or not pure ellagic acid had any effect on the release of PGE2 in 

human monocytes. 
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Methodology 

 

 

Isolation of human monocytes 

 

Leukocytes were obtained from buffy coats of healthy blood donors. 

The mononuclear fraction was obtained from gradient centrifugation using 

Ficoll Paque PLUS. Monocytes were isolated by adherence to polystyrene 

dishes and non-adherent cells were washed away. The monocytes were cultured 

for a total time of 2 days at 37° C in a humidified atmosphere of 5 % CO2 . 

 

 

Immunoblotting  

 

Cells were lysed in Laemmlis sample buffer containing β-

mercaptoethanol and protease inhibitors. Cell lysates were subjected to 

NuPAGE electrophoresis followed by subsequent electrotransfer onto 

polyvinylidene membranes. Membranes were blocked in gelatine and incubated 

with primary antibodies over night. Appropriate horse-radish peroxidase 

coupled secondary antibodies were added for 1 hour. Finally, the proteins were 

detected with Supersignal West Pico Chemiluminescent system and captured on 

X-ray film. Band intensities were analysed using ImageQuant TL. 

 

 

Analysis of [3H]AA release 

 

Monocytes were labelled with tritiated AA ([3H]AA) for 24 hours. If pre-

treatment of any kind was used this was added to the labelling medium. The 

cells were then washed three times, given fresh medium and presented to 

inhibitors or stimuli for a specific period of time. The culture medium was then 

collected and cells were lysed using Triton X-100. The amount of released 

[3H]AA in the medium was determined by liquid scintillation counting and 

presented as percentage of total recovered radioactivity. 
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Isolation of subcellular fractions 

 

Monocytes were scraped off in a buffer solution, sonicated and 

centrifuged at 1700 g. A part of the 1700 g supernatant was used as a source of 

COXs and PGEs for enzyme activity assay. The remaining supernatant was 

ultra-centrifuged at 60 000 g. The supernatant was collected and used as a 

source of cPLA2. The pelleted microsomal fraction was resuspended in buffer 

solution and used for determination of the activity of mPGEs. Total amount of 

protein in each subcellular fraction was determined by the method of Bradford, 

using bovine serum albumin as standard. 

 

 

Enzyme activity assay 

 

The activities of the enzymes of interest were determined in the 

different subcellular fractions described above. For analysis of direct effect of a 

substance, this was added to the subcellular fraction and pre-incubated for a 

specific period of time. The assays were performed by measuring the 

conversion of an exogenously added substrate to the final product. For the 

analysis of combined activity of COX and PGEs and for the activity of 

mPGEs, AA respectively PGH2 were used as substrates. In both of these cases, 

the produced amounts of PGE2 were measured. For the analysis of cPLA2α 

activity, vesicles of 1-stearoyl-2[14C]arachidonoyl-phosphatidylcholine were 

used as substrate and released [14C]AA was measured. Silicic acid column 

chromatography was used for separating free fatty acids from phospholipids 

and determination of radioactivity was performed with scintillation counting.  

 

 

Analysis of PGE2 

 

Measurements of the release of PGE2 were performed using enzyme 

immunoassay (EIA) technique according to the manufacturer’s description.   
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Cell viability test 

 

Cell viability was determined by propidium iodide staining. Stained cells 

were counted using a fluorescence microscope with 545 nm excitation and 605 

nm emission filters. 

 

 

Stimuli and inhibitors 

 

LPS – An endotoxin and a major component of the outer membrane of Gram-

negative bacteria. LPS promotes its action via binding to the 

CD14/TLR4/MD2 receptor complex.   

A23187 – A mobile ionophore that selectively transports divalent cations. 

Increase levels of intracellular calcium.  

Zymosan – A cell wall polysaccharide of yeast that induces protein 

phosphorylation and inositol phosphate formation. 

PMA– An analogue of diacylglycerol that activates PKC which leads to 

phosphorylation of a variety of target proteins.  

Pyrrophenone – A selective irreversible inhibitor of cPLA2α  

Indomethacin – A non-selective COX inhibitor 

Aspirin – A non-selective irreversible COX-inhibitor 

NS398 – A selective inhibitor of COX-2  

Nimesulide – A selective inhibitor of COX-2  

Indoxam – An inhibitor of many different sPLA2 

Bromoenol lactone (BEL) – A selective irreversible inhibitor of iPLA2 

Ellagic acid – a natural polyphenol found in certain fruits and nuts. 
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Results and discussion 

 

Paper I 

 

A common belief is that cPLA2α is a very important PLA2 for liberating 

AA from membrane phospholipids. Our study in human monocytes was shown 

to support this belief. In fact, the type cPLA2α was shown to be pivotal for the 

release of AA and the subsequent formation of PGE2.  

In this study we investigated the [3H]AA and PGE2 release in response 

to stimulation with A23187, opsonised zymosan or PMA in cells pre-treated 

with LPS for 2 or 20 h. Protein expressions of cPLA2α, COX and PGEs were 

also investigated with or without LPS treatment.  

The cPLA2α protein was present in control monocytes and a modest 

increase of the expression was detectable in cells pre-treated with LPS for 20 h. 

The release of [3H]AA from human monocytes was during high levels of 

intracellular calcium, as during A23187 stimulation, markedly elevated 

comparing to the release from control cells. No significant difference in 

A23187 induced [3H]AA release was seen between cells that had been pre-

treated with LPS or not pre-treated. This indicates that when stimulated with 

A23187, leading to a sustained increase of the intracellular levels of calcium, the 

amount of cPLA2α protein is not a rate-limiting factor for the release of 

[3H]AA. While A23187 induced a substantial release of [3H]AA there was only a  

modest release in response to zymosan and PMA. This release was further 

slightly induced by pre-treatment with LPS for 2 and 20 h. This indicates that 

for zymosan- and PMA induced [3H]AA release, the amount of cPLA2α protein 

might play a somewhat larger role.  

The role of cPLA2α was evident when using the cPLA2α-specific 

inhibitor pyrrophenone [178]. By adding this inhibitor, the release of [3H]AA, 

seen in LPS and stimuli-treated monocytes, was almost completely inhibited. 

This inhibitory capacity was not seen when using indoxam or BEL, inhibitors 

of sPLA2 and iPLA2 respectively. Even though our result strongly supports the 

need of an active cPLA2α for mobilization of AA, one has to keep in mind that 

it has been suggested that a sPLA2 initially may be required for full activation of 

cPLA2α [80]. This possible activation could be caused by the binding of sPLA2 

to the specific M-receptor, starting a signal cascade leading to activation of 

cPLA2α (Ref) Indoxam is a very potent sPLA2 inhibitor, however, slow acting 

and not cell permeabel in all cell types [179]. If sPLA2 is performing its work 
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intracellular there is a possibility that we fail to detect an existing contributing 

effect of sPLA2 to the mobilization of AA. The lack of high-quality inhibitors 

of sPLA2 is a common problem in this field of research. Because of this it 

would be desirable to include the technique with small interfering RNAs 

(siRNA), inhibiting sPLA2s as well as the M-type sPLA2 receptor, in future 

experiments. 

Regarding the release of PGE2, the critical role of cPLA2α was further 

established. The cPLA2α specific inhibitor pyrrophenone almost completely 

abolished the PGE2 release while no effect was seen using indoxam or BEL. 

Another interesting result was that even though there was a much higher release 

of [3H]AA from LPS pre-treated cells in response to A23187 stimulation 

compared to stimulation with zymosan or PMA, this difference was not seen in 

the corresponding PGE2 release. This could be interpreted as cPLA2α not being 

rate- limiting in PGE2 formation. However, the amount of released PGE2 when 

adding exogenous AA to LPS is up to 10-fold higher than the PGE2 release 

from endogenously supplied AA. Out of this, one could conclude that it is 

cPLA2α and not COX-2 or any of the PGEs that is the rate-limiting enzyme 

for endogenously formed PGE2. An explanation for these differences might be 

that compared to zymosan and PMA stimulation, A23187 stimulation also 

activates other pathways for example 5-LO. Due to this, A23187 stimulation 

gives rise to a large amount of other eicosanoids such as different LTs. Our 

results showed that indomethacin and NS398, different COX inhibitors, only 

slightly inhibited the release of [3H]AA in A23187 stimulated cells indicating 

that PGs are not the major released metabolites during A23187 stimulation.  

It is also possible that phosphorylation of cPLA2α is highly 

advantageous for the formation of PGE2. Although A23187 stimulation can 

initiate phosphorylation it is not as pronounced as with zymosan or PMA 

stimulation. A study has shown that phosphorylation of cPLA2α via MAPKs 

resulted in a 60-fold enhanced membrane affinity [39] and this might be of 

importance for the coupling between cPLA2α and COX-2. In accordance, our 

results showed that PD98059 and SB203580, specific inhibitors towards 

activation of the MAP kinases ERK and p38, substantially reduced the release 

of PGE2. It has not been reported that the activity of COX-2 or mPGEs-1 is 

regulated via phosphorylation and furthermore, inhibition was not seen in 

response to addition of exogenous AA. Taken together, the explanation that 

comes to mind is that this inhibition of the PGE2 release by PD98059 and 

SB203580 is due to a less phosphorylated cPLA2α.  
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Next, we wanted to investigate the individual COX-proteins along with 

the terminal PGEs and their role in the release of PGE2. The COX-1 protein 

was shown to be present in control cells and was not affected by treatment with 

LPS. On the other hand, the COX-2 protein was undetected in control cells but 

induced in a time dependent manner by treatment of the cells with LPS. This 

pattern was also seen regarding the mPGES-1 that was induced in a time 

dependent manner with LPS treatment. However, mPGES-1 was also, in most 

of the experiments, to some extent detectable in control cells. The other to 

types of PGEs, mPGEs-2 and cPGEs, were both found to be present in 

control cells and their expressions were not affected by LPS treatment.  

Interestingly, although A23187 stimulation of monocytes resulted in 

substantial release of [3H]AA, these cells were incapable of releasing PGE2 that 

was significantly higher than the levels released from control cells. Based on 

these findings, we suggest that COX-1 along with existing PGEs, cPGEs and 

mPGEs-2, are unable to convert the endogenously released AA into PGE2. 

Our results are hereby contradicting the results reported by Marshall et al. [180]. 

Compared to our results, this study reported much higher PGE2 formation in 

control cells in response to A23187 stimulation. Although Marshall et al 

performed experiments using suspension cultures of monocytes and a higher 

concentration of A23187 than we did, there is no obvious explanation for this 

discrepancy. 

 The release of PGE2 was clearly time dependent and completely reliant 

on pre-treatment with LPS. The amount of released PGE2 was in fact strikingly 

alike the amount of expressed COX-2 and mPGEs-1 protein. Moreover, 

indomethacin and aspirin, that are dual COX-1/COX-2 inhibitors, were not 

better at inhibiting the release of PGE2 than the specific COX-2 inhibitor 

NS398. Our results hereby strongly suggest that the released PGE2 from 

endogenously generated AA is solely metabolized by COX-2. This differs from 

a recent study by Bezugla et al. [174], which showed that COX-1 to a large 

extent contributed to PGE2 formation in rat liver macrophages in response to 

LPS treatment. This difference further establishes the importance of 

conducting studies on human primary cells. 

 When adding exogenous AA to control cells, COX-1 along with cPGEs 

or mPGEs-2 was shown to be quite capable of metabolizing AA into PGE2. 

However, adding exogenous AA to LPS-treated cells resulted in a major 

increase in PGE2 release comparing to cells that were exposed to AA alone. 

Indomethacin and aspirin were slightly better at inhibiting the PGE2 release 

than COX-2 specific inhibitor NS398 when LPS-treated cells were exposed to 
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exogenous AA. This indicates that although COX-2 is superior COX-1, the 

latter do contribute to the release of PGE2 under these conditions. Importantly, 

the COX-2 specific inhibitor NS398 had no effect on the released PGE2 from 

control cells supplied with exogenous AA indicating that this inhibitor not 

affects COX-1. 

To distinguish the contribution of different PGEs to the PGE2 release is 

somewhat more difficult. This is due to the fact that there are no commercially 

available specific inhibitors of the different PGEs. MK886 is a 5-lipoxygenase 

activating protein inhibitor that has been shown to also inhibit mPGEs-1 (ref). 

The usage of MK886, revealed an inhibitory effect of the PGE2 release induced 

by stimuli and pre-treatment with LPS for 20 h of about 70 %. This is 

consistent with the theory that this specific form of PGEs is a major 

contributor to the PGE2-release in LPS- treated cells. The inhibition by MK886 

was however not complete and there is a possibility that mPGEs-2 also 

contributes to the formation of PGE2 under these conditions. Another 

explanation can be that MK886 at a concentration of 50 µM was not effective 

enough. In a cell-free enzyme activity assay this inhibitor was shown not to 

completely inhibit the PGE2 formation. Less likely is a contributory effect of 

cPGEs, since this form of PGEs has been shown to have high preference for 

coupling to COX-1. 

 An interesting result was that the release of PGE2 from cells pre-treated 

with LPS for 2 hours seemed to be less dependent on an active mPGEs-1. The 

inhibitory effect of MK886 was during these conditions at most 30 %. This 

suggests that COX-2 at this time point is coupled to mPGEs-2, probably due to 

a less protein expression of mPGEs-1. 

Taken together, we suggest that human monocytes require COX-2 

expression for cPLA2 mediated PGE2 formation. Moreover, when induced, 

mPGEs-1 is the dominating PGEs during an inflammatory response. An 

overview of the involved enzymes in PGE2 formation in human monocytes is 

presented in Fig 5.  
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Figure 5. Enzymes involved in PGE2 formation in human monocytes  

 

 

 

Paper II 

 

 

We have investigated the effects of ellagic acid on PGE2 release in 

human monocytes. Cells, pre-treated with LPS for 20 h followed by stimulation 

of A23127, opsonised zymosan or PMA, produced a substantial amount of 

PGE2 and this was about a hundred times higher than the production seen in 

LPS-untreated cells. As a consequence of this, effects of ellagic acid was 

analysed in LPS pre-treated cells. Ellagic acid, when added to the monocytes 

one hour prior to pre-treatment with LPS, was shown to be remarkably potent 

in inhibiting PGE2 release in human monocytes. At a concentration of 30 µM, 

ellagic acid inhibited the PGE2 release induced by the stimuli A23187, 

opsonised zymosan and PMA with 85-90%. Increasing the concentration of 

ellagic acid to 50 µM revealed a 95 – 100% inhibition of the PGE2 release, 

however, this concentration of ellagic acid resulted in some loss in cell viability. 

Inhibition of PGE2 release was not seen when ellagic acid was exposed to the 
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cells for a short time, added directly prior to the stimuli, instead a modest 

increase in PGE2 levels was detected.  

To explain these results with ellagic acid we went further and 

investigated the protein expression of the involved PG synthesising enzymes. 

First, the modestly induced increase in expression of cPLA2α by LPS was 

reduced by ellagic acid down to the level seen in control cells. This suppression 

of the protein level was seen already at a concentration of 10 µM ellagic acid. 

The constitutively expressed COX-1 protein was neither affected by treatment 

with LPS nor by the presence of ellagic acid. In contrast, the LPS induced 

expression of the COX-2 protein was shown to be reduced in a dose dependent 

manner in response to treatment with ellagic acid. At a concentration of 30 µM 

ellagic acid, the level of COX-2 protein was reduced to 50 %. Although the 

mPGEs-1 protein is considered to be an inducible enzyme the protein was 

detected in a small amount in control cells. However, the expression was always 

up-regulated by LPS treatment and this induced expression was inhibited by 80 

% in a dose dependent manner by ellagic acid. We have not investigated 

whether or not ellagic acid had any effect on the expression of the other two 

PGEs possible involved in the generation of PGE2, cPGEs and mPGEs-2. 

However, due to the fact that these enzymes predominantly are considered to 

be constitutively expressed and not affected by treatment with LPS (se Paper I), 

they are less likely to be responsible for the major increase in PGE2 release seen 

after pre-treatment with LPS and stimuli. Furthermore, cPGEs has been shown 

to be preferentially coupled to COX-1 [114] which we believe do not to any 

major extent contribute to the PGE2 generation in monocytes. However, we 

cannot exclude a contributing effect of these enzymes and additional 

experiments are necessary to confirm the actual situation.  

Taken together, all proteins analysed, except for COX-1, were shown to 

be down regulated to various extent by ellagic acid. If comparing the decreased 

formation of PGE2 with the decreased levels of protein expressions, the best 

explanation is that the rate-limiting step in the formation of PGE2 in 

monocytes is the steps involving COX-2 and mPGEs-1. This is based on the 

observations that the protein expression of these enzymes was inhibited by 

ellagic acid in the range of 10-30 µM, which correlated with the dose-dependent 

inhibition of PGE2 release. Although the expression of cPLA2α was down-

regulated to basal levels by ellagic acid, the maximum effect was seen already at 

10 µM indicating cPLA2α is not rate-limiting under these conditions. 

To confirm the results that ellagic acid exerts an effect on the protein 

expression of COX-2, mPGEs-1 and cPLA2α we went further by analysing the 
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activity of these enzymes in subcellular fractions from control, LPS- and ellagic 

acid plus LPS-treated cells. Supernatant from 1700 g centrifugation of cell lysate 

was analysed for the combined activity of COX and PGEs, while microsomal 

fraction and cytosolic fraction was analysed for the activity of mPGEs and 

cPLA2α respectively. The assays were performed by measuring the conversion 

of exogenously added substrate and product formation. The results showed a 

correlation with the protein expression in intact cells; the activities of the 

enzymes in the subcellular fractions from LPS-treated cells were increased 

comparing to subcellular fractions from control cells. These increases in 

activities were reduced by 80 to 100 % in subcellular fractions from cells treated 

with ellagic acid plus LPS.  

Although addition of ellagic acid to intact cells, directly prior to stimuli, 

revealed no inhibitory effect of the PGE2 release, we wanted to further confirm 

that ellagic acid did not have a direct effect on the enzymatic activity of COX, 

mPGEs and cPLA2α. Experiments were therefore performed using subcellular 

fractions as enzyme sources and pre-incubated with ellagic acid before analysis 

of the activity of these enzymes. These experiments confirmed that ellagic acid 

did not have a direct inhibitory effect on the activities of the involved enzymes. 

While the activities of mPGEs and cPLA2α were unaffected, the addition of 

ellagic acid to subcellular fraction containing the combined source of COX and 

PGEs somewhat surprisingly gave rise to a two fold increase in activity. 

Interestingly, this is in accordance with the increased release of PGE2 seen in 

intact cells when ellagic acid was added prior to stimuli. Although we have no 

explanation for this enhanced activity, we suggest that this effect of ellagic acid 

is due to an enhanced activity of the COX enzymes rather than an effect on 

PGEs. This statement is based on the results that there was no effect on the 

mPGEs activity and that cPGEs is less likely to be a major contributor of PGE2 

under these conditions [114]. Ellagic acid is a polyphenolic compound and 

there are reports suggesting that millimolar concentrations of phenols enhance 

COX activity [181]. We performed experiments investigating the effects of 

phenols on the COX activity, however, this did not lead to the increase in 

activity that was seen in response to treatment with ellagic acid 

The exact mechanism by which ellagic acid exerts its effects is unknown. 

Studies have shown that ellagic acid inhibits MAPKs as well as transcription 

factors. These possibilities are of interest when it comes to explaining how 

ellagic acid down regulates the protein expression of cPLA2α, COX-2 and 

mPGEs-1 in response to LPS treatment. First, the MAPKs ERK, p38 and c-

Jun N-terminal kinase have all been suggested to be affected by ellagic acid 
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[182, 183] and these kinases are all implicated in the regulation of COX-2 and 

mPGEs-1 [140, 142]. For example, inhibition of p38 is known to destabilise the 

COX-2 mRNA leading to reduced expression of COX-2 protein [110, 111]. 

Furthermore, the transcription factor NFκB has also been shown to be 

inactivated by ellagic acid [184]. Interestingly, NFκB is a common element for 

all these enzymes and the promoter region for cPLA2α and COX-2 both have 

binding sites for this transcription factor [24, 185]. Although mPGEs-1 does 

not share this feature, it has been suggested that mPGEs-1 is regulated via the 

transcription factor EGR-1 [143] which in turn may be regulated via NFκB and 

via the ERK signalling pathway [186].  

A possible mechanism of how ellagic acid exerts its effects is presented in fig 6. 

 

 

 
 

 

Figure 6. Possible mechanism of how ellagic acid exerts its inhibitory 

effect on PGE2 release in human monocytes.  
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So, can a daily intake of fruits and nuts, due to the content of ellagic 

acid, have an anti-inflammatory effect in humans? Unfortunately there are still 

only a few reports concerning the absorption and metabolism of ellagic acid in 

the human body. Seeram et al. [187] have investigated the plasma levels of 

ellagic acid in humans after consumption of pomegranate juice containing 12 

mg of ellagic acid. In their study they could only detect submicromolar levels of 

ellagic acid in plasma which is lower than the 5-30 µM used in our study. So 

based on this, the answer to the question, whether or not a daily intake of fruits 

and nuts could have anti-inflammatory properties, would have to be no. 

However, an important consideration is that this result is based on only one 

experimental setup and there are no studies of plasma levels after an intake of a 

higher dose of pure ellagic acid, without any other substances possibly 

interfering. This could possible give rise to significantly higher levels of ellagic 

acid in the plasma.  

One has to keep in mind that PGE2 is just one of several eicosanoids 

important for the inflammatory response and it would definitely be interesting 

to also investigate the effect of ellagic acid on these eicosanoids. Without a 

doubt, further investigations are needed before a definite answer can be given.  
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Conclusions  

 

In human monocytes; 

 

● cPLA2α is critical for the release of AA and subsequent formation of PGE2. 

Phosphorylation of cPLA2α is not necessary for the AA-release but is clearly 

advantageous for the PGE2-formation.  

 

● cPLA2α couples to COX-2 and not COX-1 when it comes to generating 

PGE2. Even though high levels of endogenous AA are available, COX-1, along 

with cPGEs and mPGEs-2, is not able to further metabolise AA to PGE2 in a 

significant way. 

 

● Compared to the sole presence of COX-1 and constitutively expressed 

PGEs, the presence of COX-2, along with mPGEs-1, leads to a 100-fold higher 

release of PGE2. The pattern of released PGE2 is similar with the pattern of 

COX-2 and mPGEs-1 protein expression.   

 

● the majority of released PGE2 is due to the action of mPGEs-1 and not 

mPGEs-2 or cPGEs.  

 

● ellagic acid inhibits the release of PGE2. This inhibitory effect is due to a 

down regulating effect of ellagic acid on the protein expression of cPLA2α, 

COX-2 and mPGEs-1 and not to a direct effect of the enzyme activities. The 

expression of COX-2 and mPGEs-1 seems to be rate-limiting for the release of 

PGE2 under these conditions.  

 

 

 



 32 

ACKNOWLEDGEMENTS 

 

 

I wish to express my gratitude to each and everyone who made this work 

possible.  

 

I would like to specially thank; 

 

My supervisor, Jonny Wijkander for giving me the chance to experience the 

exciting world of science. Although not everything worked as planned in this 

project it has been fun and stimulating working with you.  

 

My co-supervisor Birgitta Sundström for valuable scientific inputs.  

 

Eewa Nånberg and Christina Fjaeraa for contribution to Paper II.  

 

All past and present PhD students for creating an enjoyable working 

atmosphere and especially, Cecilia, Christina and Rozbeh. I will probably never 

have so many good laughs in an office ever again. You are great!  

 

Ann for always being so helpful and for all encouraging words.  

 

Elisabeth and Micke, what would we do without you... 

 

All other colleagues at Chemistry and Biomedical Science. 

 

My family for all support and for always being there when I need you. Thanks 

for taking care of Stella during hectic periods of time! 

 

Dad, I wish you were still around. I know you would have been proud.   

 

Friends outside the laboratory, and especially Malin, thank you for still being 

there. 

 

Finally, Christian – thank you for your patience, support and love. And thank 

you for teaching me the mantra that makes life a little bit easier - “good enough 

is perfect”. 



 33

REFERENCES 
 
1. Dinarello, C.A., Role of pro- and anti-inflammatory cytokines during inflammation: experimental 

and clinical findings. J Biol Regul Homeost Agents, 1997. 11(3): p. 91-103. 
2. Harizi, H., J.B. Corcuff, and N. Gualde, Arachidonic-acid-derived eicosanoids: roles in biology 

and immunopathology. Trends Mol Med, 2008. 14(10): p. 461-9. 
3. Olson, T.S. and K. Ley, Chemokines and chemokine receptors in leukocyte trafficking. Am J 

Physiol Regul Integr Comp Physiol, 2002. 283(1): p. R7-28. 
4. Kumar, S. and R. Jack, Origin of monocytes and their differentiation to macrophages and dendritic 

cells. J Endotoxin Res, 2006. 12(5): p. 278-84. 
5. Hume, D.A., The mononuclear phagocyte system. Curr Opin Immunol, 2006. 18(1): p. 49-

53. 
6. Dale, D.C., L. Boxer, and W.C. Liles, The phagocytes: neutrophils and monocytes. Blood, 

2008. 112(4): p. 935-45. 
7. Ziegler-Heitbrock, L., The CD14+ CD16+ blood monocytes: their role in infection and 

inflammation. J Leukoc Biol, 2007. 81(3): p. 584-92. 
8. de Waal Malefyt, R., et al., Interleukin 10(IL-10) inhibits cytokine synthesis by human 

monocytes: an autoregulatory role of IL-10 produced by monocytes. J Exp Med, 1991. 174(5): p. 
1209-20. 

9. Willis, A.L., Nutritional and pharmacological factors in eicosanoid biology. Nutr Rev, 1981. 
39(8): p. 289-301. 

10. Seeds, M.C. and D.A. Bass, Regulation and metabolism of arachidonic acid. Clin Rev Allergy 
Immunol, 1999. 17(1-2): p. 5-26. 

11. Murakami, M. and I. Kudo, Phospholipase A2. J Biochem, 2002. 131(3): p. 285-92. 
12. Peters-Golden, M., et al., Translocation of cytosolic phospholipase A2 to the nuclear envelope 

elicits topographically localized phospholipid hydrolysis. Biochem J, 1996. 318 ( Pt 3): p. 797-
803. 

13. Chiba, H., et al., Cloning of a gene for a novel epithelium-specific cytosolic phospholipase A2, 
cPLA2delta, induced in psoriatic skin. J Biol Chem, 2004. 279(13): p. 12890-7. 

14. Ohto, T., et al., Identification of novel cytosolic phospholipase A(2)s, murine cPLA(2){delta}, 
{epsilon}, and {zeta}, which form a gene cluster with cPLA(2){beta}. J Biol Chem, 2005. 
280(26): p. 24576-83. 

15. Pickard, R.T., et al., Molecular cloning of two new human paralogs of 85-kDa cytosolic 
phospholipase A2. J Biol Chem, 1999. 274(13): p. 8823-31. 

16. Song, C., et al., Molecular characterization of cytosolic phospholipase A2-beta. J Biol Chem, 
1999. 274(24): p. 17063-7. 

17. Underwood, K.W., et al., A novel calcium-independent phospholipase A2, cPLA2-gamma, that 
is prenylated and contains homology to cPLA2. J Biol Chem, 1998. 273(34): p. 21926-32. 

18. Alonso, F., P.M. Henson, and C.C. Leslie, A cytosolic phospholipase in human neutrophils 
that hydrolyzes arachidonoyl-containing phosphatidylcholine. Biochim Biophys Acta, 1986. 
878(2): p. 273-80. 

19. Kramer, R.M., et al., Solubilization and properties of Ca2+-dependent human platelet 
phospholipase A2. Biochim Biophys Acta, 1986. 878(3): p. 394-403. 

20. Sundler, R., D. Winstedt, and J. Wijkander, Acyl-chain selectivity of the 85 kDa 
phospholipase A2 and of the release process in intact macrophages. Biochem J, 1994. 301 ( Pt 
2): p. 455-8. 

21. Clark, J.D., et al., A novel arachidonic acid-selective cytosolic PLA2 contains a Ca(2+)-dependent 
translocation domain with homology to PKC and GAP. Cell, 1991. 65(6): p. 1043-51. 



 34 

22. Gilbert, J.J., et al., Antigen receptors on immature, but not mature, B and T cells are coupled to 
cytosolic phospholipase A2 activation: expression and activation of cytosolic phospholipase A2 
correlate with lymphocyte maturation. J Immunol, 1996. 156(6): p. 2054-61. 

23. Tay, A., et al., Isolation of promoter for cytosolic phospholipase A2 (cPLA2). Biochim Biophys 
Acta, 1994. 1217(3): p. 345-7. 

24. Wu, T., et al., Characterization of the promoter for the human 85 kDa cytosolic phospholipase A2 
gene. Nucleic Acids Res, 1994. 22(23): p. 5093-8. 

25. Lin, L.L., A.Y. Lin, and D.L. DeWitt, Interleukin-1 alpha induces the accumulation of cytosolic 
phospholipase A2 and the release of prostaglandin E2 in human fibroblasts. J Biol Chem, 1992. 
267(33): p. 23451-4. 

26. Maxwell, A.P., et al., Epidermal growth factor and phorbol myristate acetate increase expression of 
the mRNA for cytosolic phospholipase A2 in glomerular mesangial cells. Biochem J, 1993. 295 ( 
Pt 3): p. 763-6. 

27. Wu, T., et al., Tumor necrosis factor-alpha induces the 85-kDa cytosolic phospholipase A2 gene 

expression in human bronchial epithelial cells. Biochim Biophys Acta, 1996. 1310(2): p. 175-
84. 

28. Dessen, A., et al., Crystal structure of human cytosolic phospholipase A2 reveals a novel topology 
and catalytic mechanism. Cell, 1999. 97(3): p. 349-60. 

29. Pickard, R.T., et al., Identification of essential residues for the catalytic function of 85-kDa 
cytosolic phospholipase A2. Probing the role of histidine, aspartic acid, cysteine, and arginine. J Biol 
Chem, 1996. 271(32): p. 19225-31. 

30. Evans, J.H., et al., Intracellular calcium signals regulating cytosolic phospholipase A2 translocation 
to internal membranes. J Biol Chem, 2001. 276(32): p. 30150-60. 

31. Glover, S., et al., Translocation of the 85-kDa phospholipase A2 from cytosol to the nuclear 
envelope in rat basophilic leukemia cells stimulated with calcium ionophore or IgE/antigen. J Biol 
Chem, 1995. 270(25): p. 15359-67. 

32. Bittova, L., M. Sumandea, and W. Cho, A structure-function study of the C2 domain of 
cytosolic phospholipase A2. Identification of essential calcium ligands and hydrophobic membrane 

binding residues. J Biol Chem, 1999. 274(14): p. 9665-72. 
33. Gerber, S.H., J. Rizo, and T.C. Sudhof, The top loops of the C(2) domains from 

synaptotagmin and phospholipase A(2) control functional specificity. J Biol Chem, 2001. 
276(34): p. 32288-92. 

34. Diez, E., et al., Substrate specificities and properties of human phospholipases A2 in a mixed 
vesicle model. J Biol Chem, 1992. 267(26): p. 18342-8. 

35. Wijkander, J. and R. Sundler, An 100-kDa arachidonate-mobilizing phospholipase A2 in 
mouse spleen and the macrophage cell line J774. Purification, substrate interaction and 

phosphorylation by protein kinase C. Eur J Biochem, 1991. 202(3): p. 873-80. 
36. Qiu, Z.H., et al., The role of calcium and phosphorylation of cytosolic phospholipase A2 in 

regulating arachidonic acid release in macrophages. J Biol Chem, 1998. 273(14): p. 8203-11. 
37. de Carvalho, M.G., et al., Identification of phosphorylation sites of human 85-kDa cytosolic 

phospholipase A2 expressed in insect cells and present in human monocytes. J Biol Chem, 1996. 
271(12): p. 6987-97. 

38. Lin, L.L., et al., cPLA2 is phosphorylated and activated by MAP kinase. Cell, 1993. 72(2): p. 
269-78. 

39. Das, S., et al., Mechanism of group IVA cytosolic phospholipase A(2) activation by 
phosphorylation. J Biol Chem, 2003. 278(42): p. 41431-42. 

40. Hefner, Y., et al., Serine 727 phosphorylation and activation of cytosolic phospholipase A2 by 
MNK1-related protein kinases. J Biol Chem, 2000. 275(48): p. 37542-51. 

41. Tian, W., et al., Mechanism of regulation of group IVA phospholipase A2 activity by Ser727 
phosphorylation. J Biol Chem, 2008. 283(7): p. 3960-71. 

42. Muthalif, M.M., et al., Functional interaction of calcium-/calmodulin-dependent protein kinase II 
and cytosolic phospholipase A(2). J Biol Chem, 2001. 276(43): p. 39653-60. 



 35

43. Mosior, M., D.A. Six, and E.A. Dennis, Group IV cytosolic phospholipase A2 binds with 
high affinity and specificity to phosphatidylinositol 4,5-bisphosphate resulting in dramatic increases in 
activity. J Biol Chem, 1998. 273(4): p. 2184-91. 

44. Casas, J., et al., Phosphatidylinositol 4,5-bisphosphate anchors cytosolic group IVA phospholipase 
A2 to perinuclear membranes and decreases its calcium requirement for translocation in live cells. 
Mol Biol Cell, 2006. 17(1): p. 155-62. 

45. Kim, S., et al., Differential effects of annexins I, II, III, and V on cytosolic phospholipase A2 
activity: specific interaction model. FEBS Lett, 2001. 489(2-3): p. 243-8. 

46. Pettus, B.J., et al., Ceramide 1-phosphate is a direct activator of cytosolic phospholipase A2. J 
Biol Chem, 2004. 279(12): p. 11320-6. 

47. Bonventre, J.V., et al., Reduced fertility and postischaemic brain injury in mice deficient in 
cytosolic phospholipase A2. Nature, 1997. 390(6660): p. 622-5. 

48. Downey, P., et al., Renal concentrating defect in mice lacking group IV cytosolic phospholipase 
A(2). Am J Physiol Renal Physiol, 2001. 280(4): p. F607-18. 

49. Takaku, K., et al., Suppression of intestinal polyposis in Apc(delta 716) knockout mice by an 
additional mutation in the cytosolic phospholipase A(2) gene. J Biol Chem, 2000. 275(44): p. 
34013-6. 

50. Sapirstein, A. and J.V. Bonventre, Specific physiological roles of cytosolic phospholipase A(2) as 

defined by gene knockouts. Biochim Biophys Acta, 2000. 1488(1-2): p. 139-48. 
51. Kalyvas, A. and S. David, Cytosolic phospholipase A2 plays a key role in the pathogenesis of 

multiple sclerosis-like disease. Neuron, 2004. 41(3): p. 323-35. 
52. Nakanishi, M. and D.W. Rosenberg, Roles of cPLA2alpha and arachidonic acid in cancer. 

Biochim Biophys Acta, 2006. 1761(11): p. 1335-43. 
53. Ackermann, E.J., E.S. Kempner, and E.A. Dennis, Ca(2+)-independent cytosolic 

phospholipase A2 from macrophage-like P388D1 cells. Isolation and characterization. J Biol 
Chem, 1994. 269(12): p. 9227-33. 

54. Larsson, P.K., H.E. Claesson, and B.P. Kennedy, Multiple splice variants of the human 
calcium-independent phospholipase A2 and their effect on enzyme activity. J Biol Chem, 1998. 
273(1): p. 207-14. 

55. Mancuso, D.J., C.M. Jenkins, and R.W. Gross, The genomic organization, complete mRNA 
sequence, cloning, and expression of a novel human intracellular membrane-associated calcium-
independent phospholipase A(2). J Biol Chem, 2000. 275(14): p. 9937-45. 

56. Winstead, M.V., J. Balsinde, and E.A. Dennis, Calcium-independent phospholipase A(2): 
structure and function. Biochim Biophys Acta, 2000. 1488(1-2): p. 28-39. 

57. Tang, J., et al., A novel cytosolic calcium-independent phospholipase A2 contains eight ankyrin 
motifs. J Biol Chem, 1997. 272(13): p. 8567-75. 

58. Nowatzke, W., et al., Mass spectrometric evidence that agents that cause loss of Ca2+ from 
intracellular compartments induce hydrolysis of arachidonic acid from pancreatic islet membrane 
phospholipids by a mechanism that does not require a rise in cytosolic Ca2+ concentration. 
Endocrinology, 1998. 139(10): p. 4073-85. 

59. Wolf, M.J., et al., Depletion of intracellular calcium stores activates smooth muscle cell calcium-
independent phospholipase A2. A novel mechanism underlying arachidonic acid mobilization. J Biol 
Chem, 1997. 272(3): p. 1522-6. 

60. Akiba, S., et al., Involvement of group VI Ca2+-independent phospholipase A2 in protein kinase 
C-dependent arachidonic acid liberation in zymosan-stimulated macrophage-like P388D1 cells. J 
Biol Chem, 1999. 274(28): p. 19906-12. 

61. Birbes, H., et al., Hydrogen peroxide activation of Ca(2+)-independent phospholipase A(2) in 
uterine stromal cells. Biochem Biophys Res Commun, 2000. 276(2): p. 613-8. 

62. Martinez, J. and J.J. Moreno, Influence of superoxide radical and hydrogen peroxide on 
arachidonic acid mobilization. Arch Biochem Biophys, 1996. 336(2): p. 191-8. 

63. Akiba, S. and T. Sato, Cellular function of calcium-independent phospholipase A2. Biol Pharm 
Bull, 2004. 27(8): p. 1174-8. 



 36 

64. Balsinde, J., et al., Inhibition of calcium-independent phospholipase A2 prevents arachidonic acid 
incorporation and phospholipid remodeling in P388D1 macrophages. Proc Natl Acad Sci U S A, 
1995. 92(18): p. 8527-31. 

65. Perez, R., et al., Blockade of arachidonic acid incorporation into phospholipids induces apoptosis in 
U937 promonocytic cells. J Lipid Res, 2006. 47(3): p. 484-91. 

66. Ma, Z., et al., Stimulation of insulin secretion and associated nuclear accumulation of iPLA(2)beta 
in INS-1 insulinoma cells. Am J Physiol Endocrinol Metab, 2002. 282(4): p. E820-33. 

67. Ramanadham, S., et al., Apoptosis of insulin-secreting cells induced by endoplasmic reticulum 
stress is amplified by overexpression of group VIA calcium-independent phospholipase A2 (iPLA2 
beta) and suppressed by inhibition of iPLA2 beta. Biochemistry, 2004. 43(4): p. 918-30. 

68. Balboa, M.A., R. Perez, and J. Balsinde, Calcium-independent phospholipase A2 mediates 
proliferation of human promonocytic U937 cells. FEBS J, 2008. 275(8): p. 1915-24. 

69. Lambeau, G. and M.H. Gelb, Biochemistry and physiology of mammalian secreted 
phospholipases A2. Annu Rev Biochem, 2008. 77: p. 495-520. 

70. Oestvang, J., M.W. Anthonsen, and B. Johansen, Role of secretory and cytosolic 
phospholipase A(2) enzymes in lysophosphatidylcholine-stimulated monocyte arachidonic acid release. 
FEBS Lett, 2003. 555(2): p. 257-62. 

71. Mounier, C.M., et al., Arachidonic acid release from mammalian cells transfected with human 

groups IIA and X secreted phospholipase A(2) occurs predominantly during the secretory process and 
with the involvement of cytosolic phospholipase A(2)-alpha. J Biol Chem, 2004. 279(24): p. 
25024-38. 

72. Ni, Z., et al., Intracellular actions of group IIA secreted phospholipase A2 and group IVA 
cytosolic phospholipase A2 contribute to arachidonic acid release and prostaglandin production in rat 
gastric mucosal cells and transfected human embryonic kidney cells. J Biol Chem, 2006. 281(24): 
p. 16245-55. 

73. Murakami, M., et al., Distinct arachidonate-releasing functions of mammalian secreted 
phospholipase A2s in human embryonic kidney 293 and rat mastocytoma RBL-2H3 cells through 
heparan sulfate shuttling and external plasma membrane mechanisms. J Biol Chem, 2001. 
276(13): p. 10083-96. 

74. Pruzanski, W., et al., Differential hydrolysis of molecular species of lipoprotein phosphatidylcholine 
by groups IIA, V and X secretory phospholipases A2. Biochim Biophys Acta, 2005. 1736(1): 
p. 38-50. 

75. Singer, A.G., et al., Interfacial kinetic and binding properties of the complete set of human and 
mouse groups I, II, V, X, and XII secreted phospholipases A2. J Biol Chem, 2002. 277(50): p. 
48535-49. 

76. Balboa, M.A., et al., Novel group V phospholipase A2 involved in arachidonic acid mobilization 

in murine P388D1 macrophages. J Biol Chem, 1996. 271(50): p. 32381-4. 
77. Hanasaki, K., et al., Purified group X secretory phospholipase A(2) induced prominent release of 

arachidonic acid from human myeloid leukemia cells. J Biol Chem, 1999. 274(48): p. 34203-11. 
78. Ohtsuki, M., et al., Transgenic expression of group V, but not group X, secreted phospholipase 

A2 in mice leads to neonatal lethality because of lung dysfunction. J Biol Chem, 2006. 281(47): 
p. 36420-33. 

79. Munoz, N.M., et al., Human group V phospholipase A2 induces group IVA phospholipase A2-
independent cysteinyl leukotriene synthesis in human eosinophils. J Biol Chem, 2003. 278(40): p. 
38813-20. 

80. Murakami, M., et al., The functions of five distinct mammalian phospholipase A2S in regulating 

arachidonic acid release. Type IIa and type V secretory phospholipase A2S are functionally 
redundant and act in concert with cytosolic phospholipase A2. J Biol Chem, 1998. 273(23): p. 
14411-23. 

81. Triggiani, M., et al., Secretory phospholipases A2 in inflammatory and allergic diseases: not just 

enzymes. J Allergy Clin Immunol, 2005. 116(5): p. 1000-6. 



 37

82. Kundu, G.C. and A.B. Mukherjee, Evidence that porcine pancreatic phospholipase A2 via its 
high affinity receptor stimulates extracellular matrix invasion by normal and cancer cells. J Biol 
Chem, 1997. 272(4): p. 2346-53. 

83. Rouault, M., et al., Recombinant production and properties of binding of the full set of mouse 
secreted phospholipases A2 to the mouse M-type receptor. Biochemistry, 2007. 46(6): p. 1647-
62. 

84. Yokota, Y., et al., Clearance of group X secretory phospholipase A(2) via mouse phospholipase 
A(2) receptor. FEBS Lett, 2001. 509(2): p. 250-4. 

85. Masuda, S., et al., Various secretory phospholipase A2 enzymes are expressed in rheumatoid 
arthritis and augment prostaglandin production in cultured synovial cells. FEBS J, 2005. 272(3): 
p. 655-72. 

86. Haapamaki, M.M., et al., Gene expression of group II phospholipase A2 in intestine in Crohn's 
disease. Am J Gastroenterol, 1999. 94(3): p. 713-20. 

87. Touqui, L. and L. Arbibe, A role for phospholipase A2 in ARDS pathogenesis. Mol Med 
Today, 1999. 5(6): p. 244-9. 

88. Masuda, S., et al., Expression of secretory phospholipase A2 enzymes in lungs of humans with 
pneumonia and their potential prostaglandin-synthetic function in human lung-derived cells. 
Biochem J, 2005. 387(Pt 1): p. 27-38. 

89. Surrel, F., et al., Group X Phospholipase A2 Stimulates the Proliferation of Colon Cancer Cells 
by Producing Various Lipid Mediators. Mol Pharmacol, 2009. 

90. Kim, J.O., et al., Lysis of human immunodeficiency virus type 1 by a specific secreted human 
phospholipase A2. J Virol, 2007. 81(3): p. 1444-50. 

91. Mitsuishi, M., et al., Group V and X secretory phospholipase A2 prevents adenoviral infection in 
mammalian cells. Biochem J, 2006. 393(Pt 1): p. 97-106. 

92. Gronroos, J.O., V.J. Laine, and T.J. Nevalainen, Bactericidal group IIA phospholipase A2 
in serum of patients with bacterial infections. J Infect Dis, 2002. 185(12): p. 1767-72. 

93. Gronroos, J.O., et al., Roles of group IIA phospholipase A2 and complement in killing of 
bacteria by acute phase serum. Scand J Immunol, 2005. 62(4): p. 413-9. 

94. Smith, W.L., D.L. DeWitt, and R.M. Garavito, Cyclooxygenases: structural, cellular, and 
molecular biology. Annu Rev Biochem, 2000. 69: p. 145-82. 

95. Smith, T., et al., Arachidonic acid and nonsteroidal anti-inflammatory drugs induce conformational 
changes in the human prostaglandin endoperoxide H2 synthase-2 (cyclooxygenase-2). J Biol Chem, 
2000. 275(51): p. 40407-15. 

96. Hemler, M. and W.E. Lands, Purification of the cyclooxygenase that forms prostaglandins. 
Demonstration of two forms of iron in the holoenzyme. J Biol Chem, 1976. 251(18): p. 5575-9. 

97. Miyamoto, T., et al., Purification of prostaglandin endoperoxide synthetase from bovine vesicular 

gland microsomes. J Biol Chem, 1976. 251(9): p. 2629-36. 
98. Kraemer, S.A., E.A. Meade, and D.L. DeWitt, Prostaglandin endoperoxide synthase gene 

structure: identification of the transcriptional start site and 5'-flanking regulatory sequences. Arch 
Biochem Biophys, 1992. 293(2): p. 391-400. 

99. Xu, X.M., et al., Involvement of two Sp1 elements in basal endothelial prostaglandin H synthase-1 
promoter activity. J Biol Chem, 1997. 272(11): p. 6943-50. 

100. Kirtikara, K., et al., An accessory role for ceramide in interleukin-1beta induced prostaglandin 
synthesis. Mol Cell Biochem, 1998. 181(1-2): p. 41-8. 

101. Diaz, A., et al., Differential regulation of cyclooxygenases 1 and 2 by interleukin-1 beta, tumor 
necrosis factor-alpha, and transforming growth factor-beta 1 in human lung fibroblasts. Exp Cell 
Res, 1998. 241(1): p. 222-9. 

102. Bryant, C.E., I. Appleton, and J.A. Mitchell, Vascular endothelial growth factor upregulates 
constitutive cyclooxygenase 1 in primary bovine and human endothelial cells. Life Sci, 1998. 
62(24): p. 2195-201. 



 38 

103. Kujubu, D.A., et al., TIS10, a phorbol ester tumor promoter-inducible mRNA from Swiss 3T3 
cells, encodes a novel prostaglandin synthase/cyclooxygenase homologue. J Biol Chem, 1991. 
266(20): p. 12866-72. 

104. Xie, W.L., et al., Expression of a mitogen-responsive gene encoding prostaglandin synthase is 
regulated by mRNA splicing. Proc Natl Acad Sci U S A, 1991. 88(7): p. 2692-6. 

105. Tsatsanis, C., et al., Signalling networks regulating cyclooxygenase-2. Int J Biochem Cell Biol, 
2006. 38(10): p. 1654-61. 

106. Geng, Y., et al., Regulation of cyclooxygenase-2 expression in normal human articular 
chondrocytes. J Immunol, 1995. 155(2): p. 796-801. 

107. Niiro, H., et al., Regulation by interleukin-10 and interleukin-4 of cyclooxygenase-2 expression in 
human neutrophils. Blood, 1997. 89(5): p. 1621-8. 

108. Yan, F. and D.B. Polk, Aminosalicylic acid inhibits IkappaB kinase alpha phosphorylation of 
IkappaBalpha in mouse intestinal epithelial cells. J Biol Chem, 1999. 274(51): p. 36631-6. 

109. Migita, K., et al., FK506 augments glucocorticoid-mediated cyclooxygenase-2 down-regulation in 

human rheumatoid synovial fibroblasts. Lab Invest, 2000. 80(2): p. 135-41. 
110. Dean, J.L., et al., p38 mitogen-activated protein kinase regulates cyclooxygenase-2 mRNA 

stability and transcription in lipopolysaccharide-treated human monocytes. J Biol Chem, 1999. 
274(1): p. 264-9. 

111. Lasa, M., et al., Regulation of cyclooxygenase 2 mRNA stability by the mitogen-activated protein 
kinase p38 signaling cascade. Mol Cell Biol, 2000. 20(12): p. 4265-74. 

112. Chandrasekharan, N.V., et al., COX-3, a cyclooxygenase-1 variant inhibited by acetaminophen 
and other analgesic/antipyretic drugs: cloning, structure, and expression. Proc Natl Acad Sci U S 
A, 2002. 99(21): p. 13926-31. 

113. Kis, B., et al., Regional distribution of cyclooxygenase-3 mRNA in the rat central nervous system. 
Brain Res Mol Brain Res, 2004. 126(1): p. 78-80. 

114. Tanioka, T., et al., Molecular identification of cytosolic prostaglandin E2 synthase that is 
functionally coupled with cyclooxygenase-1 in immediate prostaglandin E2 biosynthesis. J Biol 
Chem, 2000. 275(42): p. 32775-82. 

115. Li, S., et al., The febrile response to lipopolysaccharide is blocked in cyclooxygenase-2(-/-), but not 
in cyclooxygenase-1(-/-) mice. Brain Res, 1999. 825(1-2): p. 86-94. 

116. Murakami, M., et al., Functional coupling between various phospholipase A2s and cyclooxygenases 
in immediate and delayed prostanoid biosynthetic pathways. J Biol Chem, 1999. 274(5): p. 
3103-15. 

117. Ueno, N., et al., Coupling between cyclooxygenase, terminal prostanoid synthase, and 
phospholipase A2. J Biol Chem, 2001. 276(37): p. 34918-27. 

118. Smith, W.L. and D.L. Dewitt, Prostaglandin endoperoxide H synthases-1 and -2. Adv 
Immunol, 1996. 62: p. 167-215. 

119. Morita, I., et al., Different intracellular locations for prostaglandin endoperoxide H synthase-1 and 
-2. J Biol Chem, 1995. 270(18): p. 10902-8. 

120. Spencer, A.G., et al., Subcellular localization of prostaglandin endoperoxide H synthases-1 and -
2 by immunoelectron microscopy. J Biol Chem, 1998. 273(16): p. 9886-93. 

121. Komhoff, M., et al., Localization of cyclooxygenase-1 and -2 in adult and fetal human kidney: 
implication for renal function. Am J Physiol, 1997. 272(4 Pt 2): p. F460-8. 

122. Raisz, L.G., Potential impact of selective cyclooxygenase-2 inhibitors on bone metabolism in health 
and disease. Am J Med, 2001. 110 Suppl 3A: p. 43S-5S. 

123. Reese, J., et al., Comparative analysis of pharmacologic and/or genetic disruption of cyclooxygenase-

1 and cyclooxygenase-2 function in female reproduction in mice. Endocrinology, 2001. 142(7): p. 
3198-206. 

124. Morita, I., Distinct functions of COX-1 and COX-2. Prostaglandins Other Lipid Mediat, 
2002. 68-69: p. 165-75. 



 39

125. Kino, Y., et al., Prostaglandin E2 production in ovarian cancer cell lines is regulated by 
cyclooxygenase-1, not cyclooxygenase-2. Prostaglandins Leukot Essent Fatty Acids, 2005. 
73(2): p. 103-11. 

126. Pasinetti, G.M. and P.S. Aisen, Cyclooxygenase-2 expression is increased in frontal cortex of 
Alzheimer's disease brain. Neuroscience, 1998. 87(2): p. 319-24. 

127. Rose, J.W., et al., Inflammatory cell expression of cyclooxygenase-2 in the multiple sclerosis lesion. 
J Neuroimmunol, 2004. 149(1-2): p. 40-9. 

128. Dubinett, S.M., et al., Cyclooxygenase-2 in lung cancer. Prog Exp Tumor Res, 2003. 37: p. 
138-62. 

129. Kargman, S.L., et al., Expression of prostaglandin G/H synthase-1 and -2 protein in human 
colon cancer. Cancer Res, 1995. 55(12): p. 2556-9. 

130. Liu, C.H., et al., Overexpression of cyclooxygenase-2 is sufficient to induce tumorigenesis in 
transgenic mice. J Biol Chem, 2001. 276(21): p. 18563-9. 

131. Vane, J.R., Inhibition of prostaglandin synthesis as a mechanism of action for aspirin-like drugs. 
Nat New Biol, 1971. 231(25): p. 232-5. 

132. DeWitt, D.L., E.A. Meade, and W.L. Smith, PGH synthase isoenzyme selectivity: the 
potential for safer nonsteroidal antiinflammatory drugs. Am J Med, 1993. 95(2A): p. 40S-44S. 

133. Mitchell, J.A., et al., Selectivity of nonsteroidal antiinflammatory drugs as inhibitors of constitutive 

and inducible cyclooxygenase. Proc Natl Acad Sci U S A, 1993. 90(24): p. 11693-7. 
134. Whelton, A., et al., Effects of celecoxib and rofecoxib on blood pressure and edema in patients > 

or =65 years of age with systemic hypertension and osteoarthritis. Am J Cardiol, 2002. 90(9): p. 
959-63. 

135. DuBois, R.N., F.M. Giardiello, and W.E. Smalley, Nonsteroidal anti-inflammatory drugs, 
eicosanoids, and colorectal cancer prevention. Gastroenterol Clin North Am, 1996. 25(4): p. 
773-91. 

136. Johnsen, J.I., et al., Cyclooxygenase-2 is expressed in neuroblastoma, and nonsteroidal anti-
inflammatory drugs induce apoptosis and inhibit tumor growth in vivo. Cancer Res, 2004. 64(20): 
p. 7210-5. 

137. Li, S., et al., Acetaminophen: antipyretic or hypothermic in mice? In either case, PGHS-1b (COX-
3) is irrelevant. Prostaglandins Other Lipid Mediat, 2008. 85(3-4): p. 89-99. 

138. Graham, G.G. and K.F. Scott, Mechanism of action of paracetamol. Am J Ther, 2005. 
12(1): p. 46-55. 

139. Park, J.Y., M.H. Pillinger, and S.B. Abramson, Prostaglandin E2 synthesis and secretion: the 
role of PGE2 synthases. Clin Immunol, 2006. 119(3): p. 229-40. 

140. Jakobsson, P.J., et al., Identification of human prostaglandin E synthase: a microsomal, 
glutathione-dependent, inducible enzyme, constituting a potential novel drug target. Proc Natl Acad 
Sci U S A, 1999. 96(13): p. 7220-5. 

141. Murakami, M., et al., Regulation of prostaglandin E2 biosynthesis by inducible membrane-
associated prostaglandin E2 synthase that acts in concert with cyclooxygenase-2. J Biol Chem, 
2000. 275(42): p. 32783-92. 

142. Masuko-Hongo, K., et al., Up-regulation of microsomal prostaglandin E synthase 1 in 
osteoarthritic human cartilage: critical roles of the ERK-1/2 and p38 signaling pathways. Arthritis 
Rheum, 2004. 50(9): p. 2829-38. 

143. Naraba, H., et al., Transcriptional regulation of the membrane-associated prostaglandin E2 
synthase gene. Essential role of the transcription factor Egr-1. J Biol Chem, 2002. 277(32): p. 
28601-8. 

144. Rolli, M., et al., Stress-induced stimulation of early growth response gene-1 by p38/stress-activated 
protein kinase 2 is mediated by a cAMP-responsive promoter element in a MAPKAP kinase 2-
independent manner. J Biol Chem, 1999. 274(28): p. 19559-64. 

145. Mancini, J.A., et al., Cloning, expression, and up-regulation of inducible rat prostaglandin e 

synthase during lipopolysaccharide-induced pyresis and adjuvant-induced arthritis. J Biol Chem, 
2001. 276(6): p. 4469-75. 



 40 

146. Stichtenoth, D.O., et al., Microsomal prostaglandin E synthase is regulated by proinflammatory 
cytokines and glucocorticoids in primary rheumatoid synovial cells. J Immunol, 2001. 167(1): p. 
469-74. 

147. Uematsu, S., et al., Lipopolysaccharide-dependent prostaglandin E(2) production is regulated by 
the glutathione-dependent prostaglandin E(2) synthase gene induced by the Toll-like receptor 
4/MyD88/NF-IL6 pathway. J Immunol, 2002. 168(11): p. 5811-6. 

148. Bianchi, A., et al., Contrasting effects of peroxisome-proliferator-activated receptor (PPAR)gamma 
agonists on membrane-associated prostaglandin E2 synthase-1 in IL-1beta-stimulated rat 
chondrocytes: evidence for PPARgamma-independent inhibition by 15-deoxy-
Delta12,14prostaglandin J2. Arthritis Res Ther, 2005. 7(6): p. R1325-37. 

149. Filion, F., et al., Molecular cloning and induction of bovine prostaglandin E synthase by 
gonadotropins in ovarian follicles prior to ovulation in vivo. J Biol Chem, 2001. 276(36): p. 
34323-30. 

150. Guan, Y., et al., Urogenital distribution of a mouse membrane-associated prostaglandin E(2) 

synthase. Am J Physiol Renal Physiol, 2001. 281(6): p. F1173-7. 
151. Mehrotra, S., et al., Microsomal prostaglandin E2 synthase-1 in breast cancer: a potential target 

for therapy. J Pathol, 2006. 208(3): p. 356-63. 
152. Yoshimatsu, K., et al., Inducible microsomal prostaglandin E synthase is overexpressed in 

colorectal adenomas and cancer. Clin Cancer Res, 2001. 7(12): p. 3971-6. 
153. Thoren, S. and P.J. Jakobsson, Coordinate up- and down-regulation of glutathione-dependent 

prostaglandin E synthase and cyclooxygenase-2 in A549 cells. Inhibition by NS-398 and 
leukotriene C4. Eur J Biochem, 2000. 267(21): p. 6428-34. 

154. Murakami, M., et al., Cellular prostaglandin E2 production by membrane-bound prostaglandin E 
synthase-2 via both cyclooxygenases-1 and -2. J Biol Chem, 2003. 278(39): p. 37937-47. 

155. Watanabe, K., K. Kurihara, and T. Suzuki, Purification and characterization of membrane-
bound prostaglandin E synthase from bovine heart. Biochim Biophys Acta, 1999. 1439(3): p. 
406-14. 

156. Tanikawa, N., et al., Identification and characterization of a novel type of membrane-associated 

prostaglandin E synthase. Biochem Biophys Res Commun, 2002. 291(4): p. 884-9. 
157. Yamada, T., et al., Crystal structure and possible catalytic mechanism of microsomal prostaglandin 

E synthase type 2 (mPGES-2). J Mol Biol, 2005. 348(5): p. 1163-76. 
158. Jania, L.A., et al., Microsomal prostaglandin E synthase-2 is not essential for in vivo prostaglandin 

E2 biosynthesis. Prostaglandins Other Lipid Mediat, 2009. 88(3-4): p. 73-81. 
159. Tanioka, T., et al., Regulation of cytosolic prostaglandin E2 synthase by 90-kDa heat shock 

protein. Biochem Biophys Res Commun, 2003. 303(4): p. 1018-23. 
160. Kobayashi, T., et al., Regulation of cytosolic prostaglandin E synthase by phosphorylation. 

Biochem J, 2004. 381(Pt 1): p. 59-69. 
161. Reid, G., et al., The human multidrug resistance protein MRP4 functions as a prostaglandin 

efflux transporter and is inhibited by nonsteroidal antiinflammatory drugs. Proc Natl Acad Sci U 
S A, 2003. 100(16): p. 9244-9. 

162. Duncan, A.M., et al., Chromosomal localization of the human prostanoid receptor gene family. 
Genomics, 1995. 25(3): p. 740-2. 

163. Bradbury, D.A., et al., Cyclooxygenase-2 induction by bradykinin in human pulmonary artery 
smooth muscle cells is mediated by the cyclic AMP response element through a novel autocrine loop 
involving endogenous prostaglandin E2, E-prostanoid 2 (EP2), and EP4 receptors. J Biol Chem, 
2003. 278(50): p. 49954-64. 

164. Fabre, J.E., et al., Activation of the murine EP3 receptor for PGE2 inhibits cAMP production 
and promotes platelet aggregation. J Clin Invest, 2001. 107(5): p. 603-10. 

165. Botella, A., et al., Stimulatory (EP1 and EP3) and inhibitory (EP2) prostaglandin E2 receptors 
in isolated ileal smooth muscle cells. Eur J Pharmacol, 1993. 237(1): p. 131-7. 



 41

166. Fortner, C.N., R.M. Breyer, and R.J. Paul, EP2 receptors mediate airway relaxation to 
substance P, ATP, and PGE2. Am J Physiol Lung Cell Mol Physiol, 2001. 281(2): p. 
L469-74. 

167. Sheller, J.R., et al., EP(2) receptor mediates bronchodilation by PGE(2) in mice. J Appl 
Physiol, 2000. 88(6): p. 2214-8. 

168. Brzozowski, T., et al., Role of prostaglandins in gastroprotection and gastric adaptation. J 
Physiol Pharmacol, 2005. 56 Suppl 5: p. 33-55. 

169. Miller, S.B., Prostaglandins in health and disease: an overview. Semin Arthritis Rheum, 2006. 
36(1): p. 37-49. 

170. Oka, T., et al., Characteristics of thermoregulatory and febrile responses in mice deficient in 
prostaglandin EP1 and EP3 receptors. J Physiol, 2003. 551(Pt 3): p. 945-54. 

171. Samad, T.A., et al., Interleukin-1beta-mediated induction of Cox-2 in the CNS contributes to 
inflammatory pain hypersensitivity. Nature, 2001. 410(6827): p. 471-5. 

172. Davies, P., et al., The role of arachidonic acid oxygenation products in pain and inflammation. 
Annu Rev Immunol, 1984. 2: p. 335-57. 

173. Shinomiya, S., et al., Regulation of TNFalpha and interleukin-10 production by prostaglandins 
I(2) and E(2): studies with prostaglandin receptor-deficient mice and prostaglandin E-receptor 
subtype-selective synthetic agonists. Biochem Pharmacol, 2001. 61(9): p. 1153-60. 

174. Bezugla, Y., et al., COX-1 and COX-2 contribute differentially to the LPS-induced release of 
PGE2 and TxA2 in liver macrophages. Prostaglandins Other Lipid Mediat, 2006. 79(1-2): 
p. 93-100. 

175. Murakami, M. and I. Kudo, Recent advances in molecular biology and physiology of the 
prostaglandin E2-biosynthetic pathway. Prog Lipid Res, 2004. 43(1): p. 3-35. 

176. Adam, O., et al., Anti-inflammatory effects of a low arachidonic acid diet and fish oil in patients 
with rheumatoid arthritis. Rheumatol Int, 2003. 23(1): p. 27-36. 

177. Romier, B., et al., Modulation of signalling nuclear factor-kappaB activation pathway by 
polyphenols in human intestinal Caco-2 cells. Br J Nutr, 2008. 100(3): p. 542-51. 

178. Seno, K., et al., Pyrrolidine inhibitors of human cytosolic phospholipase A2. Part 2: synthesis of 

potent and crystallized 4-triphenylmethylthio derivative 'pyrrophenone'. Bioorg Med Chem Lett, 
2001. 11(4): p. 587-90. 

179. Boilard, E., et al., Secreted phospholipase A2 inhibitors are also potent blockers of binding to the 
M-type receptor. Biochemistry, 2006. 45(44): p. 13203-18. 

180. Marshall, L.A., et al., Depletion of human monocyte 85-kDa phospholipase A2 does not alter 
leukotriene formation. J Biol Chem, 1997. 272(2): p. 759-65. 

181. Hsuanyu, Y. and H.B. Dunford, Prostaglandin H synthase kinetics. The effect of substituted 
phenols on cyclooxygenase activity and the substituent effect on phenolic peroxidatic activity. J Biol 
Chem, 1992. 267(25): p. 17649-57. 

182. Chang, W.C., et al., Ellagic acid suppresses oxidised low-density lipoprotein-induced aortic smooth 
muscle cell proliferation: studies on the activation of extracellular signal-regulated kinase 1/2 and 
proliferating cell nuclear antigen expression. Br J Nutr, 2008. 99(4): p. 709-14. 

183. Masamune, A., et al., Ellagic acid blocks activation of pancreatic stellate cells. Biochem 
Pharmacol, 2005. 70(6): p. 869-78. 

184. Edderkaoui, M., et al., Ellagic acid induces apoptosis through inhibition of nuclear factor kappa 
B in pancreatic cancer cells. World J Gastroenterol, 2008. 14(23): p. 3672-80. 

185. D'Acquisto, F., et al., Involvement of NF-kappaB in the regulation of cyclooxygenase-2 protein 
expression in LPS-stimulated J774 macrophages. FEBS Lett, 1997. 418(1-2): p. 175-8. 

186. Hasan, R.N. and Schafer, A.I., Hemin Upregulates Egr-1 Expression in Vascular Smooth 

Muscle Cells via reactive Oxygen Species ERK-1/2 - Elk-1 and NF-κB. Circ. Res, 2008. 102: 
p. 42-50 

187. Seeram, N.P., et al., Pomegranate juice ellagitannin metabolites are present in human plasma and 
some persist in urine for up to 48 hours. J Nutr, 2006. 136(10): p. 2481-5. 



Karlstad University Studies
ISSN 1403-8099     

ISBN 978-91-7063-266-2

Studies of prostaglandin E2  
formation in human monocytes

Prostaglandin (PG) E2 is an eicosanoid derived from the polyunsaturated 
twenty carbon fatty acid arachidonic acid (AA). PGE2 has physiological as 
well as pathophysiological functions and is known to be a key mediator of 
inflammatory responses. Formation of PGE2 is dependent upon the activities 
of three specific enzymes involved in the AA cascade; phospholipase A2 (PLA2), 
cyclooxygenase (COX) and PGE synthase (PGEs). Although the research within 
this field has been intense for decades, the regulatory mechanisms concerning 
the PGE2 synthesising enzymes are not completely established.

PGE2 was investigated in human monocytes with or without lipopolysaccharide 
(LPS) pre-treatment followed by stimulation with calcium ionophore, opsonised 
zymosan or phorbol myristate acetate (PMA). Cytosolic PLA2α (cPLA2α) was 
shown to be pivotal for the mobilization of AA and subsequent formation 
of PGE2. Although COX-1 was constitutively expressed, monocytes required 
expression of COX-2 protein in order to convert the mobilized AA into PGH2. 
The conversion of PGH2 to the final product PGE2 was to a large extent due 
to the action of microsomal PGEs-1 (mPGEs-1). In addition, experiments 
with inhibitors of extracellular signal regulated kinase and p38 activation, 
indicated that phosphorylation of cPLA2α was markedly advantageous for 
the formation of PGE2.

Ellagic acid, a natural polyphenolic compound found in fruits and nuts, was 
shown to inhibit stimuli induced release of PGE2 in human monocytes. The 
effect of ellagic acid was not due to a direct effect on the activities of the 
enzymes but rather to inhibition of the LPS-induced protein expression of 
COX-2, mPGEs-1 and cPLA2α.




