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ABSTRACT 
 
Leukotrienes (LTs) are a family of lipid mediators that are involved in host defense and inflammatory 
responses. They are synthesized from arachidonic acid through the 5-lipoxygenase (5-LO) pathway, and 
are divided into two classes, the classical chemoattractant leukotriene B4 4

4 4 4

B  (LTB ), and spasmogenic 
cysteinyl leukotrienes (cys-LTs) including LTC , LTD  and LTE . LTs exert their actions through 
stimulation of specific G-protein coupled receptors, and so far two receptors for LTB4, namely BLT1 and 
BLT2, and two receptors for cys-LTs, namely CysLT1 2 and CysLT , have been identified. The present 
thesis is aimed at investigating the expression and regulation profiles of LT biosynthesis enzymes and 
receptors in the vascular system in order to define their potential roles in the pathogenesis of 
cardiovascular diseases. 

The LT receptor expression was studied in human umbilical vein endothelial cells (HUVECs). We 
found that HUVECs abundantly express CysLT2 receptor mRNA in vast excess (>4000-fold) of CysLT1 
mRNA. Challenge of HUVECs with BAY u9773, a specific CysLT2 agonist, triggered diagnostic Ca2+ 
transients. LTC4 and LTD4 are equipotent agonists, and their actions can be blocked by the dual-receptor 
antagonist BAY u9773, but not by the CysLT1-selective antagonist MK571. These data identify CysLT2 
as the predominant functional receptor for cys-LTs in endothelial cells. In addition, Lipopolysaccaride 
(LPS), tumor necrosis factor-α (TNF-α), or interleukin-1β (IL-1β) caused a rapid and partially reversible 
suppression of CysLT2 mRNA. With regard to BLT receptors, we found that both BLT1 and BLT2 are 
expressed at low levels in an apparently silent state in HUVECs. However, treatment with LPS leads to a 
>10fold increase in the levels of BLT1 mRNA without any significant effects on BLT2 mRNA. In 
parallel, LPS also increases the amounts of BLT1 protein. TNF-α increases the expression of BLT2 
mRNA approximately six times above basal levels with only a modest increase in BLT1 mRNA. IL-1β 
causes variable and parallel increases of both BLT1 and BLT2 mRNA. The natural ligand LTB4 also 
increases BLT1, but not BLT2, mRNA and protein expression. Along with the induction of BLT1 and/or 
BLT2, HUVECs acquire the capacity to respond to LTB4 with increased levels of intracellular calcium, 
and isotype selective BLT antagonists, CP-105696 and LY-255283, can block these signals. In addition, 
treatment of HUVECs with LTB4 causes increased release of nitrite, presumably reflecting nitric oxide, 
and monocyte chemoattractant protein-1. These data indicate that expression of functional BLT receptors 
may occur at the surface of endothelial cells in response to LPS, cytokines and ligand, which in turn may 
have functional consequences during the early vascular responses to inflammation. 

The expression of LT pathway proteins was assessed in human carotid atherosclerotic plaques. We 
found that mRNA levels for the three key proteins in LTB4 biosynthesis, namely 5-LO, 5-LO activating 
protein (FLAP), and LTA4 hydrolase (LTA4H), are significantly increased in human atherosclerotic 
plaques compared with healthy controls. Immunohistochemical staining revealed abundant expression of 
5-LO, FLAP, and LTA4H protein colocalizing in macrophages of intimal lesions. Human lesion tissue 
converts arachidonic acid into significant amounts of LTB4, and a selective, tight-binding LTA4H 
inhibitor can block this activity. Furthermore, expression of 5-LO and LTA4H is increased in patients 
with recent or ongoing symptoms of plaque instability. The abundant expression of LTA4H and 
correlation with plaque instability identify LTA4H as a potential target for pharmacological intervention 
in treatment of human atherosclerosis. 

Human cytomegalovirus (HCMV) has been detected in the tissues of cardiovascular diseases such as 
atherosclerosis and re-stenosis. However, a cause-effect relationship has yet to be determined. We found 
in our study that in human vascular smooth muscle cells (VSMCs), HCMV infection induces an up to 
170 fold upregulation of 5-LO mRNA in a dose- and time- dependent manner. Immunohistochemistry 
studies demonstrate profound expression of 5-LO protein in HCMV infected cells, which renders these 
cells the capacity to synthesize LTB . Moreover, we found that double positive cells for HCMV and 5-
LO can readily be detected in VSMCs in tissue samples obtained from patients with inflammatory bowel 
disease or AIDS suffering from acute HCMV infection. These data indicate that in HCMV infected 
tissues, pathogen-induced LT production may play an important role in local inflammation. These 
observations uncover a novel, viral-induced, process that can trigger LT biosynthesis in non-myeloid 
cells and offers a molecular mechanism underlying HCMV-induced pathogenesis in inflammatory 
diseases including atherosclerosis. 

4

Put together, the findings in the present thesis have revealed the potential involvement of LTs in 
pathophysiological conditions in the vascular system, and might have profound implications for the 
development of new therapeutic strategies that could reduce the devastating impact of cardiovascular 
diseases. 
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INTRODUCTION 
 

Living cells in our body are highly organized with many functional units or organelles, 
which are limited by membranes. The membranes support much of the functionality of 
the cell, from the subcellular level of organelles to the supercellular level of cell–cell 
interactions. Cell membranes are composed of lipid bilayers in which are inserted a 
number of proteins. Phospholipids are the major lipid constituent of cell membranes. In 
addition to serving as structural components of cell membranes, membrane 
phospholipids also function as a reservoir for generation of bioactive mediators that 
exert a diverse array of effects on cellular functions including those linked to 
homeostasis and inflammation. 

 
Inflammation is the body's response to infection and injuries. The cause of 
inflammation may be due to physical damage, chemical substances, microorganisms or 
other agents. The five basic symptoms of inflammation - redness (rubor), swelling 
(tumour), heat (calor), pain (dolor) and deranged function (functio laesa) have been 
known since the ancient Greek and Roman era. These signs are due to vasodilation, 
extravasation of plasma and infiltration of leukocytes into the site of inflammation. The 
primary objective of inflammation is to localize and eradicate the irritant and repair the 
surrounding tissue. For the survival of the host, inflammation is a necessary and 
beneficial process that constitutes part of the normal host defense. However, excessive 
or inappropriate inflammation contributes to a range of acute and chronic human 
diseases. The development and resolution of inflammation are controlled by a complex 
network of plasma factors and chemical mediators released from cells. Among these 
are the leukotrienes, a family of potent lipid mediators derived from membrane 
phospholipids. Leukotrienes have been implicated in a number of inflammatory 
diseases [1], and will be the theme of this thesis. 

 
Leukotrienes - Lipid Mediators Derived from Membrane Phospholipids 
 
Phospholipids 
 
Phospholipids are the predominant lipids of cell membranes, consisting of three 
components: fatty acids, a phosphorylated alcohol and a backbone. There are two 
classes of phospholipids: those that have glycerol as a backbone are known as 
phosphoglycerides, and those that contain sphingosine and form sphingomyelin. 
Phosphoglycerides constitute the major class of phospholipids; all contain phosphatidic 
acid (the carboxyl group of each fatty acid is esterified to the hydroxyl groups on C-1 
and C-2, the phosphate group is attached to C-3 by an ester link). Phosphatidic acid is 
the simplest phosphoglycerate, but is only present in small quantities in membranes. 
Most phosphoglycerides also have an additional chemical group bound to the 
phosphate. For example, it may be connected with choline, with a resulting 
phospholipid called phosphatidylcholine, or lecithin. Other phosphoglycerides include 
phosphatidylinositol, phosphatidylserine, and phosphatidylethanolamine. The fatty 
acids in phosphoglycerides may be saturated or unsaturated, with saturated fatty acid 
chains usually at the sn-1 position and unsaturated forms at sn-2 position [2]. Among 
the fatty acids esterified at sn-2 position of phosphoglycerides is arachidonic acid, the 
fatty acid precursor of a group of biologically active compounds including leukotrienes. 
 

  1 
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Arachidonic acid  
Arachidonic acid (AA), also known as 5,8,11,14-eicosatetraenoic acid,  is a 
polyunsaturated fatty acid (PUFA) with twenty carbons and four cis double bonds, the 
first at the omega-6 position (20:4 ω-6). It can be obtained directly from diet or 
synthesized endogenouly by elongation and desaturation of dietary linoleic acid (18:2 
ω-6), which is one of the essential fatty acids that have to be supplied through diet. In 
resting cells, AA is esterified to cell membrane glycerophospholipids, only trace levels 
of free AA may be found in the cells [3]. Cellular stimulation activates phospholipases 
(e.g. cytosolic phospholipase A2), which releases AA from the membrane 
phospholipids. Free AA can be oxidized by three major metabolic pathways: (1) the 
cyclooxygenases (COXs) pathway, which produces various prostaglandins (PGs), 
prostacyclin (PGI2) and thromboxane A2  (TXA2); (2) the lipoxygenases (LOXs) 
pathway, which forms leukotrienes (LTs), hydroxyeicosatetraenoic acids (HETEs) 
and lipoxins; (3) the cytochrome P450 pathway, which generates epoxy-eicosatrienoic 
acids (EETs). The compounds generated from these pathways comprise the major part 
of a family of structurally related lipid mediators that are collectively referred to as 
eicosanoids. 

 
Eicosanoids 
“Eicosanoids” is a common term used for derivatives of 20-carbon unsaturated fatty 
acids (eicosa in Greek means twenty). Besides AA, which is the premier precursor of 
eicosanoids, other twenty carbon fatty acids, including Dihomo-γ- linolenic acid (20:3, 
generated from linoleic acid) and eicosapentaenoic acid (EPA, 20:5 ω3, generated from 
α- linolenic acid), can also serve as precursors of eicosanoids. Humans lack the 
enzymes to introduce double bonds beyond Δ9 in the fatty acid chain, therefore linoleic 
acid (18:2 ω6) and linolenic acid (18:3 ω3) must be provided through diet, they are 
therefore known as essential fatty acids. The nomenclature of eicosanoids generally 
describes the tissue from which they were first isolated, viz. prostaglandins from the 
accessory genital glands, thromboxanes from thrombocytes and leukotrienes from 
leukocytes. Lipoxins are denoted according to their mode of formation, i.e. the 
combined action of two lipoxygenases. The subscript numbers denote the number of 
double bonds in the molecule. Since the fatty acid composition of the diet may 
influence the eicosanoid profile:  AA gives rise to PGs of the 2 series and LTs of the 4 
series, while EPA gives rise to PGs of the 3 series and LTs of the 5 series. The level of 
unsaturation in eicosanoids alters their biological activities: EPA-derived LTB5 and 
TXA3 have much less potent activities than their AA-derived counterparts LTB4 and 
TXA2 [4-6]. Attempts have been made to modify the eicosanoid profile through 
manipulations of the diet to promote biosynthesis of compounds with more beneficial 
activities [7-11]. All eicosanoids function locally at the site of synthesis, through 
receptor-mediated G-protein linked signaling pathways; they produce a wide range of 
biological effects on inflammatory responses. This thesis is focusing on leukotrienes, 
the group of eicosanoids that are derived from the 5-lipoxygenase pathway.  

 
Leukotrienes 
LTs own their name to the fact that they were discovered in leukocytes and a 
conjugated triene constitutes their common structural feature [12]. The history of 
leukotrienes can be traced back to the 1930’s, when Kellaway and Feldberg discovered 
the presence of a material in perfusates of guinea pig lung injected with cobra venom 
[13]. This material had the capacity to produce a contraction of the guinea-pig ileum 
that was slow in onset and sustained. It could be distinguished from the typical rapid 
contraction produced by histamine, and was therefore named slow reacting substance 
(SRS). Later work by Brocklehurst confirmed the release of SRS-like activity 
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following anaphylactic challenge of sensitized tissue [14], and he named this biological 
activity slow reacting substance of anaphylaxis (SRS-A), as opposed to other materials 
which could induce ‘slow reacting’ contractions, e.g. bradykinin. Studies of the 
properties of SRS-A suggested it was an AA derivative with a UV spectrum indicating 
the presence of three conjugated double bonds in the structure [15, 16]. In 1976 at 
Karolinska Institutet, studies of the metabolism of AA in rabbit polymorphonucear 
leukocytes revealed the 5-lipoxygenase pathway for AA metabolism [17]. Subsequent 
structural studies demonstrated the major product as 5(S),12(R)-dihydroxy-6,8,10,14-
eicosatetraenoic acid (later named as Leukotriene B4) [18, 19]. An extension of these 
studies led to the discovery of the pivotal epoxide intermediate, LTA4 [20]. Meanwhile, 
on the basis of isotope incorporation experiments, spectroscopy and chemical 
degradations, the SRS-A was identified as a cysteine-containing derivative of 5-
hydroxy-7, 9, 11, 14-eicosatetraenoic acid, structurally related to LTB4 and derived 
from the same intermediate as LTB4. Thus SRS-A was first named leukotriene C [21]. 
Later it was revealed that SRS-A is a mixture of the cysteine-containing leukotrienes: the 
parent compound LTC4 and its metabolites LTD4 and LTE4 [22, 23]. 

 
Leukotriene biosynthesis 

Leukotriene biosynthesis from AA is catalyzed by a series of enzymes, starting with 5-
lipoxygenase (5-LO). 5-LO oxygenates AA into 5-hydroperoxy eicosatetraenoic acid 
(5-HPETE), which is further converted into the unstable epoxide LTA4, an important 
intermediate in leukotriene biosynthesis [24]. 5-LO is present in a soluble fraction of 
cells. After cell activation and in response to an increased intracellular [Ca2+], 5-LO 
translocates to the nuclear envelope, where it acts in concert with 5-LO-activating 
protein (FLAP), a protein that is required for 5-LO to function enzymatically in intact 
cells [25]. LTA4 is further metabolized by either LTA4 hydrolase, yielding LTB4, or 
conjugated with reduced glutathione by LTC4 synthase, forming LTC4. LTC4 is further 
metabolized by γ-glutamyl transpeptidase and dipeptidase into LTD4 and LTE4, 
respectively [26]. LTC4, LTD4 and LTE4 constitute the cysteinyl-leukotrienes (cys-LTs) 
(Fig 1). 

 
General biological effects of LTs 
 
LTB4

 
LTB4 has long been recognized as a highly potent chemoattractant in the innate 
immune response, active on neutrophils, macrophages, and eosinophils [27-31]. LTB4 
recruits leukocytes to sites of inflammation by both directing leukocyte migration and 
converting leukocytes from rolling on endothelium to firm adhesion. LTB4 has been 
shown to potently upregulate CD11b/CD18 β2 integrin expression on neutrophils [32] 
and monocytes [33]. LTB4 can also act directly on endothelial cells to induce 
hyperadhesiveness of endothelial cells for neutrophils [34, 35], as well as neutrophil 
transmigration [36]. Recently, several studies have demonstrated that LTB4 also 
functions as a chemoattractant for dendritic cells [37] and activated CD4+ and CD8+ T 
cells, mediating their early recruitment to inflamed tissues [38-40], thus providing an 
essential early link between the innate and adaptive effector responses to inflammation.  
In addition to the chemotactic effects, LTB4 also stimulates leukocyte activation and a 
wide variety of effector functions, such as generation of reactive oxygen species [41], 
release of granular enzymes [42], and phagocytosis of bacteria [43]. LTB4 augments 
cytokine production from human peripheral blood monocytes [44], enhances 
phagocytosis and bactericidal action of mouse peritoneal macrophages [45],  induces 
nitric oxide (NO) production and parasite killing in murine macrophages [46]. LTB4 
has activating effects on dendritic cells,  lymphocytes  and  NK  cells  by  inducing  cell  

  3 
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proliferation and cytokine secretion [47-51], as well as immunoglobulin secretion from 
B cells [49]. 
      Thus, by mediating inflammatory cell recruitment, adhesion and activation, LTB4 
plays an important role in both innate and adaptive immune responses. High levels of 
LTB4 have been detected in bronchoalveolar lavage fluid (BAL) from patients suffering 
from bacterial pneumonia [52]. In 5-LO deficient mice, the alveolar macrophages and 
neutrophils exhibited reduced ability to phagocytose and kill bacteria. This could be 
overcome by the addition of exogenous LTB4, demonstrating a critical role for LTB4 in 
anti-microbial defense [43, 53].  
      On the other hand, LTB4 also participates in the pathogenesis of many 
inflammatory diseases. Significantly elevated levels of LTB4 have been demonstrated 
in sputum, BAL, exhaled breath condensates from patients with asthma [54], cystic 
fibrosis [55], chronic obstructive pulmonary disease (COPD) [56], and acute respiratory 
distress syndrome (ARDS) [57]. Increased levels of LTB4 have also been demonstrated 
in the intestinal mucosa of patients with inflammatory bowel disease [58], in the skin of 
patients with psoriasis [59], in the synovial fluid of patients with rheumatoid arthritis 
[60, 61], and in cerebrospinal fluid of patients with clinically active multiple sclerosis 
[62]. Multiple animal models of inflammatory diseases also demonstrated a critical role 
of LTB4 in the pathogenesis of inflammation and immune disorders [63-70]. Moreover, 
only recently, several lines of pharmacological, morphological, biochemical, and 
genetic evidence have been gathered implicating LTB4 as a mediator of vascular 
inflammation and atherosclerosis (see below). 

 
Cys-LTs 

 
Once termed the slow reacting substance of anaphylaxis (SRS-A), the cys-LTs are 
potent bronchoconstrictors which are active at nanomolar concentrations, being 
approximately 1000-fold more potent than histamine in eliciting airway constriction 
[71, 72]. They also increase microvascular permeability that allows extravasation of 
inflammatory cells and leakage of plasma components, which leads to the development 
of edema [27, 73-75]. Furthermore, the smooth muscle contractile effects exhibited by 
cys-LTs also extend to the smooth muscle that constitutes a major part of the vascular 
wall. The resultant vasoconstriction has been shown in animal models and human 
experiments [28, 76-79]. In addition, cys-LTs enhance mucous secretion, eosinophil 
infiltration in human airways, as well as bronchial smooth muscle cell proliferation 
[80-83]. 

Cys-LTs may also modulate the activity of several components of the immune 
system. LTC4 and LTD4 stimulate the expansion of myeloid colonies treated with 
colony-stimulating factor [84], prolong eosinophil survival [85], and promote dendritic 
cells maturation and migration [86, 87]. In addition, Cys-LTs enhance cytokine 
production by human monocytes, T lymphocytes [88], eosinophils [89], and mast cells 
[90].  

Cys-LTs have been demonstrated to play an important role in the pathogenesis of 
asthma [91, 92].  Cys-LTs have been detected after bronchospasm in the BAL fluid and 
urine of patients with asthma [93-96]. An increase in production of LTC4 has been 
shown ex vivo in leukocytes from asthmatic subjects [97]. Inhibition of cys-LTs 
synthesis and cys-LT receptor antagonists markedly attenuate bronchochonstrictor 
responses and airway remodeling and have demonstrated clinical activity in patients 
with asthma [98-102]. 

Cys-LTs may play significant roles in flammatory processes other than asthma. 
Biologically significant amounts of cys-LTs are formed upon neutrophil-endothelial 
interaction, and may contribute to the alterations of microvasculature associated with 
the inflammatory response including coronary vasoconstriction and perivascular edema, 
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as shown in isolated heart in animal models [103-106]. Increased urinary excretion of 
LTE4 has been reported after episodes of unstable angina and acute myocardial 
infarction [107], as well as after coronary artery bypass surgery [108]. Cysteinyl-LTs 
have also been implicated in atopic dermatitis [109], rheumatoid arthritis [110], 
Crohn’s disease [111], and cancer [112, 113]. 
 
Given the strong biological activites of LTs and their implications in inflammatory 
diseases, a more comprehensive understanding of the regulation of LT biosynthesis and 
signaling may result in more effective management of inflammatory disorders. 

 
Leukotriene Biosynthesis Determinants- Key Proteins in This Pathway 
 
Cytosolic phospholipase A2 

Phospholipases A2 catalyze the release of AA from the sn-2 position of phospholipid. 
Mammalian cells contain structurally diverse forms of PLA2, including cytosolic PLA2 
(cPLA2), secreted PLA2 (sPLA2), and calcium-independent PLA2 (iPLA2). Among 
these PLA2s, the 85-kDa cPLA2 (cPLA2-α) is the only well characterized PLA2 that 
preferentially hydrolyzes sn-2 AA, and is thus believed to play a pivotal role in 
providing free AA for eicosanoid biosynthesis [114-118]. cPLA2-α is widely 
distributed at a relatively constant level in almost all human tissues [119, 120]. 
Typically cPLA2-α resides mainly in the cytosol under resting conditions, and it 
translocates to the nuclear membrane upon cell activation by a variety of extracellular 
stimuli such as cytokines, hormones, neurotransmitters, mitogens, antigens and 
endotoxins, which results in an increase in [Ca2+]i [121]. 

The cPLA2-α protein consists of an N-terminal calcium-dependent lipid-
binding/C2 domain and a catalytic domain.  The C2 domain consists of an eight-
stranded antiparallel β-sandwich structure that binds two Ca2+ ions at one end of the 
domain between three surface loops [122]. The C2 domain is responsible for Ca2+–
dependent membrane binding of cPLA2-α, which in turn allows interaction of the 
catalytic domain with phospholipid substrate for release of AA [123-126].  The 
catalytic domain of cPLA2-α consists of 13-α helices and 14-β strands. The active site 
composed of Ser-228 and Asp-549 is located at the bottom of a deep, narrow cleft, 
which is partially covered by a lid. Upon membrane binding, conformational changes 
in the enzyme might take place to move the lid and allow substrate access to the active 
site, thus explaining the interfacial activation of this enzyme [127]. In addition to an 
increase in intracellular calcium, cPLA2-α activation is also regulated by 
phosphorylation of serine residues. Phosphorylation of cPLA2-α at Ser-505 by mitogen 
activated protein kinases (MAPK) is important in the activation of cPLA2-α [127] since 
mutating Ser-505 to alanine in cPLA2-α reduces the release of AA in response to 
agonists by 50% [128]. It was reported that phosphorylation of Ser-505 enhances 
membrane binding affinity of cPLA2-α at low calcium concentrations and may induce a 
conformation change that allows hydrophobic residues in the catalytic domain to 
penetrate membrane [129]. Full activation of cPLA2-α requires both increased 
cytosolic Ca2+ and cPLA2-α phosphorylation at Ser-505 [121]. In addition, 
phosphorylation of cPLA2-α at Ser-727 has also been suggested as an alternative 
mechanism for cPLA2-α activation [130]. 

The human cPLA2-α gene is localized to the q arm of chromosome 1. The 
promotor region has features typical of a housekeeping gene with no TATA box or 
CAAT box, although atypical in that it is not GC rich and has no Sp1 binding sites 
[131]. It contains several potential binding sites for AP-1, AP-2, NF-κB, and 
glucocorticoid response element (GRE) [119]. The 5’-flanking region of the gene 
contains a 27-bp region with a polypyrimidine sequence that is responsible for the low 
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level constitutive expression [119], and a 48-bp CA repeat that appears to confer an 
inhibitory effect on transcription [131].  

Extracellular stimuli can alter the mRNA and protein levels of cPLA2-α. A variety 
of cytokines such as interleukin-1α (IL-1α), tumor necrosis factor-α (TNF-α) and 
interferon-γ (INF-γ) have been shown to up-regulate gene expression of cPLA2-α, 
thereby contributing to the cytokine stimulated AA release [121, 132-134]. 

cPLA2-α-/- mice have been generated and the peritoneal macrophages of these mice 
generated neither PGs nor LTs in response to adequate stimuli [135], confirming the 
critical role of cPLA2-α  in LT biosynthesis. Recent studies of cPLA2-α-/- mice have 
demonstrated the pivotal role of this enzyme in eicosanoid generation and related 
diseases, in particular chronic inflammation [136]. 

 
5-lipoxygenase 
5-Lipoxygenase (5-LO) catalyzes the oxygenation of AA to 5(S)- hydroperoxy-6-trans-
8, 11, 14-cis-eicosatetraenoic acid (5-HPETE), and further dehydration to yield the 
unstable epoxide intermediate LTA4. Under normal conditions, 5-LO is mainly found 
in cells of myeloid lineage, and subcellular localization of 5-LO in resting cells has 
been found to be cell specific. The 5-LO protein is cytosolic in peripheral blood 
neutrophils [137], monocytes [138], eosinophils [139, 140], and peritoneal 
macrophages [137]. By contrast, in resting human alveolar macrophages and rat 
basophilic leukemia (RBL) cells, the enzyme is predominantly localized in the nucleus 
[138, 141]. A constant feature in all cell types is that LT biosynthesis is associated with 
the translocation of 5-LO to the nuclear envelope in a calcium-dependent fashion upon 
cell activation [142].  

5-LO is a soluble, monomeric enzyme of about 78 kDa [143]. It contains a non-
heme iron atom that is critical for acitivity [144]. Mammalian 5-LO has been cloned 
from human, rat, mouse, and hamster, showing more than 90% identity in the deduced 
sequences [145-149]. A model of 5-LO structure, based on the crystal structure of 
rabbit reticulocyte 15-LO [150], consists of an N-terminal β-sandwich  and the C-
terminal catalytic domain which contains the catalytic iron. The N-terminal β-sandwich 
of 5-LO resembles a C2 domain, can bind calcium [151] and is essential for nuclear 
membrane translocation [152]. The catalytic domain contains conserved histidine 
residues, together with the C-terminal Ile, functioning as iron ligands [153, 154].   

An important determinant of 5-LO action is its activation by calcium. In the 
absence of calcium, 5-LO has minimal catalytic activity [155, 156]. The addition of 
calcium leads to membrane association and stimulation of enzyme activity [151]. ATP, 
in the presence of calcium, can significantly enhance the catalytic activity of 5-LO 
[157]. 5-LO activity is also stimulated by lipid hydroperoxides [143, 158, 159]. In 
addition, the membrane association or the catalytic activity of 5-LO may be influenced 
by phosphorylation. 5-LO can be phosphorylated on Ser-271 by MAPKAP kinases 2 
and 3 (MK2/3), which in turn can be activated by p38 mitogen-activated protein kinase 
(p38 MAP kinase) [160]. Cell stress, which activates p38 MAPK, was found to 
stimulate 5-LO activity in leukocytes [161, 162]. Another MAP kinase (extracellular 
signal-regulated kinase 2, ERK2) was found to phosphorylate 5-LO on Ser-663, and 
stimulate 5-LO activity [163]. On the other hand, phosphorylation of 5-LO on Ser-523 
by protein kinase A (PKA) inhibits 5-LO activity and LTs biosynthesis [164].  

The subcellular positioning of 5-LO appears to be a dynamic process, which can be 
regulated by a variety of factors, and the subcellular localization of 5-LO before cell 
stimulation can significantly affect LTs production. In most cases, localization of 5-LO 
at the nuclear membrane, as opposed to the cytoplasm, will predict a significant 
increase in LT synthesis upon cell stimulation [165]. Examination of the primary 
structure of 5-LO revealed several nuclear localization sequences (NLS) [166-168], a 
more complete analysis indicated that the 5-LO protein has three distinct NLSs [169, 
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170]. It appeared that these NLS could each be independently activated, allowing for a 
graded level of import of 5-LO into the nucleus, with the greatest nuclear accumulation 
when all NLSs were activated [171]. It has been reported that phosphorylation of Ser-
523 by protein kinase A inhibits nuclear import of 5-LO, accompanied by a reduced 
enzyme activity [172].   

The gene encoding human 5-LO is located on chromosome 10 and contains 14 
exons and 13 introns encompassing over 82 kb of genomic DNA [173]. The promoter 
region is GC-rich and lacks typical TATA and CAAT boxes, thus resembling promoter 
regions of house-keeping genes [174, 175]. Sequence analysis indicated the presence of 
putative cis-acting control elements such as multiple Sp1 sites and putative binding 
sites for transcription factors like AP-2 and NF-κB. The 5-LO core promoter region 
contains five tandem Sp1/Egr-1 consensus sequences, which have been shown to be 
functional in reporter gene studies [176]. A family of mutations with altered number of 
Sp1 and Egr-1 binding motifs has been identified and associated with diminished 
promoter-reporter activity in tissue culture [177]. The genetic variant of tandem repeat 
of Sp1-binding motif in 5-LO promoter was associated with the severity of airway 
hyperresponsiveness in aspirin-intolerant asthma patients [178], and  clinical trials 
demonstrated that patients with these sequence variants had a diminished clinical 
response to treatment with 5-LO pathway modifiers [179, 180]. The 5-LO promotor 
activity is reduced by DNA methylation [181], and induced by histone deacetylase 
inhibitors [182].  

Upregulation of 5-LO expression have been shown during phenotype 
differentiation of leukemic cell lines of granulocytic or monocytic origin [183-185].  
Transforming Growth Factor-β (TGF-β) and vitamin D3 (VD3) had a prominent effect 
on 5-LO expression in HL-60 cells and Mono Mac 6 cells [185-187]. Granulocyte-
macrophage colony stimulating factor (GM-CSF) has also been shown to increase 5-
LO gene transcription and protein expression in human neutrophils [188, 189]. The 
expression of 5-LO was up-regulated by IL-3 in mouse mast cells [190]. Interestingly, 
dexamethasone has been shown to increase 5-LO expression in both monocytes and 
the acute monocytic leukemia cell line, THP-1 cells [191]. Opposing data have also 
been reported for a human mast cell line HMC-1 [192]. 

The biological role of 5-LO and its products has been studied by gene targeting. 5-
LO-/- mice showed enhanced lethality from Klebsiella pneumoniae in association with 
decreased alveolar macrophage phagocytic and bactericidal activities [193]. On the 
other hand, the 5-LO  mice -/- exhibited reduced airway reactivity followed by antigen 
exposure [194], and were more resistant to lethal anaphylaxis induced by platelet-
activating factor (PAF) [195, 196]. 5-LO-/- mice also demonstrated protection from 
Bleomycin-induced pulmonary fibrosis [197], experimental acute pancreatitis [198], 
pleurisy and lung injury [199, 200], splanchnic artery occlusion shock [201], renal 
ischemia-reperfusion injury [202], traumatic spinal cord injury [203], and experimental 
colitis [204]. 

Because of the importance of 5-LO derived LTs in the pathogenesis of 
inflammatory diseases, there has been great interest in identifying inhibitors of 5-LO 
activity. Several competitive inhibitors of AA metabolism, including Zileuton, AA-861, 
ABT-761, ZD-2138 and L-739010, are very specific for 5-LO, and Zileuton became 
the first 5-LO inhibitor to demonstrate efficacy in the treatment of asthmatics [205]. 
MK-886, a nanomolar inhibitor of leukotriene biosynthesis was found to effectively 
inhibit 5-LO activity in vivo and in intact cells, but not in cell-free systems, indicating 
that it is not a direct 5-LO inhibitor [206]. Subsequent experiments isolated a 
membrane-associated protein that could bind MK-886 [207], and appeared to be 
essential in determining 5-LO activation in cells. This protein was then termed 5-
lipoxygenase activating protein [208]. 
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5-lipoxygenase activating protein  
After being discovered through the inhibitory action of MK-886, 5-lipoxygenase 
activating protein (FLAP) was purified by affinity chromatography, and subsequently 
cloned and characterized as a novel 18 kDa integral membrane protein containing three 
transmembrane domains [207, 208]. FLAP is now recognized as a member of the 
membrane-associated proteins in eicosanoid and glutathione metabolism (MAPEG) 
family of proteins. Other members of this family include LTC4 synthase, prostaglandin 
E2

 synthase, and the microsomal glutathione-S-transferases [209]. Human osteosarcoma 
cells transfected with 5-LO require concurrent transfection with FLAP for ionophore-
induced LT production in intact cells [208]. Although the mechanism of action for 
FLAP is not fully understood, it has been suggested that the role of FLAP is to present 
AA to 5-LO. FLAP was shown to be an AA binding protein and this binding could be 
competed by compounds such as MK-886 [210]. FLAP also stimulated the utilization 
of AA by 5-LO and increases the efficiency with which 5-LO converts 5-HPETE into 
LTA4 [211]. Recent studies have demonstrated that FLAP is present as a monomer and 
a homodimer in human polymorphonulear leukocytes (PMN), and the organization of 
FLAP as a homodimer is essential for LT biosynthesis [212]. It has also been reported 
that FLAP resides as a heterodimer or trimer together with LTC4 synthase [213]. In 
fact, the quaternary structures of LTC4 synthase, microsomal prostaglandin E synthase 
type 1 and microsomal GST type 1 all conform to a trimer [214-216]. 

The human gene for FLAP spans more than 31 kbp on chromosome 13. It is 
composed of five small exons and four large introns, and the promotor region 
contains a possible TATA box, as well as AP-2, NF- B, and glucocorticoid receptor 
binding sites (GRB) [217]. The promotor region of FLAP also contains 
CCAAT/enhancer-binding proteins (C/EBP) consensus binding sites and transcriptional 
expression of the FLAP gene is constitutively regulated by members of the C/EBP 
family of transcription factors [218]. It has been shown that IL-10 suppresses the 
production of LTB4 from dendritic cells by inhibiting FLAP protein expression [219].  

Similar to 5-LO-/- mice, FLAP-/- mice possessed a blunted inflammatory response 
to topical AA, had increased resistance to PAF-induced shock and respond with less 
edema in zymosan A-induced peritonitis [220]. The severity of collagen-induced 
arthritis in the FLAP-/- mice was substantially reduced, demonstrating that LTs play an 
essential role in both the acute and chronic inflammatory response in mice [221]. 

 
Leukotriene A4 hydrolase 
Leukotriene A4 hydrolase (LTA4H) catalyzes the hydrolysis of the unstable epoxide 
intermediate LTA4 into LTB4. It is widely distributed in most tissues and cells. Among 
hematopoietic cells, LTA4H is detected in neutrophils [222], monocytes [223], 
lymphocytes [224], mast cells [225] and erythrocytes [226], whereas eosinophils have 
low levels [222, 227] and basophils [228] and platelets [229] seem to lack LTA4H. It 
resides in the cytosol, although nuclear localization has also been reported [230, 231]. 
In addition, LTA4H activity has been detected in blood plasma and bronchoalveolar 
lavage fluid [232, 233]. 

The cDNAs encoding the human, mouse, rat, and guinea pig enzymes have been 
cloned and sequenced. They all contain 610 amino acids (initial Met excluded) with a 
calculated molecular mass of 69 kDa [234-236]. The amino acid sequences are highly 
conserved and exhibit >90% identity among these species. LTA4H is a monomeric 
enzyme, contains one zinc atom which is essential for the catalytic function of the 
enzyme [237, 238]. The crystal structure of LTA4H in complex with the inhibitor 
bestatin has been solved. The protein is folded into three domains: N-terminal, catalytic, 
and C-terminal, which together form a deep cleft harboring the zinc site [239]. His-295, 
His-299, and Glu-318 were identified as the three zinc-binding ligands by site-directed 
mutagenesis combined with metal analysis [238, 240]. In addition to its epoxide 
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hydrolase activity, LTA4H also possesses an aminopeptidase activity, which cleaves 
the N-terminal arginine moiety of tripeptides such as Arg-Gly-Asp, Arg-Gly-Gly and 
Arg-His-Phe [241]. However, no natural substrate for the peptidase activity has been 
identified [242, 243]. Biochemical studies and mutational analysis suggest that the two 
enzyme activities of LTA4H are exerted via distinct and yet overlapping active sites, 
with the zinc atom necessary for both catalyses. Both enzyme activities of LTA4H are 
subject to covalent modification and inactivation by LTA4, LTA4 methyl ester and the 
structural isomers LTA3 and LTA5, a process commonly referred to as suicide 
inactivation [244-246]. Mutagenic studies identified Tyr-378 as the LTA4-binding 
amino acid during inactivation and mutation of this residue abolished the suicide-
inactivation [247]. The peptidase activity of LTA4H is stimulated by albumin and 
several monovalent anions, such as thiocyanate, chloride and bromide, meanwhile the 
epoxide hydrolase activity remains unaffected [248, 249]. Moreover, phosphorylation 
of Ser-415 has been reported to inhibit the epoxide hydrolase activity but not the 
aminopeptidase activity [250, 251]. 

The gene encoding human LTA4H is localized to chromosome 12q22 [252]. It 
spans over 35 kbp and is divided into 19 exons ranging in size over 24-312 bp. The 
putative promotor region (approx. 4 kbp) contains no TATA box but several putative 
cis-elements including a phorbol-ester-response element (AP2) and two xenobiotic-
response elements (XREs) [252]. Recently, studies of primary effusion lymphoma 
(PEL) cells, a B cell originated lymphoma, have identified a regulatory site in the 5’ 
upstream region of the gene that is responsible for the observed up-regulation of 
LTA4H in PEL, however, the binding factor is yet to be identified [253]. 

Very little is known about the cellular regulation of LTA4H. IL-4 and IL-13 have 
been shown to increase mRNA expression and protein synthesis of LTA4H in human 
polymorphonuclear leukocytes [254]. However, another study demonstrated that INF-
γ increased LTA4H mRNA expression, whereas IL-4 and IL-13 reduced LTA4H 
mRNA expression in monocytes [255]. 

LTA4H-/- mice have been generated by gene disruption [256]. A comparison of 
the phenotype of these mice with that of 5-LO-/- mice allowed a delineation of the 
relative contributions of LTB4 and cys-LTs to specific inflammatory responses. Thus, 
LTB4 is responsible for the characteristic influx of neutrophils accompanying topical 
AA administration and contributes to the vascular changes seen in this model. In 
contrast, LTB4 influences only the cellular component of zymosan A-induced 
peritonitis whereas LTC4 appears to be responsible for the plasma protein 
extravasation. Furthermore, LTA4H-/- mice are resistant to PAF-induced letal shock, 
identifying LTB4 as a key mediator of this reaction [256]. 

Several inhibitors of LTA4H have been reported over the past 15-20 years [257]. 
Early inhibitors were based on the structure of the natural substrate LTA4. Later 
approaches utilized known inhibitors of related zinc-containing metalloproteinases and 
led to the identification of captopril, bestatin and kelatorphan as potent inhibitors of 
LTA4H [258]. This led to the design of a number of peptide and non-peptide analogues 
that contain potential zinc-chelating moieties, including thiols, hydroxamates and 
norstatines [259]. An amino hydroxamic acid inhibitor developed by our group exhibits 
an IC50 value of 0.15 μM for the epoxide hydrolase activity and 0.01μM for the 
aminopeptidase activity. This compound is a potent inhibitor of LTB4 synthesis in 
polymorphonuclear leukocytes stimulated with the inonophore A23187 with a IC50 ≈ 
0.3 μM, and was selective for LTA4H without inhibiting 5-LO [260]. 

 
Leukotriene C4 synthase 
Leukotriene C4 synthase (LTC4S) conjugates LTA4 with glutathione to form LTC4, the 
parent compound of cys-LTs. LTC4S is found in various cells of hematopoietic origin, 
specifically eosinophils, basophils, mast cells, macrophage/monocytes, and platelets 
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[261-264]. The subcellular localization of LTC4S has been determined to be in the 
outer, but not inner, nuclear membrane and peripheral endoplasmic reticulum [265].  

LTC4S is an 18 kDa integral membrane protein that initially was reported to 
function as a non-covalent homodimer [266, 267]. LTC4S exhibits 31% overall amino 
acid identity with FLAP and in fact, recent work has demonstrated that LTC4S is 
organized as a heterotrimer together with FLAP [213]. Peptide structural analysis of 
LTC4S predicts the presence of three transmembrane domains nearly superimposable 
on those of FLAP. Moreover, LTC4S is inhibitable by the FLAP inhibitor, MK-886 
[268]. Site-directed mutagenesis of LTC4S suggested that the conserved Arg-51 and 
Tyr-93 are involved in acid and base catalysis, respectively [269]. The enzymatic 
activity of LTC4S is stimulated by phosphatidylcholine and Mg2+, and is inhibited by 
Co2+ [270]. GSH is needed for maintaining the enzyme stability [270]. LTC4S contains 
two potential PKC phosphorylation sites, the phosphorylation of which appears cell-
specific and reduces LTC4S activity [271, 272]. 

The gene for LTC4S is localized to chromosome 5q35, which is in close 
proximity to the cluster of genes for cytokines and receptors involved in the 
regulation of cells central to allergic inflammation and implicated in bronchial asthma 
[273]. The LTC4S gene contains five exons (ranging from 71 to 257 bp in length) and 
four introns, which in total span 2.52 kbp in length. The intron/exon junctions and 
gene orgnization of LTC4 synthase align identically with those of FLAP. The 
promotor region is GC-rich, does not contain a TATA or CAAT box but does reveal 
DNA binding motifs for transcription factors such as SP-1, AP-1 and AP-2 [274]. An 
SP-1 site and a putative initiator element have been implied to be involved in non-cell-
specific expression, whereas a Kruppel-like transcription factor and SP-1 mediate cell-
specific regulation of LTC4S gene expression [275]. An A-C polymorphism at 
nucleotide –444 was reported to confer an increased capacity for cys-LT synthesis in 
eosinophils [276], and is associated with the phenotype of asthma in several 
populations [277-279]. However, the association was not observed in other populations 
[278, 280-282]. A recent report suggested a novel single-nucleotide substitution, Glu 4 
Lys, in the first exon of the LTC4S gene might be associated with allergic diseases 
[283]. 

Increased expression of LTC4S, as determined by immunostaining, was observed 
in bronchial biopsies from patients with aspirin-intolerant asthma [284]. Regulatory 
effects of cytokines on the LTC4S gene have been addressed in several in vitro studies 
[285-287]. IL-4 triggered a profound induction of LTC4S in human mast cells, derived 
from cord blood progenitors with SCF and IL-6 [287]. TGF-β increased LTC4S 
expression at a transcriptional level in the monocyte-like cell line, THP-1[286]. 

LTC4S-/- mice were generated by targeted gene-disruption [288]. The bone 
marrow-derived mast cells (BMMCs) from LTC4S -/- mice produce no LTC4 in 
response to IgE-dependent activation, whereas the production of LTB4, PGD2 and 5-
HETE is normal. In in vivo inflammatory models, development of IgE-induced passive 
cutaneous anaphylaxis in the ear as well as zymosan A-induced peritoneal plasma 
extravasation are significantly impaired in LTC4S -/- mice [288]. LTC4S -/- mice also 
exhibited markedly attenuated antigen-induced pulmonary inflammation with reduced 
IgE secretion and Th2 cytokine production, suggesting a role for cys-LTs in regulating 
the Th2 cell-dependent pulmonary inflammation [289]. 

 Interestingly, two case studies in human new-borns suggested a link between 
LTC4S deficiency and a fatal neurological disorder [290, 291]. 

 
Leukotriene Signal Transducers - The Receptors 
LTs exert their biological effects through G-protein coupled receptors (GPCRs). So far, 
four LT-activated GPCRs have been characterized: two receptors for LTB4, namely 
BLT1 and BLT2;  and two receptors for cys-LTs, namely CysLT1 and CysLT2. By 
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mediating the activities of LTs, these receptors participate in both host immune 
responses and pathogenesis of inflammatory diseases in which LTs have been 
implicated. 
 
Leukotriene B4 receptors 

 
BLT1  
 
LTB4 binding sites were initially detected on human neutrophils [292, 293], and this 
binding was believed to be mediated by GPCRs [294, 295]. In 1997, a high affinity 
LTB4 receptor was cloned from retinoic acid-differentiated HL-60 cells [296]. It was 
initially named BLTR, and subsequently renamed BLT1 when a second LTBB4 receptor 
was identified. CHO cells transfected with BLT1 demonstrated LTB4-induced increases 
in intracellular calcium [Ca2+]i concentration and chemotactic responses [296]. Human 
BLT1 protein consists of 352 amino acids with an approximate MW of 43 kDa. Amino 
acid sequence analysis shows the presence of seven hydrophobic transmembrane 
(7TM) domains common to GPCRs [297, 298]. So far, BLT1 from human, mice [299], 
guinea-pig [300, 301] and rat [302] have been isolated and characterized. BLT1 shares 
70% amino acid identity among four species, and low homology to the other known 
GPCR families. Two possible N-glycosylation sites and several possible sites of 
phosphorylation by protein kinase C were well conserved among these four species 
[303]. Human BLT

 
 

  
1 is highly expressed on peripheral blood leukocytes. Lower levels 

of expression were detected in spleen, thymus, bone marrow, lymph nodes, heart, 
skeletal muscle, brain, and liver [296, 298, 304]. 

 The binding constant (Kd) for LTB4 in COS-7 cells expressing BLT1 was reported 
to be 1.1 nM. When examined in a competition assay using various eicosanoids, LTB4 
was the most effective ligand in inhibiting binding of  [3H] LTB4, followed by 20-OH-
LTB4, 12(R)-HETE and 20-COOH-LTB4 [296]. 

 The gene encoding human BLT1 is located on chromosome 14q11.2-q12 and spans 
about 5.5 kbp [305]. The BLT1 gene consists of three exons, and the ORF is in the exon 
3. No TATA or CAAT motifs are present around the transcription initiation sites 
upstream from BLT1, but the region does have a high GC content. A search for binding 
sites for transcription factors revealed consensus sequences for NF- B, USF, AP-1, AP-
4, and Sp1. Site directed mutagenesis experiments indicate that Sp1 binding to the 
promoter region was required for the basal transcription of the BLT1 gene. Conversely, 
methylation at CpG sites in the promoter region appears to repress basal transcription in 
cells not expressing BLT1 [306]. 

The transcription of the BLT1 gene appears to be tightly regulated and is inducible 
by various stimuli. Mouse BLT1 transcription, which is not detectable in resting 
peritoneal cells, is dramatically induced in activated macrophages and neutrophils 
elicited into the peritoneum of mice by sodium casein injection [299]. Mouse BLT1 
transcription is induced in the RAW 264.7 macrophage cell line by IFN-γ and human 
BLT1 transcription is induced in neutrophils by dexamethasone [307, 308]. Several 
recent reports demonstrated that BLT1, although not expressed in naïve T cells, is 
induced in activated CD4+ [38] and CD8+ effector cells [39, 40, 69, 309], and BLT1(+) 
T cells are markedly increased in response to acute Epstein-Barr virus infections and 
allergic asthmatics [310], indicating that the LTB4-BLT1 pathway is involved in early 
immune system action. On the other hand, it was reported that IFN-γ, tumor necrosis 
factor-alpha (TNF-α), and LPS down-regulated BLT1 expression, whereas the anti-
inflammatory cytokine, interleukin-10, and dexamethasone up-regulated BLT1 mRNA 
expression in human monocytes [311]. Recently it was shown that in murine BMMCs, 
a stem cell factor significantly down-regulated expression of BLT1 (and BLT2) 
mRNA and inhibited their migration to LTB4 [312]. 

BLT1
-/-

 mice have been established and analyzed by two independent groups.  
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LTB4-induced calcium fluxes and chemotactic responses are not observed in elicited 
peritoneal neutrophils and macrophages of BLT1

−/− mice. Tight adhesion of leukocytes 
to the vascular endothelium, induced by LTB4 perfusion, was almost completely 
abrogated in BLT1

−/− mice [313]. BLT1
−/− mice showed reduced ear swelling induced 

by AA compared with wild-type mice, which was in agreement with the histological 
finding that neutrophil infiltration into the AA-treated ear was markedly reduced in 
BLT1

−/− mice [196, 256, 314]. In a bronchial asthma model, BLT1
−/− mice demonstrated 

attenuated symptoms and reduced production of Th2 cytokines [315]. Studies of animal 
models of inflammatory arthritis showed that neutrophil expression of BLT1 was 
absolutely required for arthritis generation and chemokine production [316], and 
BLT1

−/− animals showed complete protection from disease development [317]. 
Conversely, in a transgenic mouse overexpressing BLT1, enhanced neutrophil 
accumulation and injury were observed in an ischemia reperfusion model [318]. 
Studies using BLT1

−/− mice on an apoE-/- background also showed protective effects 
against atherogenesis [319, 320]. 

   
BLT2  

Pharmacological studies have suggested that in addition to the presence of a high-
affinity receptor, a second, low-affinity LTB4 receptor is also present on human 
neutrophils [321]. The second seven transmembrane spanning G- protein coupled LTB4 
receptor was identified and named as BLT2 [322].  Human BLT2 is structurally similar 
to BLT1 with 45% amino acid identity. However, the tissue distributions of BLT1 and 
BLT2 are quite different. While human and mouse BLT1 are expressed primarily in 
leukocytes, human BLT2 is expressed more ubiquitously in most human tissues, with 
high expression in spleen, leukocytes, ovary and liver [322-325], and mouse BLT2 is 
expressed highly in small intestine and skin [326].  

   The membrane fraction of HEK 293 cells stably expressing the BLT2 exhibited a 
binding constant (Kd) for LTB4 of 22.7 nM, approximately 20-fold higher than that for 
BLT1 [322]. BLT2 binds LTB4 with significantly less specificity than BLT1. Several 
eicosanoids other than LTB4, including 12(S)- HETE, 12(S)-HPETE and 15(S)- HETE 
compete with LTB4 binding in a dose-dependent manner to membrane fractions of 
CHO cells expressing human BLT2, but not human BLT1 [327]. 

The two LTB4 receptor genes form a cluster in both the human and mouse genomes 
[305, 322]. The ORF of human BLT2 overlaps the BLT1 gene promoter, suggesting a 
complex regulatory system for gene transcription [322]. The ORF of human and mouse 
BLT2 encode proteins of 358 and 360 amino acids, respectively. BLT2 is extremely 
well conserved between human and mouse, with 92.7% amino acid identity, which 
possibly indicates conservation of an important gene through the evolutionary stages 
[322, 328]. 
 
Multiple LTB4 receptor antagonists have been developed. Some of them are reported as 
BLT1 specific such as CP105696 [329] and U-75302 [330], while LY255283 competes 
with LTB4 binding to human BLT2 but not human BLT1 [331]. ZK158252, ONO4057 
[332] and CP195543 [333] compete with LTB4 binding to both receptors [322, 327]. 

 
Cytoplasmic signaling cascades of BLT receptors 
 
GPCRs constitute the largest superfamily of membrane-spanning receptors. 
Heterotrimeric G-proteins, consisting of α, β, and γ subunits, interact selectively with 
the cytoplasmic face of agonist-occupied receptors. The Gα subunit in its inactive 
GDP-bound state is stimulated by active GPCRs to release GDP and subsequently bind 
GTP, resulting in activation and dissociation of the heterotrimer into α and βγ 
constituents. Both G protein components are subsequently capable of activating 
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downstream effectors. The Gα subunits have been divided into four families (1) the Gs 
subfamily that stimulates adenylyl cyclase; (2) the Gi subfamily that inhibits adenylyl 
cyclase; (3) the Gq/11 subfamily that activates phospholipase C; and (4) the G12/13 
subfamily that activates the Na+/H+ exchanger pathway. Depending on the subtype(s) 
of the G protein α subunit that a given GPCR interacts with, a single or a combination 
of effectors can be activated [334]. Pertussis toxin (PTX) can block the inhibition of 
adenylate cyclase by catalyzing the covalent modification of Gi, leaving the enzyme in 
its activated state. 

LTB4-induced chemotaxis of CHO cells stably transfected with either human BLT1 
or human BLT2 is completely abolished by PTX, suggesting that chemotactic responses 
directed by both receptors involve Gi subunit signaling. In contrast, increases in 
intracellular calcium induced by LTB4 in CHO cells transfected with human BLT1 and 
BLT2 are only partially blocked by PTX, indicating that calcium responses directed by 
the two receptors are mediated by both PTX-sensitive and PTX-insensitive G proteins 
in CHO cells [296, 322]. In human leukocytes, LTB4-induced calcium mobilization, 
chemotactic migration and lysosomal enzyme release are largely PTX-sensitive [335], 
while LTB4-induced increases in intracellular calcium concentration is PTX-insensitive 
in human umbilical vein endothelial cells (HUVEC) [35]. Both LTB4 receptors also 
mediate inhibition of forskolin-induced adenylyl cyclase activity. PTX blocked 80% of 
the LTB4-induced inhibition of forskolin-induced adenylyl cyclase activity in human 
BLT1 transfected CHO cells, but the same effect was negligible in human BLT2 
transfected CHO cells. These results indicated that BLT2 uses PTX-insensitive G 
proteins [322, 336]. However, the inhibitory effect of LTB4 on adenylyl cyclase through 
mouse BLT2 was completely blocked by PTX pretreatment, suggesting the 
involvement of PTX-sensitive G-proteins in BLT2-mediated adenylate cyclase 
inhibition [326]. Taken together, these results suggest that the LTB4 receptors couple to 
different types of G proteins in a cell specific manner. 

 
PPAR-α 
 
The peroxisome proliferator-activated receptors (PPARs) are a group of transcription 
factors that regulate gene expression of enzymes associated with lipid homeostasis, 
including fatty acid degradation [337]. Transcriptional regulation by PPARs is achieved 
through PPAR-RXR (where RXR is the receptor for 9-cis-retinoic acid) heterodimers 
which bind to DNA motifs termed PPAR-response elements (PPREs) in the promoters 
of their target genes [338]. PPAR-α is primarily expressed in tissues with a high fatty 
acid catabolism, including the liver and the immune system [339]. LTB4 has been 
shown to be a natural ligand and activator of PPAR-α. Activation of PPAR-α results in 
the induction of genes involved in the fatty acid oxidation pathways that degrade fatty 
acids and fatty acid derivatives like LTB4 [340]. In a mouse ear swelling test, PPAR-/- 
mice exhibit a prolonged inflammatory response when induced by LTB4 or AA, but not 
phorbol ester [340].   

At the site of inflammation, the levels and degradation rate of LTB4 may determine 
the extent and duration of an inflammatory response. Catabolism of LTB4 occurs 
primarily in cells of the immune system at the site of inflammation [341] and also in 
hepatocytes. The liver is the principle organ for clearance of LTB4 from the blood 
circulation [342]. Direct interaction between PPAR-α and LTB4, which results in 
induction of enzymes for catabolism of LTB4, may represent a feedback mechanism 
that controls the duration of inflammatory responses. 
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Cysteinyl-leukotriene receptors 
 

CysLT1 
 
Early pharmacologic profiling studies of mammalian tissues predicted the existence of 
at least two types of receptors for the cys-LTs [71, 343]. Subsequently, CysLT1 was 
cloned from human [344, 345] and mouse [346, 347]. The human CysLT1 receptor 
contains 337 amino acid residues with a calculated molecular mass of 38 kDa. Mouse 
CysLT1 is composed of 339 amino acids with 87.3% identity to its human orthologue. 
Human CysLT1 possesses four potential N-glycosylation sites in the extracellular N-
tail and in the second and third extracellular loop in addition to many potential protein 
kinase A and C phosphorylation sites, mostly located in the third intracellular loop 
and carboxyl terminal [344]. 

The preferred ligands for CysLT1 are LTD4 followed by LTC4 and LTE4 with the 
corresponding EC50 values 2.5 nM, 24 nM, and 240 nM, respectively as judged from 
calcium mobilization assays in HEK-293 cells transfected with human CysLT1[345].  

Northern analysis demonstrated that the human CysLT1 receptor is expressed 
highly in spleen and peripheral blood leukocytes and less strongly in lung, small 
intestine, pancreas and placenta [344, 345, 348]. In situ hybridization analysis of human 
lung indicated CysLT1 mRNA expression in the smooth muscle cells as well as in 
interstitial lung macrophages [344]. Immunohistochemical analysis of peripheral blood 
leukocytes showed the presence of CysLT1 in eosinophils and monocytes, as well as in 
CD34+ haematopoietic progenitor cells [349].  

The gene of human CysLT1 has been mapped to chromosome X (Xq13-Xq21) 
[344]. It consists of five exons variably spliced and a single promoter region with 
multiple transcription start sites. The promotor region is TATA-less and contains 
several binding sites for transcription factors, such as AP-1 and GATA. There are two 
STAT6 consensus response elements in the promoter [348]. It has been reported that 
human CysLT1 receptor expression could be upregulated by priming cells with Th2- 
like cytokines, i.e. IL-5 in eosinophil-differentiated HL-60 cells [350], and IL-4 and IL-
13 in monocytes and macrophages [351]. The IL-4 upregulated expression of CysLT1 
in THP-1 cells is through the STAT6 response element localized to the proximal 
promoter region [348]. Conversely, a recent study has shown that maturation of 
dendritic cells with LPS reduced CysLT1 receptor expression by 50%  [352].  

CysLT1
-/- mice develop normally, but the macrophages from CysLT1

-/- mice did 
not respond to either LTD4 or LTC4. Plasma protein extravasation, but not neutrophil 
infiltration, was significantly reduced in these mice when subjected to zymosan A-
induced peritoneal inflammation and IgE-mediated passive cutaneous anaphylaxis 
[353]. Transgenic mice that overexpress the human CysLT1 receptor in airway 
smooth muscle cells have been generated. Allergy sensitization- and challenge-
induced increases in airway responsiveness were significantly greater in transgenic 
mice than that of nontransgenic mice, indicating that human CysLT1 signaling 
contributes to a hypercontractile state of the airway smooth muscle [354]. 

Many pharmaceutical companies have developed a number of different CysLT1 
antagonists of different potencies and specificities, such as MK-0476 (montelukast / 
Singulair®) [355], ICI 204,219 (zafirlukast /Accolate®) [356], SKF104,353 
(pobilukast) [357], ONO 1087 (pranlukast /Onon®), MK-571 [358], and BAYu9773 
[359].  Several CysLT1 antagonists have been marketed as anti-asthma medications 
[355, 356, 360]. 

 
CysLT2

The CysLT2 receptor has been cloned and characterized from human [361, 362] and 
mouse [363, 364]. Human CysLT2 cDNA encodes a protein of 346 amino acids with 
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38% identity to the human CysLT1 [362], the mouse CysLT2 cDNA is 74% identical to 
human orthologue, and is shown to be truncated at both ends in comparison to the 
human ortholog and encode a protein consisting of 309 amino acids, with a molecular 
mass of  35.3 kDa  [363].  

CysLT2 receptor was found to be abundantly expressed in human heart, adrenal 
gland, peripheral blood leukocytes, spleen and lymph nodes with weaker expression 
throughout the CNS [361, 362, 365].   

Functional activation assay in HEK293 cells transiently expressing the receptor 
has demonstrated that LTD4 and LTC4 are equipotent agonists with EC50 of 104 nM 
and 67 nM, respectively, whereas LTE4 behaves as a partial agonist [362]. The 
binding can be antagonized by BAY u9773, but not selective CysLT1 antagonists 
MK-571, montelukast, zafirlukast, or pranlukast [362, 365]. 

The human CysLT  receptor gene is located on chromosome 13q14 in a region that 
has been identified by several groups as a polygenic asthma linkage [366]. An 
association between polymorphisms in the human CysLT  receptor gene and 
susceptibility to asthma has been demonstrated in several populations [367-369].

2

2
 The 

expression level of the human CysLT2 receptor appears to be upregulated by the IL-4 in 
endothelial cells and mast cells [370, 371]. Upregulation of human CysLT2 by IFN-γ 
has also been reported on eosinophils in asthmatic patients [372] 

CysLT2
-/- mice has been generated by targeted gene disruption [373]. The increased 

vascular permeability associated with IgE-dependent passive cutaneous anaphylaxis 
and alveolar septal thickening after an intratracheal injection of bleomycin was 
significantly reduced in CysLT  mice, whereas the plasma protein extravasation in 
response to zymosan A-induced peritoneal inflammation was not altered, indicating 
that the CysLT  receptor can mediate chronic pulmonary inflammation with fibrosis 
[374]. A

2
-/-

2
n endothelial cell-specific human CysLT2 transgenic (TG) mouse has 

demonstrated augmented vascular permeability and reduced pressor responses to 
CysLTs [375]. 

 
Cytoplasmic signaling cascades of CysLT receptors 

In Xenopus oocytes transfected with human CysLT1 receptor, cys-LT-mediated 
calcium flux is resistant to treatment with PTX, suggesting limited involvement of Gi-
linked signaling routes and rather a Gq-linked pathway [344, 345]. In the human 
monocytic THP-1 cell, there are at least two signaling pathways activated by CysLT1, a 

PTX-insensitive pathway leading to activation of MAPK via protein kinase C, and a 
PTX-sensitive chemotactic response pathway [376]. In human airway smooth muscle 
cells, LTD4 stimulated cell proliferation is mediated via CysLT1-Gi coupling that 
triggers the transactivation of the EGF-R through the intervention of PI3K and ROS, 
followed by the classical Ras-ERK1/2 signaling pathway [377]. In HUVECs, LTD4-
dependent ERK1/2 phosphorylation was partially inhibited by PTX, indicating 
participation of Gi-coupling in CysLT2 signaling [378]. The inhibition of CysLT2-
dependent IL-8 secretion via p38 phosphorylation in hMCs is PTX-resistant, suggesting 
that the two CysLT receptors couple to different MAPK signaling cascades in hMCs 
[371]. Collectively, data from different studies have clearly revealed heterogeneity of 
coupling for LT receptors as already demonstrated for many other GPCRs, in particular 
when comparing natural and recombinant systems [379]. 
 
Over the years, a number of investigators have reported data suggesting the presence of 
additional CysLT receptor subtypes in human tissues. For example, the contractile 
response of human pulmonary artery to cys-LTs was resistant to the CysLT1 antagonist 
MK-571 and to the dual CysLT1/2 antagonist BAY u9773 [380, 381]. Ligand binding 
studies indicated the existence of a specific LTC4-binding site in human lung 
parenchyma distinct from that of LTD4 [382], and the most advanced CysLT1 
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antagonists displayed a different behavior toward LTC4 and LTD4 [383]. Interestingly, 
a very recent study identified an orphan receptor GPR17 as a new dual uracil 
nucleotides/cys-LT receptor. This receptor is highly expressed in brain, heart and 
kidney, and has been suggested to mediate nucleotides and cys-LTs induced ischemia 
damage of these organs [384]. 

  
Leukotrienes: Emerging Roles in Cardiovascular Diseases 
Cardiovascular disease (CVD), such as atherosclerosis, myocardial infarction (MI) and 
stroke, is the leading cause of mortality worldwide [385]. Atherosclerosis is now 
recognized as an inflammatory disease [386]. It starts with retention of lipoproteins and 
accumulation of monocytes in subendothelial spaces, where the monocytes take up the 
lipoproteins and develop into lipid-laden macrophages (foam cells), leading to the 
formation of the early lesion called fatty-streak. Fatty streaks are not clinically 
significant, but they are the precursors of more advanced lesions called “plaque” or 
“atheroma” that are characterized by a lipid-rich “necrotic core” enclosed by a fibrous 
cap. Complex interactions between the resident endothelial cells and smooth muscle 
cells, the infiltrating monocytes/macrophages, and lymphocytes determine the 
progression of the plaque lesions. Although advanced lesions can grow sufficiently 
large to block blood flow, the most important clinical complication is the formation of a 
thrombus due to the rupture or erosion of the lesion, which leads to an acute occlusion 
of the blood flow and ultimately results in myocardial infarction or stroke [386] (fig 2).  

The cardiovascular actions of LTs have been reported more than 20 years ago, 
when several studies demonstrated that LTs could enhance vascular permeability at the 
level of postcapillary venules, increase plasma leakage [75], induce coronary 
vasoconstriction, and reduce coronary blood flow, myocardial contractility and 
cardiac output [76, 387]. However, LTs have not been perceived as promoters of 
CVD until recently, emerging evidence from genetic, biological and pharmacological 
studies have re-directed attention to the leukotriene pathway in CVD, especially 
atherosclerosis. 

In 2002, a genetic study identified 5-lipoxygenase as a major gene contributing to 
atherosclerosis susceptibility in mice and removal of only one 5-LO allele in mice 
lacking the LDL receptor conferred a dramatic protection against atherosclerotic 
plaque formation [388]. Later, several human genetic studies correlated genetic 
polymorphisms of the 5-LO pathway proteins with relative risks for atherosclerosis, 
myocardial infarction and stroke. In the first study, Dwyer et al. demonstrated that 
polymorphism in the 5-LO promoter is related to an increased risk for atherosclerosis 
in humans [389]. In the second study, Helgadottir et al. showed that the gene 
encoding FLAP is associated with an increased risk for stroke and myocardial 
infarction [390], and a very recent study by the same group found that a variant of the 
gene encoding LTA4H confers ethnicity-specific risk of myocardial infarction [391]. 

Gene expression studies have detected the expression of LT biosynthetic enzymes 
and the LT receptors in arterial walls of patients afflicted with various lesion stages of 
atherosclerosis [392]. Furthermore, LTs were found to upregulate other genes that 
had clearly established roles in the development and progression of atherosclerosis. 
LTB4 could induce fatty acid translocase/CD36, which is a specific receptor for 
oxidized LDL and converts monocytes to foam cells; CCL2/MCP-1, which is a well-
known monocyte chemoattractant; colony stimulating factor (CSF-1), a stimulator for 
macrophage proliferation, and osteopontin, a crucial mediator in promoting 
calcification of vascular lesions [319].  

Pharmacological studies demonstrated that treatment of LDLR–/– and apoE –/– mice 
with a BLT1 antagonist significantly inhibits atherosclerotic plaque formation and 
reduces monocyte infiltration of the lesions [67]. Inhibition of FLAP by MK-886 
reduces development of atherosclerosis in apoE–/– x LDLR–/– mice [393]. In a 
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randomized human trial, in patients with specific at-risk variants of FLAP and 
LTA4H genes, an inhibitor of FLAP DG-031 led to significant and dose-dependent 
suppression of biomarkers that are associated with increased risk of MI events [394].  

Gene disruption studies showed that deletion of BLT1 from the apoE–/– murine 
genome significantly reduced smooth muscle cell recruitment and attenuated the 
initial pathogenesis of atherosclerosis [319, 395]. ApoE-/-/5LO-/- mice showed greatly 
reduced aortic aneurysm incidence [396].  

Hence, an intriguing connection between LTs and atherosclerosis has emerged. 
However, to answer the question regarding the validity of the LT atherosclerosis 
hypothesis, more comprehensive studies of the roles of LTs in vascular wall 
inflammation are needed.  
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AIMS OF THE PRESENT STUDIES 
 
The general aim of the present thesis was to study the biosynthesis and signaling of LTs 
in the blood vessel wall to better define the potential impact of LTs/LT receptor 
interaction on the pathogenesis of cardiovascular diseases, and specific objectives were: 
 

• To identify and characterize the expression profile of LT receptors in vascular 
endothelial cells and their functional regulation during inflammation 

 
• To study the expression of LT biosynthesis and signaling proteins in 

atherosclerotic lesions and their possible correlation with plaque instability  
 

• To explore the possible involvement of LTs in infection induced vascular 
inflammation 
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METHODOLOGY 
 
The methods used in this thesis are listed below as a reference to the papers in which 
they appear, where a detailed description of the method can be found. 
 

Method Paper 
Cell culturing (HUVEC, HPASMC) 
RT-PCR 
Real-time RT-PCR 
Western blot 
Calcium mobilization 
Immunohistochemistry staining 
HPLC-EIA 

I, II, IV 
I, II, III, IV 
I, III, IV 
II 
I, II 
III, IV 
III, IV 
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RESULTS AND DISCUSSION 
 
1. Expression and Regulation of LT Receptors in HUVECs (Paper I & II) 
In these studies, we used semi-quantitative reverse transcription-polymerase chain 
reaction (RT-PCR) and Western blot to assess the mRNA and protein expression of the 
LT receptors in human umbilical vein endothelial cells (HUVECs), and their regulation 
by inflammatory stimuli including LPS, IL-1β and TNF-α. Mobilization of cytosolic 
calcium, [Ca2+]i, was monitored to detect the functional activity of the receptors.  
 
1.1. CysLT2 is the dominant functional CysLT receptor in HUVECs (paper I) 

RT-PCR experiments demonstrated that HUVECs express CysLT2 mRNA in vast 
excess (>4000 fold) of CysLT1 mRNA. Stimulation of HUVECs with either LTC4 or 
LTD4 (100 nmol/L) elicited a Ca2+ response that peaked after ~5 to 10 seconds and 
lasted for nearly 1 minute. The two ligands were almost equipotent, in agreement with 
the typical ligand specificity of the CysLT2 (LTC4≈LTD4) [361, 362, 365]. In addition, 
the dual CysLT1/2 antagonist BAYu9773, which is also a selective agonist for CysLT2 
[361], invoked a Ca2+ response of similar magnitude as LTC4 and LTD4, and 
preincubation with BAYu9773 completely inhibited subsequent LTD4- or LTC4- 
induced Ca2+ response. In contrast, the CysLT1 specific antagonist MK-571 afforded a 
very weak, if any, inhibition of LTD4- or LTC4-induced Ca2+ response. These results 
strongly suggest that CysLT2 is the major functional receptor for CysLTs in HUVECs.  

The potential regulation of expression of CysLT2 mRNA during inflammation was 
evaluated by stimulating the HUVECs with LPS, IL-1β and TNF-α. Treatment of 
HUVECs with these agents led to rapid suppression of CysLT2 mRNA to levels 
corresponding to 30% to 60% of control within 30 to 60 min. The effects of LPS were 
reversible, whereas those of IL-1β and TNF-α persisted after 120 min, with mRNA 
levels 20% and 40%, respectively, below those of controls. Hence, our data suggested 
that expression of CysLT2 in HUVECs was suppressed by these cytokines. 
 
1.2. Potential roles of CysLT2 in endothelium pathophysiology 

Endothelial cells (ECs) are located at the interface between the circulation and the 
vascular wall, where they become exposed to leukocyte- and platelet-derived LTs. In 
addition, LTs could also be generated in substantial quantities via the mechanism 
termed transcellular biosynthesis whereby leukocyte-derived LTA4 can be exported 
and further converted into LTB4 or LTC4 by another cell type (erythrocytes, 
endothelial cells, mast cells or platelets) by cell-cell interactions [397-400].  

The CysLT2 receptor is abundantly expressed in human heart [361], and in situ 
hybridization has detected expression of CysLT2 in endothelial cells in mouse heart 
[363].  Our data demonstrate that the dominant functional CysLT receptor in HUVECs 
is CysLT2, consistent with studies reported by others that cys-LTs cause calcium 
elevations in cultured HUVECs [370, 401], suggesting potential involvement of 
CysLT2 receptor mediated signaling in cardiovascular events.   

Previous studies have shown that cys-LTs can trigger several functional responses 
in endothelial cells, such as expression of P-selectin, secretion of von Willebrand 
factor, and synthesis of PAF [402-404]. A recent study demonstrated that stimulation of 
HUVECs with LTD4 strongly induces generation of early growth response protein 
(Egr-1), E-selectin, CXC ligand 2, IL-8 and tissue factor (TF), which result in a 
proinflammatory EC phenotype [378]. Intravital microscopy study of a murine brain 
inflammation model suggested a CysLT2 receptor mediated effect of promoting firm 
adhesion of neutrophils to cerebral vessels and induction of cerebral edema [405]. An 
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endothelial cell–specific human CysLT2R (EC-hCysLT2R) transgenic (TG) mouse 
model demonstrated augmented vascular permeability and reduced pressor responses to 
cys-LTs [375].  

Taken together, these results strongly suggest that via the CysLT2 receptor, cys-LTs 
can induce profound effects in endothelial cells that may result in hemodynamic and 
microcirculatory pathophysiological changes in the vasculature. 

It should be noted, however, that various cell stimuli might change the expression 
profile of CysLT receptors in EC [370]. In our study we have found that stimulation of 
HUVEC by LPS, IL-1β or TNF-α, for up to two hrs, downregulated the CysLT2 
mRNA expression, in contrast to the report about upregulattion of CysLT1 mRNA by 
IL-1β after 24h [406].  

 
1.3. BLT receptors are differentially induced by inflammatory stimuli in 

HUVECs (paper II) 

Using semiquantitive RT-PCR and Western blot, we show that HUVECs express both 
BLT1 and BLT2 mRNA as well as BLT1 receptor protein (BLT2 receptor protein was 
not analyzed due to lack of a specific antibody), but their signaling capacity appear to 
be low or absent. However, treatment of the HUVECs with LPS and certain cytokines 
leads to differential induction of BLT receptors in a time-dependent manner, which 
renders HUVEC responsive to LTB4. 
 
1.3.1. Induction effects of LPS 

When HUVECs were treated with LPS (100 ng/ml), the BLT1 mRNA was upregulated 
12 times within 1 h. The effect persisted at the same level after 2 hrs. In contrast, LPS 
did not have any significant impact on the BLT2 mRNA level. As assessed by Western 
blot, BLT1 protein was increased 3 times after 1 h with LPS treatment and remained 
elevated during at least 6 hrs. When the functional consequences of receptor activation 
were assessed by Ca2+ mobilization experiments, it was found that in quiescent cells, no 
or minimal changes in the levels of [Ca2+]i could be detected after stimulation with 
LTB4 (100 nM). However, when HUVECs were pretreated with LPS for 3 hrs, LTB4 
induced a clear increase of [Ca2+]i (~175 nM). The addition of the BLT1 selective 
antagonist CP105696 (1 μM) prior to adding LTB4 completely abolished the response. 
 
1.3.2. Induction effects of TNFα and IL-1β 

Treatment of HUVECs with TNF-α (100 ng/ml) led to a rapid increase of BLT2 
mRNA, which were ~5 times the control after 30 min and increased further to ~6 times 
after 1 h. The effect persisted at the same level after 2 hrs. TNF-α treatment also led to 
a weak increase of BLT1 mRNA, which did not lead to a significant increase in the 
amounts of BLT1 protein as assessed by Western blot. Ca2+ mobilization experiments 
showed that when HUVECs were pretreated with TNF-α, LTBB4 (100 nM) induced a 
rapid mobilization of [Ca ]2+

i. This effect was completely blocked by addition of a 
selective BLT2 antagonist, LY-255283 (1 μM), suggesting that TNF-α primarily turns 
on the BLT2 receptor on HUVECs.  
 
Treatment of HUVECs with IL-1β (5U/ml) increased the levels of both BLT1 and BLT2 
mRNA in a variable fashion, both with respect to the degree of increase and the time 
course. Over a large series of experiments (n=10), treatment with IL-1β increased 
mRNA levels of BLT1 and BLT2 ~2.5-7 and 4-12 times, respectively. The mRNA 
levels peaked after ~10-60 min, but very early responses were also observed (within 
minutes) in some experiments. In Western blot analysis, the levels of immunoreactive 
BLT1 protein were either unaltered or increased significantly after 60 and 120 min. 
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Ca2+ mobilization experiments showed that a 3h IL-1β exposure caused a 4.6- fold rise 
of the LTB4 response to ~120 nM. 
 
1.3.3. Induction effects of ligand (LTB4) 

When HUVECs were incubated with LTB4 (100 nM), BLT1 mRNA increased to ~3.2 
times compared to control after 30 min, and then gradually diminished to ~ 2.9 and 
2.1 times the control levels after 60 and 120 min respectively. In contrast, the 
amounts of BLT2 receptor mRNA gradually decreased to ~40% of the control values 
after 30min, and decreased further to 20% of the control after 120 min. Western blot 
showed a corresponding increase of BLT1 protein compared with the unstimulated 
control.  
 
1.3.4. Effects of LTB4 on nitrite generation and MCP-1 release from HUVECs 

Stimulation of HUVECs with LTB4 for 15 min leads to generation of nitrite, as 
assessed by the Griess reaction. Pretreatment of HUVEC with LPS for 3 h followed by 
stimulation with LTB4 increases the nitrite release further, indicating up-regulation of 
BLT1. Similarly, stimulation of HUVEC with LTB4 induces release of MCP-1; 
pretreatment of HUVECs with LTB4 for 3 h enhanced the subsequent LTB4-induced 
MCP-1 release, and the addition of BLT1 antagonist CP-105696 during the 
preincubation period abolished most of the response. 
 

1.4. Potential roles of LTB4 in endothelium pathophysiology  
LTB4 is a classical chemoattracting agent that also promotes leukocyte adhesion and 
diapedesis through the endothelial cell barrier, a key sequence of events during vascular 
inflammatory responses and host defense. In the normal environment of endothelial 
cells, the main source of LTB4 is leukocytes in circulation, especially neutrophils [19]. 
In addition, endothelial cells contain LTA4H, thus allowing synthesis of LTB4 via cell-
cell interactions and transcellular biosynthesis [407, 408]. Moreover, during local 
inflammation, the infiltrated leukocytes such as neutrophils and 
monocytes/macrophages in the vessel wall can also produce LTB4. It has been reported 
that LTB4 can act directly on endothelial cells to induce hyperadhesiveness of 
endothelial cells for neutrophils, an effect that appears to be mediated via increased 
activity of CD54 [34, 35]. The principal findings of our study indicate that endothelial 
cells can respond to proinflammatory stimuli such as LPS, TNF-α, IL-1β with increased 
expression of BLT receptors. The induced receptors are functionally active and capable 
of transmitting LTB4 signals via Ca2+ mobilization, which in turn may lead to a variety 
of possible down stream cellular effects including enhanced production of NO and 
MCP-1. NO is a potent vasodilator that can increase blood flow. In addition, in settings 
where vascular inflammation coincides with increased oxidant stress, such as in 
atherosclerosis, augmented NO formation could interact with superoxide to form 
peroxynitrite, followed by subsequent nitration and dysfunction of structural proteins 
with major pathological consequences [409]. MCP-1 is a powerful chemoattractant for 
monocytes and T cells, and has been shown to play an essential role in monocyte 
recruitment to the site of inflammation, as in atherosclerosis [410]. Moreover, MCP-1 
could potentially signal back to the adhering leukocytes to further stimulate LTB4 
synthesis, as has been shown for macrophages in vitro [411].  Interestingly, our data 
showed that different proinflammatory stimuli had different effects on the expression of 
the BLT receptor subtype, BLT1 and BLT2. Thus, depending on the relative abundance 
of these proinflammatory substances, the receptor composition and function will be 
tuned at the surface of endothelial cells. And the cross talk between LTB4 and MCP-1 
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could lead to an amplifying circuit of BLT receptor signaling within the vascular wall 
and thus exacerbate local inflammation. 
 
2. Expression of 5LO Pathway Proteins in Atherosclerotic Lesions: An 
Indication Linking LTs with Plaque Instability (Paper III) 
In this study, we exploited the large Biobank of Karolinska Endarterectomies (BiKE) 
collection of human atherosclerotic vascular tissues obtained from patients undergoing 
carotid endarterectomy as well as plaque tissues from two mouse models of 
atherosclerosis, namely ApoE-/- and compound ApoE-/- x LDLR-/- mice. Using real-time 
RT-PCR, immunohistochemistry staining and enzyme immunoassay (EIA), we 
examined the expression profile of key enzymes and receptors of the LT cascade in 
these human and mouse atherosclerotic lesions. 
 
2.1. Expression of 5-LO, FLAP, and LTA4H is increased and colocalized in 

human atherosclerotic lesions 

In the human carotid atherosclerotic lesions, the transcript levels of 5-LO, FLAP, and 
LTA4H were high, corresponding to a 7.5-fold, 2.7-fold and 2-fold increase relative to 
healthy controls (normal iliac arteries). In contrast, the levels of LTC4S mRNA were 
not significantly different from controls. Staining of human carotid plaque 
demonstrated prominent expression of 5-LO, FLAP, and LTA4H in intimal lesion areas 
that also stained positively for human macrophage marker CD163. The distribution of 
5-LO, FLAP, and LTA4H were very similar, indicating a high degree of coexpression 
in cells of the atherosclerotic lesions, particularly macrophages. 

Homogenates of human plaque tissue incubated with AA (80 μM) produced 
significant amounts of LTB4 (~2.2 ng/g tissue), as assessed by reverse-phase HPLC 
coupled to EIA, and this biosynthesis could be reduced by ~80% after preincubation 
with a selective, tight-binding, aminohydroxamic acid inhibitor of LTA4H. 
 
2.2. Expression of 5-LO and LTA4H mRNA correlates with recent or ongoing 

atherothrombotic events 

The mRNA levels of 5-LO, FLAP, and LTA4H in the atherosclerotic carotid plaques 
were correlated with the occurrence of the patients’ clinical symptoms. Interestingly, 
the mRNA levels of both 5-LO and LTA4H were significantly higher in patients 
reporting recent clinical events of transitory cerebral ischemic attacks, minor stroke, 
and/or amaurosis fugax. None of the mRNA levels were affected by gender, plasma 
cholesterol level, or pharmacological treatment with statins or angiotensin-converting 
enzyme inhibitors. However, the mRNA levels of FLAP were significantly increased in 
plaques from patients on treatment with warfarin. 
 
2.3. Differences exist in expression of LT pathway proteins between human and 

murine lesions 

In contrast to the prominent upregulation of 5-LO, FLAP and LTA4H in human plaque, 
the mRNA expression levels of these proteins were essentially unaltered in aortic 
plaque of ApoE-/- and ApoE-/- x LDLR-/- mice, except that an upregulation of LTA4H 
mRNA was detected in ApoE-/- x LDLR-/- mice. Immunohistochemical staining 
revealed segregated distribution of 5-LO and LTA4H protein in mouse aortic lesions, 
with the LTA4H staining exclusively located in tunica intima while the majority of 5-
LO positive cells were present in the adventitia. Moreover, analysis of mouse 
atherosclerotic aorta for LT receptors detected a 2.5-fold and a 3-fold upregulation of 
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CysLT1 mRNA in ApoE-/- and ApoE-/- x LDLR-/- mice respectively, compared with 
normal control mice. In addition, a 3-fold increase of the CysLT2 mRNA level was 
observed in ApoE-/- mice. Immunostaining of mouse tissues detected CysLT1 protein 
colocalized with CD68 in intimal lesions. 
 
2.4. Potential involvement of LTB4 in atherogenesis and plaque instability 
In our experiment, the striking increase in the expression of 5-LO mRNA confirmed 
previous data on human atherosclerotic specimens [392]. In addition, we found 
significant increases in the mRNA levels of FLAP and LTA4H, thus completing the 
triplet of key proteins required for LTB4 biosynthesis and corroborating the notion that 
specific LT is critically involved in human atherosclerosis. 5-LO, FLAP, and LTA4H 
proteins colocalize in intimal lesions, particularly in macrophages, presumably 
facilitating efficient enzyme coupling and LTB4 synthesis. And indeed we found that 
human carotid plaque tissue generates significant amount of LTB4 when incubated with 
AA. Being a notable participant in inflammation, LTB4 may influence major events 
involved in the process of atherosclerosis. LTB4 promotes the recruitment of 
monocytes and T cells to the lesion through both chemotaxis [412] and through effects 
on adhesion molecules [413]. In addition, LTB4 increases the expression of MCP-1 
[414], thus providing an amplification loop of monocyte chemotaxis. Furthermore, 
LTB4 enhances expression of CD36, a member of scavenger receptors involved in 
macrophage-foam cell transformation [319]. LTB4 has been shown to induce IL-2 and 
IFN-γ production from T cells [48], as well as modulate monocyte function, such as 
cytokine gene expression, by influencing the production or composition of 
transcription factors [415]. LTB4 has been associated with smooth muscle cell 
proliferation and migration [416], as well as increased matrix metalloproteinase (MMP) 
secretion in atherosclerotic lesions [417]. Since macrophages represent a major source 
of LTB4 production, LTB4 driven monocyte recruitment may create a vicious circle to 
further increase the inflammatory activity at sites of atherosclerotic lesions, and 
eventually drive the progression of atherosclerotic plaques toward increasing instability. 
Consistent with this hypothesis, we found a significant correlation between the levels of 
5-LO and LTA4H mRNA and recent or ongoing ischemic symptoms. Such symptoms 
are caused by atherothrombosis in unstable plaques, which eventually go through a 
healing process [418]. Presumably, the time interval between the last recorded 
symptom and the surgical procedure represents unstable plaques at different stages of 
healing/instability. Therefore, our data point to an association between expression of 5-
LO and LTA4H and plaque instability. Together with genetic data identifying 5-LO 
and LTA4H as risk factors for atherosclerosis [391, 419], our data strongly suggest that 
LTB4 may be involved in driving local acute inflammatory processes that precede and 
precipitate an acute thrombotic event, which is the major cause of unstable angina, 
myocardial infarction, and stroke. Hence, LTA4H, the enzyme that catalyze the 
committed step in LTB4 biosynthesis, appears to be a promising target for development 
of drugs for prevention and treatment of atherosclerosis and its associated thrombotic 
complications.  
 
It should be noted, from our study, that profound differences have been detected 
between human and mouse atherosclerotic lesions with respect to expression patterns of 
the proteins in LTs biosynthesis and signaling pathways. Since direct analysis of the 
early phases of human atherosclerosis presents obvious obstacles, systematic 
investigation of the mechanisms that initiate atherosclerosis largely relies on animal 
models, especially genetically modified mouse models that target two pivotal genes 
involved in lipoprotein metabolism, namely ApoE and LDLR [420-422]. Over the 
years, much has been achieved with the use of these animal models, particularly in 
unraveling the function of particular genes. However, they have been found less helpful 
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in providing information about the pathophysiology of plaque instability, because of the 
complexity of the processes involved [423]. In our study, the differences between 
human and mouse lesions may be due to the fact that the mouse models reflect early 
phases of atherosclerosis, whereas human surgical specimens are end-stage lesions 
causing clinical symptoms after years of progression. The spectrum of factors operating 
in the destabilization of such advanced lesions and subsequent thrombus formation is 
likely to differ significantly from that promoting initiation of the disease process.  
 
3. HCMV Infection Induce LTBB4 Production in HPASMC: A Novel 
Mechanism in The Regulation of LT Biosynthesis (Paper IV) 
Human cytomegalovirus (HCMV) is a member of the β-herpes virus family that 
latently infects a majority of the world’s population. Recent evidence has suggested an 
association between HCMV infection and the pathogenesis of vascular diseases [424]. 
The HCMV DNA was observed in the atherosclerosis area [425]. An association was 
found between the serum CMV antibody titre and carotid intimal-medial thickness 
[426, 427]. CMV infection has also been identified as an independent risk factor in re-
stenosis after coronary angioplasty [428, 429]. However, the mechanism linking CMV 
infection with atherogenesis has not been established. In this study, we used 
quantitative real-time PCR, immunohistochemistry, and EIA to explore the effects of 
HCMV infection on the expression of the proteins in the leukotriene biosynthesis 
pathway in human pulmonary artery smooth muscle cells (HPASMC). 
 
3.1. HCMV infection induces 5-LO expression in HPASMCs 

When HPASMCs were infected with HCMV, a prominent upregulation of 5-LO 
mRNA was demonstrated, which increased steadily over 7 days post infection (dpi) in a 
time- and dose-dependent manner. At 3 and 7 dpi, the 5-LO mRNA levels increased 
more than 60 (61.4 ± 11.7) and nearly 170 (169.3 ± 21.3) times respectively, compared 
to the uninfected controls. Dose-response experiments conducted 3 dpi with a 
multiplicity of infection (MOI) of 0.1, 1 and 10 resulted in a 7, 61, and 95-fold increase 
in 5-LO mRNA levels, respectively. In line with the profound increase in the mRNA 
level of 5-LO, immunofluorescent staining demonstrated that when HPASMCs were 
exposed to HCMV for 3 days, the majority of infected cells that showed positive 
staining for HCMV immediate early antigen (IEA) also stained positive for 5-LO 
protein, whereas 5-LO protein was not detected in any of the uninfected cells.  

To determine if viral replication was essential for the induction of 5-LO mRNA in 
HPASMCs, we infected HPASMCs with UV-irradiated virus or filtrated viral 
inoculums. None of these treatments could induce 5-LO mRNA expression, indicating 
that this effect was mediated by HCMV gene expression. The induction of 5-LO 
mRNA was blocked up to 90% by Foscavir  treatment, which inhibits late viral gene 
expression, indicating that late viral gene expression played an important role in 
HCMV induced 5-LO mRNA expression. 

®

Other genes involved in LT biosynthesis were differentially regulated by HCMV 
infection in HPASMCs, albeit to a lesser extent as compared to 5-LO: cPLA  mRNA 
levels increased 2- and 3.5-fold at 1 and 3 dpi, respectively, but decreased at 7 dpi, 
compared to controls. LTA4H was stably expressed over 1 and 3 dpi, but at 7 dpi it 
declined to about half of the controls. On the other hand, FLAP and LTC4S mRNA 
levels were down regulated by HCMV-infection at 1, 3 and 7 dpi. 

2

 
3.2. The induced 5-LO expression allows LTB4 production in HPASMCs 

To assess the functional significance of the HCMV induced 5-LO protein in 
HPASMCs, we stimulated infected and uninfected cells with calcium ionophore and 
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measured the cellular LT production by HPLC and EIA. At 3 dpi, HCMV-infected 
HPASMCs produced significant amounts of LTB4, an indisputable evidence of 5-LO 
activity. Most likely, this biosynthetic activity was facilitated by the increased 
expression of cPLA2, whose activity is critical for mobilization of endogenous AA. 
One may also note that although FLAP was down regulated, it was sufficiently 
expressed to support 5-LO activity and conversion of AA to LTA4 for subsequent 
hydrolysis by LTA4H into LTB4. The lack of cys-LT production reflects the fact that 
HCMV-infection caused a rapid down regulation of LTC4S, the critical enzyme in the 
biosynthesis of LTC4, which in turn is the parent compound of all cys-LTs. 
 
3.3. HCMV induced 5-LO expression in VSMCs is also detected in vivo 

Human tissues were obtained from 5 patients with active ulcerative colitis, and these 
patients also had an active HCMV infection in their bowel. Immunohistochemical 
staining of serial sections of these tissues detected multiple cells in the blood vessel 
wall that co-expressed 5-LO protein, HCMV-IEA and smooth muscle cell α-actin. 
Together with our in vitro findings in HPASMCs, these histological data indicated that 
HCMV infection can induce 5-LO expression and production of LTB4 in vascular 
smooth muscle cells (VSMC) in vivo. 
 
3.4. HCMV induced 5-LO expression in VSMCs suggests a novel mechanism in 
regulation of LT biosynthesis  
 
Mounting evidence has implied the involvement of LTs in atherosclerosis.  With regard 
to the source of LTs in the lesion, it is generally believed to be released from the 
infiltrated leukocytes, in particular monocyte/macrophages, or by transcellular 
transport of LTA4 from leukocytes into cells of infectious tissues that have LTA4H 
activity. Now, we have apparently uncovered a novel and potentially very important 
mechanism of LT biosynthesis in HCMV infected VSMCs, which render non-myeloid 
cells a specific capacity to produce LTB4.  

In the immediate microenvironment of HCMV infected VSMCs, increased LTB4 
levels may initiate and sustain the local inflammation, as has been discussed above. 
Under this particular circumstance, perhaps the activation of this pathway is one of the 
host’s cellular reactions to HCMV infection designed to induce a cell-mediated 
response that will kill the infected cell and thereby eliminate the infection. On the other 
hand, HCMV has adapted to persist in an immunocompetent host, and the virus 
produces a large amount of proteins in an infected cell to control critical cellular and 
immunological functions that assist the virus for persistence and spread. It has been 
shown that inflammation leads to HCMV reactivation from latency [430]. Hence, the 
HCMV-induced 5-LO-LTB4 pathway may represent a mechanism that could facilitate 
reactivation and spread of the virus, through amplification of local inflammation. 
Although the underlying mechanism has not been elucidated, the induction of 5-LO 
expression enables a broader range of cells to synthesize LT and provides a means for 
marked amplification of LT production at inflammatory sites. Meanwhile it offers a 
molecular mechanism to explain HCMV induced pathogenesis in inflammatory 
diseases, such as atherosclerosis [431, 432], thus suggesting that HCMV may be 
involved in the pathogenesis of inflammatory vascular diseases as an etiological agent, 
rather than a ubiquitous bystander.  
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CONCLUDING REMARKS 
 
Aimed at identifying the potential role of leukotrienes in cardiovascular diseases, the 
work in this thesis has studied certain aspects of leukotriene biosynthesis and signaling 
in endothelial cells, atherosclerotic plaques and vascular smooth muscle cells. The 
identification of CysLT2 as the dominant CysLT receptor (paper I) and the differential 
regulation of BLT receptors by inflammatory stimuli (paper II) in HUVECs are 
important, because abnormal endothelial function is a hallmark of cardiovascular 
disease and an early feature in atherogenesis. The expression and regulation of 
functional LT receptors in endothelial cells may partipitate in certain modes of EC 
activation, which could be relevant to leukocyte recruitment and atherogenesis. The 
overexpression of 5-LO and LTA4H in carotid plaque and their correlation with 
clinical symptoms of plaque instability (paper II) suggest a critical role of LTB4 during 
clinically significant stages of atherosclerosis, thus identifying LTA4H, the terminal 
enzyme in LTB4 synthesis, as a potential pharmacological target for the treatment and 
prevention of atherosclerosis and its complications, such as myocardial infarction and 
stroke. The finding that HCMV infection induces 5-LO expression and LTB4 
production in vascular smooth muscle cells (paper IV) is very intriguing and has 
modified our notion regarding the molecular and cellular mechanisms for LT 
biosynthesis and its potential biological impact. It also provides a mechanism through 
which virus infections might contribute to atherosclerosis, information critical for 

devising strategies to reduce or eliminate any contribution to atherosclerosis caused by 
infection. 

 In conclusion, our findings regarding the involvement of LTs in cardiovascular 
diseases might have profound implications for the development of new therapeutic 
strategies that could reduce the devastating impact of the disease that is the leading 
cause of mortality throughout the world. 
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