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Abstract 

 

Myocardial infarction (MI) is primarily caused by blockade of the coronary circulation, resulting 

in ischemic insult.  The only available remedy is reperfusion, which induces oxidative stress and 

activates inflammatory responses at the site of injury.  Cysteinyl leukotrienes (cysLTs) are potent 

pro-inflammatory mediators that exert their effects through two classical receptors: cysLT 

receptor 1 (CysLT1R) and cysLT receptor 2 (CysLT2R), the latter of which is prevalent in the 

heart and circulatory system and has been implicated in cardiovascular disease.  However, 

although endothelial CysLT2R overexpression exacerbates MI damage and induces vascular 

hyperpermeability, understanding of CysLT2R activation-induced mechanisms is poor, as 

isolating CysLT2R-specific effects has proven difficult due to a lack of appropriate 

pharmacological agents.  We investigate herein the role of CysLT2R activation in myocardial 

ischemia/reperfusion injury.  We have characterized a novel CysLT2R-selective antagonist 

BayCysLT2 in both in vitro and in vivo systems, and establish that CysLT2R-selective 

antagonism attenuates exacerbated MI injury, adhesion molecule gene regulation, and 

myocardial neutrophil presence observed in CysLT2R overexpressing (EC) mice.  We also 

examined effects of CysLT2R antagonism in long-term cardiac remodeling post-myocardial 

infarction, and found that blockade of CysLT2R post-reperfusion, regardless of whether 

CysLT2R is overexpressed or not, elicits a mild pathological cardiac hypertrophic response 

despite mitigating infarction damage to the apical ventricular wall.  Finally, we created a novel 

mouse model (EC/KO) that expresses CysLT2R predominantly in vascular endothelium in order 

to identify tissue-specific mechanisms of CysLT2R activation.  Surprisingly, MI injury was 

attenuated in EC/KO mice, indicating that both endothelial and non-endothelial CysLT2R 
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expression subsets have roles in mediating infarction injury.  Indeed, EC/KO mice demonstrated 

hyperpermeability in cremaster venules only when leukotrienes are applied, in contrast to EC 

mice.  In addition, endothelial CysLT2R activation facilitates leukocyte transmigration, whereas 

non-endothelial CysLT2Rs regulate basal rolling leukocyte flux in microvasculature.  Although 

much work remains to be done, the characterization of a CysLT2R-selective antagonist provides 

a vital tool for CysLT2R research moving forward, and our investigation of CysLT2R activation 

reveal the existence of a complicated and multi-faceted pathway resulting in activation of pro-

inflammatory mechanisms.   
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Chapter 1: General Introduction 
 

Cardiovascular disease (CVD) is a major problem in modern society: it resulted in over 800,000 

deaths (25% more than cancer) in the United States alone in 2008.  In addition, CVD related 

cases cost the United States health system an estimated ~300 billion dollars per year.  Globally, 

cardiovascular disease strikes primarily industrialized nations, but is prevalent in Asia, Europe, 

and the Americas, making it a global health issue.  Further exacerbating the problem is that 

cardiovascular disease risk factors, primarily obesity (present in 68% of the United States adult 

population), hypertension (33.5%), and diabetes mellitus (11.1%, plus an additional 37% with 

prediabetes) are on the rise, and medical costs relating to cardiovascular heart disease are 

projected to increase by ~200% in the next twenty years.  While the death rate has plateaued in 

recent years, the number of CVD related operations performed in the United States increased 

22% from 1999 to 2009, indicating an overall increase in disease prevalence (Heidenreich et al., 

2011; Roger et al., 2012).  

 

Treatment options for cardiovascular disease are largely post-hoc, focusing on limiting damage, 

where possible, rather than directly attacking underlying mechanisms responsible for 

pathogenesis, which is problematic as the heart possesses relatively limited regenerative 

properties.  Preventative therapy mainly centers around lifestyle changes in order to remove 

CVD risk factors or use of pharmaceutical agents to suppress them.  Herein, we examine the 

involvement of leukotrienes, pro-inflammatory lipid mediators, in myocardial 

ischemia/reperfusion injury, and focus in particular on activation of the cysteinyl leukotriene 

receptor 2 (cysLT2R) as a mediator of leukotriene-triggered pathways during and following 

ischemia/reperfusion injury.  We seek to identify potential therapeutic targets for the treatment of 
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cardiovascular disease by elucidating the molecular, genetic, and cellular mechanisms underlying 

CysLT2R-mediated ischemia/reperfusion injury size modulation. 

 

1.1. Myocardial Infarction 

 

1.1.1. Cause and Prevalence 

 

Myocardial infarction (MI), commonly referred to as a “heart attack” (although it is not the sole 

condition covered by that blanket vernacular), is a situation where myocardial blood supply is 

interrupted, leading to oxygen and nutrient deprivation of the myocardium.  If left untreated, MI 

leads to myocardial necrosis and loss of cardiac function.  The main cause of coronary arterial 

blockage is physical disruption of a lipid and macrophage filled atherosclerotic plaque, resulting 

in the formation of a thrombus which partially or fully occludes the vascular lumen (Davies et 

al., 1976; Van de Werf et al., 2008).  Long-term treatment usually revolves around removal or 

circumvention of the obstruction (i.e. stenting or coronary bypass surgery).  Acute treatment is 

surgical (i.e. angioplasty) or pharmacological (i.e. thrombolysis) intervention to restore blood 

flow (Van de Werf et al., 2008).  Timely reperfusion of the myocardium is not without its 

caveats, as a phenomenon termed “reperfusion injury” has been noted for many years - and will 

be explored later in this introduction (Yellon and Hausenloy, 2007).   

 

Of all deaths due to cardiovascular disease in the United States, 50% were attributed to coronary 

heart disease (including myocardial infarction), and the projected number of coronary heart 

disease sufferers is projected to rise by as many as 8 million people in 20 years.  Myocardial 
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infarction sufferers are also more susceptible to cardiovascular heart disease (whether stroke, 

heart failure, or another infarction) than the general population, and show a 1.5 to 15-fold 

increased chance of illness or death following a first myocardial infarction (Roger et al., 2012).  

Myocardial infarction pathogenesis is extremely complicated, but known risk factors include 

age, gender, hypercholesterolemia/hyperlipidemia, obesity, diabetes mellitus, hypertension, 

smoking, and stress (Graham et al., 2007; Nabel and Braunwald, 2012; Roger et al., 2012; Smith 

et al., 2006). 

 

1.1.2. Ischemic Injury 

 

Myocardial ischemia, as noted previously, is characterized by a coronary arterial blockage 

resulting in oxygen and nutrient deficiency in the affected myocardium.  Upon onset of ischemia, 

mitochondrial oxidative phosphorylation ceases within seconds, resulting in the loss of the 

primary ATP production pathway in the cell and a compensatory increase in anaerobic 

glycolysis.  Increased glycolysis results in H+ and lactate accumulation, creating a state of 

intracellular acidosis (Buja, 2005; Kloner and Jennings, 2001).  These metabolic alterations 

result in ATP and creatine phosphate depletion, as well as adenine nucleotide pool degradation.  

The latter occurs because ADP is formed via the actions of various cellular ATPases much more 

rapidly than the phosphorylation of ADP to ATP by anaerobic glycolysis (Rovetto et al., 1975).  

Adenylate kinase then captures the high energy phosphate group present on ADP, resulting in the 

formation of AMP and adenosine.  Adenosine is then able to leave the cell, where it is further 

degraded to inosine and hypoxanthine (Kloner and Jennings, 2001).   
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These alterations to the metabolic state of the myocyte result in ionic imbalance as well.  K+ 

efflux is facilitated by an increased osmotic load that occurs due to metabolite accumulation 

(Buja, 2005).  The cell will also attempt to correct acidosis via Na+/H+ exchange, which results in 

increased intracellular Na+ concentrations (Ladilov et al., 1995).  Normally, excess intracellular 

Na+ would be removed by the Na+/K+ ATPase, but ATP depletion prevents this (Kloner and 

Jennings, 2001).   Elevated intracellular Na+ leads to H2O influx and cell swelling, as well as the 

prevention of calcium export via the Na+/Ca2+ exchanger, leading to increased intracellular Ca2+ 

concentrations.  In extreme cases, calcium may be imported by the Na+/Ca2+ exchanger in an 

attempt to compensate for elevated Na+ levels (Schafer et al., 2001). Intracellular Ca2+ 

concentration increase also results in activation of proteases, leading to decreased sensitization to 

Ca2+ in contractile proteins and therefore, impaired myocyte contractility (Buja, 2005).  

Together, these conditions result in changes to myocardial contractility and a decrease in 

membrane potential (Kloner and Jennings, 2001), creating an environment that favours the 

development of ventricular arrhythmia (Buja, 2005).  The aforementioned changes are 

deleterious, but still reversible with timely restoration of oxygen and nutrient supply.  However, 

prolonged/untreated ischemia will eventually result in loss of cell membrane integrity, as the 

alterations to the metabolic state, combined with elevated intracellular Ca2+ levels activate 

phospholipases, resulting in the degradation of the phospholipid bilayer.  In addition, activated 

proteases cleave cytoskeletal filaments, which normally anchor the sarcolemma to myofibrils.  

Eventually, these collective changes result in the compromise of sarcolemmal physical integrity 

and the death of the myocyte (Buja, 2005).   

 

1.1.3. Reperfusion Injury 
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While prolonged ischemia is obviously deleterious to survival, the restoration of oxygen and 

nutrient supply - "reperfusion" - is a double-edged sword.  During ischemia, ATP is gradually 

degraded to inosine and hypoxanthine (Kloner and Jennings, 2001), and nitric oxide synthase 

(NOS) is uncoupled (Raedschelders et al., 2012). Upon reperfusion, four major redox reactions 

are activated, all resulting in the production of superoxide radicals.  Xanthine oxidase converts 

hypoxanthine to xanthine, and then xanthine to uric acid, yielding a superoxide radical each time.  

In addition, the uncoupled NOS complex and the activated NAD(P)H oxidase enzyme both 

oxidize NAD(P)H to NAD(P)+, resulting in the reduction of O2 to superoxide (Kleikers et al., 

2012; Raedschelders et al., 2012).  The activation of these redox reactions is exacerbated by a 

severe increase in arterial flow during the first 5 minutes of reperfusion, resulting in massive 

reactive oxygen species (ROS) production (Kloner and Jennings, 2001).  Finally, reactivation of 

aerobic respiration results in production of ROS via the electron transport chain (Raedschelders 

et al., 2012).  The increase in free radical presence/production not only serves to deliver 

oxidative stress damage, but in tandem with elevated intracellular Ca2+ concentrations, triggers 

mitochondrial permeability transition pore opening (Halestrap et al., 2004).  This results in 

mitochondrial swelling, the collapse of the mitochondrial membrane potential, uncoupling of 

oxidative phosphorylation, reversal of F1F0 ATPase activity (the promotion of hydrolysis rather 

than synthesis of ATP), and release of cytochrome c - resulting in the activation of pro-apoptotic 

caspases (Di Lisa and Bernardi, 2006; Halestrap et al., 2004).  Certainly, these deleterious effects 

are transient (Kloner and Jennings, 2001), but damage caused at the point of reperfusion is often 

more severe than damage suffered during the ischemic period (but of course, not as severe as the 

potential damage to a non-reperfused myocardium) (Yellon and Hausenloy, 2007).  
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1.1.4. Post-Reperfusion Inflammation Cascades 

 

Myocardial infarction also results in the activation of a myriad of pro-inflammatory cascades.  

Compromise of cell membrane integrity during MI activates the complement cascade of the 

innate immune system via release of mitochondrial membrane proteins (Frangogiannis et al., 

2002).  Complement pathway component mRNA and protein levels were significantly 

upregulated in infarction zones (Vakeva et al., 1998; Yasojima et al., 1998).  As outlined 

previously, ischemia/reperfusion (I/R) injury provokes the formation of reactive oxygen species.  

ROS then triggers the release of proteases and damage-associated molecular pattern molecules - 

the latter of which activate Toll-like receptors (TLRs) 2, 4, and 5, eventually resulting in the 

upregulation of adhesion molecules including vascular cell adhesion molecule-1 (VCAM-1), 

intercellular adhesion molecule-1 (ICAM-1), and E-selectin (Carden and Granger, 2000; 

Marchant et al., 2012; Steffens et al., 2009), as well as pro-inflammatory cytokines such as 

tumour necrosis factor (TNF)-α, interleukin (IL)-1α, and IL-1β (Ock et al., 2012).  Indeed, 

genetic inactivation of TLR-2 and TLR-4 results in reduced damage following MI (Chong et al., 

2004; Shishido et al., 2003).  ROS are also capable of acting directly upon endothelial cells, 

resulting in the release of pro-chemotaxtic factors such as leukotriene B4 and platelet activating 

factor (PAF), as well as increased surface expression of P-selectin via triggering release of the 

adhesion molecule from Weibel-Palade bodies (Carden and Granger, 2000).  Indeed, the use of 

free radical scavengers, such as SOD and catalase, results in reduction of infarction size (Jolly et 

al., 1984), and genetic overexpression of superoxide dismutase is cardioprotective (Chen et al., 

1998; Wang et al., 1998).  Finally, I/R injury activates phospholipase A2, resulting in increased 

 6



arachidonic acid levels - which are then subsequently metabolized into pro-inflammatory 

prostaglandins, eicosanoids, and/or leukotrienes (LTs) (Ahn and Kim, 2012) by circulating 

neutrophils and/or platelets (Tada et al., 1988).  These mechanisms promote the activation and 

recruitment of peripheral blood leukocytes, resulting in additional sources of pro-inflammatory 

cytokines present in the proximity of the injury (Carden and Granger, 2000), as well as enhanced 

leukocyte extravasation into the myocardium (Frangogiannis et al., 2002).  Activation of mast 

cells, neutrophils, and monocytes all promote localized release of pro-inflammatory cytokines 

and chemokines following ischemia/reperfusion (Frangogiannis et al., 2002; Nahrendorf et al., 

2007), as well as upregulation of pro-inflammatory cytokines including IL-1, IL-6, IL-8, 

monocyte chemotactic protein-1 (MCP-1), and macrophage inflammatory protein-1 (MIP-1) 

(Frangogiannis et al., 2002; Vandervelde et al., 2007). 

 

Leukocyte extravasation first requires the capture of circulating cells by the endothelium.  

Selectin molecules (P-, L-, and E-selectin) bind to their corresponding ligands, creating 

leukocyte-endothelial cell connections, and capturing leukocytes close to the endothelium and 

slowing cell velocity.  These cells then roll along the endothelium, allowing CD18-possessing 

molecules (lymphocyte function-associated antigen (LFA)-1, Mac-1, p150,95) to bind to ICAMs, 

resulting in firm adhesion of the circulating cell to the endothelial wall, and facilitating 

transendothelial migration (Kolaczkowska and Kubes, 2013).  An increase in the number of 

adherent leukocytes - especially neutrophils - can cause a phenomenon called "no reflow" where 

neutrophil accumulation results in capillary plugging following reperfusion (Frangogiannis et al., 

2002).  Furthermore, adherent neutrophils also release ROS almost immediately upon ICAM-

1/Mac-1-mediated adhesion, resulting in myocyte injury and death (Albelda et al., 1994; Entman 
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et al., 1992).  Studies with animal models have shown that neutrophil depletion (via antiserum-

targeting, leukocyte depletion (via whole blood filtration), and inhibition of neutrophil adhesion 

have all resulted in attenuation of ischemia/reperfusion injury (Marchant et al., 2012).   

 

However, leukocyte infiltration is also vital to proper inflammatory response resolution and 

wound healing.  These mechanisms are mainly mediated by monocytes and macrophages.  In 

both mice and humans, monocytes exist in two subsets: pro-inflammatory Ly-6Chi (human 

analogue: CD14+CD16-) and anti-inflammatory Ly-6Clo (human analogue: CD14lowCD16+) 

(Nahrendorf et al., 2007; Ziegler-Heitbrock, 2007).  Both are involved in wound healing: the pro-

inflammatory subset is recruited by MCP-1, is responsible for debris scavenging, and is present 

from days 1-4 post-infarction (Kempf et al., 2012; Nahrendorf et al., 2007).  Proper clearance of 

extracellular matrix fragments is vital, as the fragments themselves serve as activators of pro-

inflammatory cells/signaling pathways (Kempf et al., 2012).  In contrast, the anti-inflammatory 

subset is dominant from days 5-10, is recruited by the presence of CX3CR1, and mediates pro-

inflammatory signal repression as well as angiogenic factor production (Frangogiannis, 2012; 

Nahrendorf et al., 2007).  The macrophage presence in the myocardium post-infarction is mainly 

due to monocyte extravasation, which is mediated by C5a, transforming growth factor-β (TGF-

β), and MCP-1 (Birdsall et al., 1997; Kumar et al., 1997).  The pro-inflammatory environment 

upregulates macrophage colony-stimulating factor (M-CSF), inducing monocyte differentiation 

into macrophages (Frangogiannis, 2012).  These macrophages then limit the inflammatory 

response by phagocytosing apoptotic neutrophils and secreting anti-inflammatory mediators such 

as lipoxin A4, TGF-β, and IL-10.  Like monocytes, there are two established macrophage 

subsets: M1 (pro-inflammatory and microbicidal) and M2 (anti-inflammatory and phagocytic), 
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and it is the latter subset that is responsible for inflammatory response resolution post-infarction.  

Regulatory T lymphocytes are also involved in regulating the inflammatory response, as they 

secrete IL-10 and TGF-β, in additional to recruiting M2 macrophages to the injured area 

(Hofmann et al., 2012).  The ultimate purpose of these responses is to replace necrotic tissue 

with granulation tissue, and eventually a collagen-rich scar (Kempf et al., 2012).  If the wound 

healing response is insufficient, scar formation and injury stabilization are impaired, creating a 

predilection for heart failure (Heymans et al., 1999).  However, if the post-infarction 

inflammatory response is exacerbated, then infarct expansion - the thinning and lengthening of 

the infarct area post-reperfusion - and adverse ventricular remodeling occurs (Vanhoutte et al., 

2007).  Thus, a proper balance between pro- and anti-inflammatory mechanisms post-infarction 

must be maintained in order to limit myocardial injury and preserve heart function. 

 

1.2. Leukotrienes 

 

Arachidonic acid is a 20-carbon molecule polyunsaturated fatty acid that serves as the precursor 

to numerous signaling molecules, termed eicosanoids (from the Greek eikosa, meaning twenty, 

referring to the number of carbon molecules within their structures).  There are four families of 

eicosanoid molecules: prostaglandins, prostacyclins, thromboxanes, and leukotrienes.  The first 

three are collectively termed “prostanoids,” are formed through the actions of cyclooxygenase 

(COX) enzymes, and are heavily involved in regulating pain and inflammation (Smyth et al., 

2009).  On the other hand, leukotrienes, dubbed such because they were first found to be 

produced by leukocytes and they have three carbon-carbon double bonds in their structures, are 

formed through the actions of 5-lipoxygenase (5-LO) (Murphy and Gijon, 2007).  The 
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leukotriene family consists of five signaling molecules: LTA4, B4, C4, D4, and E4 – the latter

three collectively known as the “cysteinyl leukotrienes (cysLTs)” due to a shared common 

cysteine moiety in their structures (

 

ified as 

3). 

Moos and Funk, 2008).   

 

Leukotrienes, although they were not known as such at the time, were first discovered in 1938 by 

the laboratory of Charles Kellaway in Melbourne, Australia, who identified that treatment with 

snake venom elicited the secretion of a substance which caused smooth muscle contraction that 

was not histamine (Feldberg et al., 1938).  This substance, termed "slow reacting substance" 

(SRS), was also found to be released during anaphylaxis (Kellaway and Trethewie, 1940).  Two 

decades later, Brocklehurst identified a “slow reacting substance of anaphylaxis” (SRS-A) that 

was formed upon antigen stimulus, rather than stored and released like histamine (Brocklehurst, 

1960).  It would take a further two decades before the identity of SRS-A would be identified.  In 

1976, Borgeat et al. (1976) discovered that arachidonic acid is oxygenated at the C-5 carbon, and 

further research revealed a family of metabolites sharing this trait, including what would later be 

known as LTB4 (Borgeat and Samuelsson, 1979a) and an unstable intermediate later termed 

LTA4 (Borgeat and Samuelsson, 1979b).  Structural characterization of SRS-A via high-

performance liquid chromatography and mass spectrometry revealed that it was related to the 

two compounds found previously, and it was also formed from LTA4, and thus was termed 

LTC4 (Murphy et al., 1979).  Identification of leukotrienes D4 and E4 would soon follow 

(Bernstrom and Hammarstrom, 1981; Orning et al., 1980), and all three would be class

the constituents of SRS-A (Samuelsson, 198

 

1.2.1. Leukotriene Synthesis Pathway 
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The leukotriene synthesis pathway (Figure 1-1) begins with the liberation of arachidonic acid 

from the perinuclear phospholipid membrane, endoplasmic reticulum, and/or Golgi apparatus by 

activation of cytosolic phospholipase A2α (cPLA2α) (Hirabayashi et al., 2004).  Arachidonic 

acid is then converted into LTA4 via a two-step mechanism through activation of 5-LO.  F

arachidonic acid undergoes pro-S hydrogen removal at C-7 with migration of the double bond 

from C5-C6 to C6-C7, followed by a lipoxygenation reaction at C-5, resulting in the formation 

of 5-hydroperoxyeicosatetraenoic acid (5-HpETE).  Finally, the pro-R hydrogen at C-10 is 

removed, allowing for the rearrangement of the double bonds and the subsequent migration of 

the oxygen at C-5 to C-6, forming an epoxide moiety and yielding LTA

irst, 

 

4 (Haeggstrom and Funk, 

2011).  This process is undertaken by 5-LO, but is also facilitated by the action of a second 

protein, appropriately named 5-lipoxygenase-activating protein (FLAP).  Despite being devoid of 

enzyme activity, FLAP has been shown to stimulate arachidonic acid utilization by 5-LO, as well 

as 5-LO 5-HpETE-to-LTA4 conversion efficiency (Abramovitz et al., 1993; Dixon et al., 1990). 

While the exact mechanism of action is not fully known, research indicates that FLAP acts as a 

scaffolding protein for 5-LO, and likely presents or transfers arachidonic acid to 5-LO (Poeckel 

and Funk, 2010).  

 

LTA4 can be converted either into LTB4 by the enzyme LTA4 hydrolase (LTA4H), or into LTC4

by LTC4 synthase (LTC4S).  LTA4H generates a carbocation that delocalizes its charge over the 

conjugated triene system present from C6-C12 of LTA4, leaving the C-12 site open for attack by 

a H2O molecule, which results in the creation of a hydroxyl group.  The conjugated triene system 

shifts to C5-C11, and the epoxide moiety is removed, leaving a hydroxyl group at C5 and  
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Figure 1-1: Leukotriene synthesis pathway.  
 
Schematic figure of leukotriene synthesis.  Increases in intracellular calcium concentrations 
promotes the translocation of cytosolic phospholipase A2α (cPLA2α) and 5-lipoxygenase (5-LO) 
to the nuclear membrane, where they complex with 5-LO activating protein (FLAP).  cPLA2α 
liberates arachidonic acid (AA) from the phospholipid bilayer and presents it to 5-LO, which 
converts it to leukotriene A4 (LTA4).  LTA4 is then converted into either leukotriene B4 (LTB4) 
by LTA4 hydrolase (LTA4H) present in the cytosol or to leukotriene C4 by LTC4 synthase
(LTC

 
4S), which is also present at the nuclear membrane.  LTB4 and LTC4 are exported from the 

cell by multidrug-resistance proteins (MRPs) 4 and 1, respectively.  LTB4 binds to BLT 
receptors, whereas LTC4 binds to cysteinyl leukotriene receptors (cysLTRs) 1 and 2.  LTC4 can 
also be converted to leukotriene D4 (LTD4), which also binds to CysLT1R and CysLT2R, by γ-
glutamyl transferase (GGT).  Finally, LTD4 is converted to the stable metabolite leukotriene E4 
(LTE4), which activates the newly discovered CysLTER, by dipeptidase (DiP). 
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yielding LTB4 (Haeggstrom and Funk, 2011).  Conversely, LTC4S activates a glutathione thiol 

via deprotonation of the sulfhydryl group, the resulting thiolate then attacks LTA4 at C-6, 

opening the epoxide ring and conjugating at C-6 to yield LTC4.  LTC4 is then converted into 

LTD4 by the actions of γ-glutamyl transferase, which removes the glutamate residue from 

glutathione (Funk, 2001).  LTD4 is in turn converted to LTE4 by dipeptidase, which removes the 

glycine residue (Moos and Funk, 2008).  LTC4S is responsible for the majority of LTC4 

production (Kanaoka et al., 2001), although two related enzymes are also capable of minor LTC4 

production.  Microsomal glutathione-S-transferase (mGST) II and mGST III share 44% and 27% 

homology to LTC4S respectively, but where LTC4S only conjugates glutathione to LTA4, 

mGST II and mGST III are also able to conjugate glutathione to xenobiotic substances as part

the detoxification process (

 of 

 in 

g 

Penrose, 1999).  mGST II is the dominant LTC4 producing enzyme

liver and endothelial cells (Scoggan et al., 1997; Sjostrom et al., 2001).  

 

Synthesis of LTA4, LTB4, and LTC4 occur intracellularly.  As previously mentioned, increases 

in intracellular calcium levels promote cPLA2α translocation to the perinuclear region, allowin

access to phospholipid substrates for the liberation of arachidonic acid (Glover et al., 1995; 

Schievella et al., 1995).  Likewise, 5-LO translocation to the perinuclear membrane is also 

prompted by elevation of intracellular calcium (Rouzer and Samuelsson, 1985), although there is 

also evidence that arachidonic acid itself may act on 5-LO to alter the affinity of the latter for the 

nuclear bilayer (Flamand et al., 2006).  5-LO activity can also be regulated via phosphorylation 

at Ser271 (MAPKAPK-2 dependent) (Werz et al., 2000), Ser663 (ERK2 dependent) (Werz et al., 

2002), and Ser523 (cAMP/PKA dependent) (Luo et al., 2004).  Phosphorylation at the first two 

sites has been shown to activate the enzyme by promoting translocation (Werz et al., 2002; Werz 
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et al., 2000), whereas phosphorylation at Ser523 inactivates 5-LO by preventing translocation 

(Luo et al., 2005; Luo et al., 2004).  Translocation of 5-LO and cPLA2α results in the formation 

of a complex with FLAP, which is already present on the inner nuclear membrane (Christmas et 

al., 2002).  Although most 5-LO expressing cells express 5-LO in the cytoplasm, some cells 

possess nucleoplasm expression of the enzyme.  Migration from cytoplasm to nucleoplasm is 

mediated by Ser271 phosphorylation (Luo et al., 2003), where subsequent elevations in calcium 

concentration cause translocation to the inner nuclear membrane, where it can interact directly 

with FLAP, but not cPLA2α or LTC4S (Murphy and Gijon, 2007).  This phenomenon occurs in 

neutrophils (Brock et al., 1997), eosinophils (Cowburn et al., 1999), and macrophages (Covin et 

al., 1998; Woods et al., 1995), and can be triggered by external stimuli or leukocyte-endothelium 

interactions upon cell adhesion (Cowburn et al., 1999).  Furthermore, whether 5-LO is located in 

the nucleoplasm or in the cytoplasm appears to affect the efficiency of leukotriene production, as 

research has shown that neutrophils and macrophages with nucleoplasm-localized 5-LO all 

showed elevated leukotriene production compared to counterparts that possessed cytosolic 5-LO 

(Brock et al., 1997; Woods et al., 1995).  While LTA4H is a soluble protein predominantly 

located in the cytosol that does not translocate, LTC4S is found on the outer nuclear membrane 

and may form heterodimers with FLAP, although they are predominantly positioned on opposite 

sides of the nuclear membrane (Christmas et al., 2002; Haeggstrom and Funk, 2011).   

 

Once synthesized, LTB4 and LTC4 are exported from the cell by members of the multidrug 

resistance-associated protein (MRP) family - specifically MRP4 and MRP1, respectively 

(Haeggstrom and Funk, 2011).  Both of these proteins are members of a group of proteins first 

identified due to their ability to eliminate amphipathic anions from the cell, thus conferring 
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resistance to pharmacological agents (Kruh and Belinsky, 2003).  MRP1 is an ATP-dependent 

transporter of glutathione and glucuronate conjugates that is located on the basolateral membrane 

in epithelial cells (Kruh and Belinsky, 2003).  Its actions can be blocked via competitive 

inhibition by the CysLT1R pharmacological inhibitor MK571 (Leier et al., 1994), and genetic 

inactivation of MRP1 results in 25 to 90% higher concentrations of intracellular LTC4 in tissues 

that highly express the receptor endogenously (Lorico et al., 1997).  MRP4 is also ATP-

dependent, but transports thiopurine nucleotides and cyclic nucleotides, as well as LTB4 (Kruh 

and Belinsky, 2003; Rius et al., 2008).  MRP4 requires glutathione as a substrate in order to 

function as an LTB4 exporter, and can serve as a LTC4 exporter in the absence of glutathione 

(Rius et al., 2008). 

 

Interestingly, the expression sites of leukotriene synthesis pathway enzymes do not all coincide, 

indicating the presence of transcellular synthesis mechanisms for leukotriene production.  

Whereas cPLA2α and LTA4H are constitutively expressed in most cells (Haeggstrom and Funk, 

2011; Murphy and Gijon, 2007), 5-LO expression is restricted primarily to bone marrow-derived 

myeloid cells (Radmark and Samuelsson, 2007).  Transplantation of 5-LO knockout bone 

marrow cells into irradiated wild-type mice does not yield any leukotriene production, indicating 

that bone marrow cells are the ultimate source of all leukotrienes produced in vivo (Zarini et al., 

2009).  Similarly, LTC4S is only expressed in eosinophils, mast cells, monocytes, macrophages 

(all of which express 5-LO), as well as platelets (which do not express 5-LO) (Lam et al., 1995; 

Maclouf and Murphy, 1988).  Expression of these proteins is upregulated by pro-inflammatory 

stimuli: cPLA2α is upregulated by pro-inflammatory cytokines such as IL-1α, IL-1β, TNF-α 

(Clark et al., 1995).  5-LO is upregulated by cell differentiation promoting factors such as TGF-
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β, and granulocyte/macrophage colony-stimulating factor (GM-CSF) (Radmark et al., 2007).  5-

LO expression is also upregulated upon monocyte transmigration and subsequent differentiation 

into macrophages (Covin et al., 1998; Pueringer et al., 1992).  FLAP expression is also 

upregulated by GM-CSF stimulation (Pouliot et al., 1994), as well as by pro-inflammatory 

mediators cytokines such as IL-5 and TNF-α (Cowburn et al., 1999; Reddy et al., 2003), and 

hypoxia (Gonsalves and Kalra, 2010).  Finally, LTC4S expression is upregulated by 

lipopolysaccharide (LPS) stimulation in vivo (Schroder et al., 2005). 

 

1.2.2. Leukotriene Transcellular Biosynthesis 

 

As mentioned, 5-LO expression is limited to bone marrow-derived cells (Radmark and 

Samuelsson, 2007), and while many of these cells also possess either LTA4H or LTC4S, few 

cells possess all three of the key enzymes in the leukotriene synthesis cascade.  For example, 

neutrophils, the primary source of LTA4 generation, do not possess LTC4S (Maclouf and 

Murphy, 1988; Zarini et al., 2009).  This indicates that leukotriene biosynthesis involves 

cooperation between multiple cell types.  In vitro experiments have shown that red blood cells 

are capable of converting exogenously applied LTA4 into LTB4, (Fitzpatrick et al., 1984; 

Haeggstrom, 2004), whereas platelets (Edenius et al., 1988; Maclouf and Murphy, 1988) and 

mast cells (Dahinden et al., 1985) can produce LTC4 under similar circumstances.  Similarly, co-

incubation experiments have shown that LTA4 produced from neutrophils could be converted to 

LTB4 by red blood cells (McGee and Fitzpatrick, 1986) and macrophages (Grimminger et al., 

1991), and to LTC4 by endothelial cells (Brady and Serhan, 1992; Feinmark and Cannon, 1986) 

and platelets (Maclouf and Murphy, 1988).  Neutrophil-produced LTA4 can also be converted to 

 16



LTC4 by keratinocytes (Iversen et al., 1994) and both LTB4 and LTC4 by chondrocytes (Amat et 

al., 1998).  Interestingly, different cells possessed different LT production efficiencies – e.g. 

platelets have been demonstrated to be much more efficient in the production of LTC4 compared 

to HUVECs (Folco and Murphy, 2006).  Furthermore, LTC4 production in endothelial cells can 

be blocked by inactivation of the cell adhesion molecules L-selectin and CD18, indicating that 

neutrophil adhesion to endothelial cells affects leukotriene production (Brady and Serhan, 1992).   

 

These findings have also been confirmed in vivo.  Initiation of phagocytosis in whole blood 

yielded en masse neutrophil production of LTA4, and as a result, large amounts of LTB4 and 

LTE4 (likely via platelet production of LTC4) (Fradin et al., 1989).  Murine lung tissue has no 

endogenous sources of LTA4 (Grimminger et al., 1990), but priming the tissue with endotoxin, 

followed by stimulation with chemoattractants, resulted in large amounts of LTB4 and some 

LTC4 production, likely produced by the cell clumps consisting of a neutrophil/platelet core 

surrounded by red blood cells also found in the tissue (Voelkel et al., 1992).  In contrast, 

exogenous application of LTA4 to the lung resulted in mostly LTC4 production - likely from 

pulmonary endothelial cells (Grimminger et al., 1988).  In the isolated heart, neutrophil 

adherence to endothelial cells is instrumental to LTC4 production (Sala et al., 1996; Sala et al., 

1993).  In both isolated vessels (Kubes et al., 1991) and animal models of LAD ligation (Sala et 

al., 2000), inhibition of cell adhesion reduces leukotriene production.  LTB4 and LTD4 

production occurs in the brain post-neutrophil infusion, and was accompanied by an increase in 

edema (Di Gennaro et al., 2004). 
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Finally, work in knockout and chimeric mouse models has confirmed the existence of 

leukotriene transcellular biosynthesis.  Research has confirmed that neither 5-LO knockout 

(Funk et al., 1995) nor LTA4H knockout mice (Byrum et al., 1999) are capable of LTB4 

production.  However, Fabre et al. (2002) demonstrated that when cell populations from both 

these genotypes are combined, LTB4 production is possible.  Thus, a combination of 5-LO 

knockout and LTA4H knockout leukocytes produced significant levels of LTB4 upon zymosan 

stimulation in vitro, whereas the individual populations could not.  In addition, transplantation of 

LTA4H knockout bone marrow cells into 5-LO knockout mice resulted in significantly increased 

ear inflammation and edema in response to arachidonic acid injection (Fabre et al., 2002).  

Finally, Zarini et al. (2009) demonstrated that transplantation of bone marrow cells from wild-

type, LTA4H knockout, or LTC4S knockout mice into 5-LO knockout mice was capable of 

restoring production capability for both LTB4 and cysLTs. 

 

1.2.3. Leukotriene B4 

 

Leukotriene B4 exerts its effects via two GPCRs, BLT1R and BLT2R.  BLT1R expression was

first discovered on phagocytic leukocytes, but later work showed that the receptor was also 

present on granulocytes, monocytes, dendritic cells, lymphocytes, as well as non-circulating cell 

types such as vascular smooth muscle cells and endothelial cells.  In contrast, BLT

 

2R is 

expressed ubiquitously in humans, with strongest expression levels found in the spleen, liver, 

ovary, and circulating leukocytes (Back et al., 2011).  LTB4 stimulation exerts extremely potent 

chemotaxtic effects towards neutrophils (Ford-Hutchinson et al., 1980; Malmsten et al., 1980; 

Palmblad et al., 1981), eosinophils (Huang et al., 1998; Ng et al., 1991), monocytes (Friedrich et 
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al., 2003; Vaddi and Newton, 1994), and dendritic cells (Shin et al., 2006), as well as lesser 

effects on basophils (Tanimoto et al., 1992), T lymphocytes (Goodarzi et al., 2003; Leppert et al., 

1995), and immature mast cells (Weller et al., 2005).  In addition to this, LTB4 stimulation 

evokes the release of a host of pro-inflammatory agents from circulating leukocytes, including 

IL-1β (Rola-Pleszczynski and Lemaire, 1985), IL-6 (Brach et al., 1992; Rola-Pleszczynski and 

Stankova, 1992), MCP-1 (Huang et al., 2004), while enhancing production of IL-1, IL-2, IL-5, 

interferon-γ (IFNγ) (Rola-Pleszczynski et al., 1986; Yamaoka and Kolb, 1993), and IL-17 (Chen 

et al., 2009) in T lymphocytes.  Finally, LTB4 stimulation promotes the upregulation and 

expression of cell adhesion molecules (Gimbrone et al., 1984; Moraes et al., 2010; Vaddi and 

Newton, 1994).   

 

LTB4 activation of neutrophils also elicits the release of bactericidal agents and proteinases, 

including lysozymes (Hafstrom et al., 1981), myeloperoxidase (Terawaki et al., 2005), 

azurocidin (Di Gennaro et al., 2009), matrix metalloproteinases (MMPs) (Kjeldsen et al., 1992), 

and α-defensins (Flamand et al., 2007a).  The triggering of these responses require greater 

concentrations of LTB4 than the chemotaxtic response (Serhan et al., 1982).  In addition, LTB4 

stimulation of macrophages increases proliferation (Nieves and Moreno, 2006) and Fc receptor-

mediated phagocytosis (Demitsu et al., 1989; Mancuso and Peters-Golden, 2000) but not 

efferocytosis (Canetti et al., 2003).  Prolonged exposure to LTB4 also delays apoptosis in 

neutrophils (Hebert et al., 1996), but not in eosinophils (Murray et al., 2003).  Finally, LTB4 acts 

on smooth muscle cells to induce vasoconstriction, migration, and proliferation (Back et al., 

2004; Sakata et al., 2004).  Under basal conditions, LTB4 has minimal effects on endothelial 

cells.  However, BLT1R has been observed in atherosclerotic arteries, indicating that 
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inflammation results in the promotion of LTB4-mediated pathways (Back et al., 2004).  Indeed, 

both BLT1R (LPS and IL-1β) and BLT2R (TNFα) are upregulated by pro-inflammatory stimuli 

(Qiu et al., 2006b).    

 

1.2.4. Cysteinyl Leukotrienes 

 

The cysteinyl leukotrienes, as previously mentioned, consist of LTC4, LTD4, and LTE4.  They 

are produced mainly from eosinophils and mast cells, although endothelial cells, fibroblasts, 

monocytes and macrophages can also produce cysLTs by transcellular metabolism (Austen, 

2005; Carnini et al., 2011; Flamand et al., 2007b; Vannella et al., 2007).  Traditionally, LTC4 

and LTD4 have been considered the active cysLTs, with LTE4 relegated to an afterthought 

because of a perception that LTE4 did not exert biological effects (Austen et al., 2009).  

However, there is a growing body of literature on LTE4-mediated mechanisms, and LTE4 will 

receive more attention now that a receptor (GPR99) that binds LTE4 preferentially has been 

identified (Kanaoka et al., 2013).  Cysteinyl leukotrienes exert their effects locally following 

secretion - their short half-lives, in tandem with the relative impotency of the stable metabolit

LTE

e 

n 

nella et al., 2007).   

4, limits their range (Austen et al., 2009) - and can act in a paracrine or autocrine fashio

(Carnini et al., 2011; Flamand et al., 2007b; Van

 

Unsurprisingly, given their first identity as SRS-A, cysteinyl leukotrienes are very potent at 

inducing smooth muscle constriction.  CysLT induction of airway smooth muscle constriction is 

very well studied, and as a result, anti-leukotriene pharmacological agents have become a 

popular asthma treatment option (Dahlen et al., 1980; Okunishi and Peters-Golden, 2011).  
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CysLTs also affect vascular smooth muscle, and can elicit vasoconstriction in both arteries and 

veins (Michelassi et al., 1982; Schellenberg and Foster, 1984).  Interestingly, cysLTs have been 

shown to induce vasoconstriction in atherosclerotic coronary arteries, but not in healthy ones 

(Allen et al., 1998) - indicating that pathogenesis may increase the scale and severity of 

leukotriene-mediated responses.  CysLTs also exert effects on circulating cells and on 

endothelial cells.  CysLT stimulation induces chemotaxis of monocytes (Hashimoto et al., 2009; 

Ichiyama et al., 2005), eosinophils (Fregonese et al., 2002), dendritic cells (Parameswaran et al., 

2004) and CD34+ progenitor cells (Bautz et al., 2001; Boehmler et al., 2009).  CysLT stimulation 

also upregulates Mac-1 in eosinophils (Fregonese et al., 2002), promotes proliferation in CD34+ 

progenitor cells (Braccioni et al., 2002), and induces release of the chemokine RANTES from 

platelets (Hasegawa et al., 2010).  LTC4 and LTD4 stimulation of endothelial cells in vitro 

results in production of PAF, promotion of neutrophil adhesion (McIntyre et al., 1986), secretion 

of von Willebrand factor, and surface expression of P-selectin (Datta et al., 1995).  In addition, 

cysLT stimulation triggers vascular hyperpermeability in multiple vascular beds (Dahlen et al., 

1981; Hui et al., 2004; Moos et al., 2008).  That being said, cysLTs have also been implicated 

with an important role in host defense, as attenuated leukotriene synthesis has been linked to 

increased susceptibility to infectious disease in both humans and animal models (Flamand et al., 

007b).  

 

2

 

While LTE4 received its fair share of attention following its discovery, its poor affinity for the 

classical cysLT receptors resulted in its fading from the spotlight.  However, early studies noted 

that LTE4 potency was 10-fold greater than that of LTC4 or LTD4 in guinea pig trachea (Drazen

et al., 1982).  LTE4 was also distinct in its ability to augment contractile response to histamine, 
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something that LTC4 or LTD4 stimulation could not do (Lee et al., 1984).  LTE4 was a

to induce vascular permeability with equal potency as LTC

lso found 

rs (i.e. GPR99) that favour 

TE4 as a ligand over LTC4 and LTD4. 

.3. Cysteinyl Leukotriene Receptors 

n has 

ll 

tion.  However, the two most 

ell investigated receptors remain the CysLT1R and CysLT2R. 

.3.1. Cysteinyl Leukotriene Receptor 1 

ino 

; 

4 and LTD4 when injected 

intradermally in humans (Soter et al., 1983).  These findings suggest that LTE4 either uniquely 

mediates pathways that LTC4 or LTD4 do not, or that there are recepto

L

 

1

 

Cysteinyl leukotrienes bind to two G-protein coupled receptors, termed cysteinyl leukotriene 

receptor 1 (CysLT1R) and cysteinyl leukotriene receptor 2 (CysLT2R).  Further investigatio

yielded a receptor favouring leukotriene E4 rather than C4 and/or D4, recently identified as 

GPR99 (Kanaoka et al., 2013).  In addition to this, the P2Y family of purinergic GPCRs, as we

as other GPCRs, has been linked with leukotriene-binding activa

w

 

1

 

The human CysLT1R was first characterized in 1999 by two separate groups.  It is a 337 am

acid G-protein coupled receptor that signals predominantly through Gq/11 class G proteins, 

although it does show limited activation of Gi/o pathways (Lynch et al., 1999; Sarau et al., 1999).  

The human CysLT1R shares only 38% homology with the human CysLT2R, and is actually more 

similar to the purinoreceptor P2Y1 (32% homology) than the BLT1R (28%) (Heise et al., 2000

Lynch et al., 1999; Sarau et al., 1999).  The rank order for ligand affinity was first reported as 
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LTD4 > LTE4 = LTC4 > LTB4 in transfected Cos-7 cells (Lynch et al., 1999), and LTD4 > LTC4 

ost 

locytic CD34+ cells, B lymphocytes (Figueroa et al., 2001), 

nd mast cells (Mellor et al., 2001). 

 

 

d 

01; 

TD4, versus the 

uman, where the difference is only a 10-fold increase (Maekawa et al., 2001). 

-4 or 

> LTE4 > LTB4 in transfected HEK293 cells ( ).  In humans, CysLTSarau et al., 1999 1R is m

highly expressed in spleen and peripheral blood leukocytes, with lower expression in lung, 

placenta, small intestine, colon, and thymus ( ; ).  Later 

research would pinpoint human peripheral blood leukocyte CysLT

Lynch et al., 1999 Sarau et al., 1999

1R expression to monocytes, 

macrophages, eosinophils, pre-granu

a

 

The murine CysLT1R was first characterized in 2001 (Maekawa et al., 2001; Martin et al., 2001). 

It shares ~87% sequence homology with the human CysLT1R and exists in two isoforms, a short 

337 amino acid variant (consisting of exons I and IV) and a long variant  (352 aa total, consisting

of exons I, II, III, and IV) that possesses a 13 amino acid extension at the N terminus (Maekawa 

et al., 2001; Martin et al., 2001).  The long isoform is expressed highest in the lung and skin, and 

more weakly in the heart, kidney, stomach, and tongue.  Conversely, the short isoform was foun

only in lung and skin (Maekawa et al., 2001).  Similar to the human receptor, murine CysLT1R 

ligand affinity rank order was reported as LTD4 > LTE4 = LTC4 > LTB4 (Maekawa et al., 20

Martin et al., 2001).  However, the gap in binding affinity between LTD  and LTC  is much 

wider in the mouse, where the EC  for LTC  is 1,000-fold higher than that of L

4 4

50 4

h

 

CysLT1R is regulated transcriptionally by a myriad of pro- and anti-inflammatory factors – 

mostly cytokines - depending on the cell type.  It is upregulated upon stimulation with IL

IL-13 in human monocytes and monocyte-derived macrophages (Shirasaki et al., 2007; 
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Thivierge et al., 2001; Woszczek et al., 2005), as well as upon IL-5 stimulation in human

eosinophils (

 

).  

 2003).  

l., 

 downregulation via 

ndogenous production of PGE2 and IL-10 (Thivierge et al., 2006, 2009).   

PKC 

s 

), 

Thivierge et al., 2000).  CysLT1R levels in B lymphocytes are upregulated 

following stimulation by either a combination of IL-4 and activating anti-CD40 antibody, or a 

combination of IL-4 and the presence of CD154-transfected fibroblasts (Lamoureux et al., 2006

IL-13 treatment results in significant upregulation of both CysLT1R mRNA and protein levels, 

yielding a vulnerability to LTC4 stimulation-mediated eotaxin production (Chibana et al.,

Individual treatment with TGFβ, IFNγ, and IL-13 (but not IL-4) all resulted in CysLT R 

upregulation in human airway smooth muscle cells (

1

Espinosa et al., 2003).   IL-1β induces 

CysLT R upregulation in human umbilical vein endothelial cells (HUVECs) (1 Gronert et a

2001).  Conversely, direct IL-10 treatment downregulates CysLT R levels in monocytes 

(

1

Woszczek et al., 2008), and LPS or zymosan treatment results in CysLT R1

e

 

Activation of CysLT1R results in mobilization of intracellular Ca2+ via both Gq/11 and Gi/o 

pathway activation (Baud et al., 1987; Lynch et al., 1999).  Confirmed secondary messenger 

signaling pathways activated include MAPK (Hoshino et al., 1998; Paruchuri et al., 2002), 

(Hoshino et al., 1998), ERK1/2 (Jiang et al., 2006; McMahon et al., 2000), and PI3K-Akt-

GSK3β (Kim et al., 2010).  Induction of proliferation has been observed in numerous cell line

following CysLT1R activation, including human hematopoietic cells (Braccioni et al., 2002

epithelial cells (Leikauf et al., 1990; Paruchuri and Sjolander, 2003), smooth muscle cells 

(Kaetsu et al., 2007; Panettieri et al., 1998), and astrocytes (Fang et al., 2006; Huang et al., 

2008).  In addition, CysLT R activation upregulates pro-inflammatory mediators, including β-

integrins (

1

Boehmler et al., 2009; Massoumi and Sjolander, 2001), IL-4 (Bandeira-Melo et al., 
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2002), IL-5 (Faith et al., 2008; Frieri et al., 2003; Hasegawa et al., 2010), IL-8 (Thompson e

2006

t al., 

 levels 

-β (Henderson et al., 2002; 

iwamoto et al., 2011; Lee et al., 2007; Ueda et al., 2003). 

.3.2. Cysteinyl Leukotriene Receptor 2 

 al., 

onse 

e, 

 

nd 

d in 

, 

), IL-11 (Lee et al., 2007), TGF-β1 (Kato et al., 2005), as well as MIP-1α and MIP-1β 

(Ichiyama et al., 2009).  Finally, CysLT R pharmacological blockade results in decreased

of IL-4, IL-5, IL-8, IL-11, IL-13, TNFα, RANTES, and TGF

1

K

 

1

 

The human CysLT2R was first characterized in 2000 by three independent groups (Heise et

2000; Nothacker et al., 2000; Takasaki et al., 2000).  It is a 346 aa protein that shares 33% 

homology with the orphan receptor GPR17 (and as mentioned before, only 38% homology with 

CysLT1R) (Heise et al., 2000).  CysLT2R binds LTD4 and LTC4 with equal affinity and signals 

through Gq/11 (Heise et al., 2000). LTE4 behaves as a partial agonist, eliciting a calcium resp

in transfected HEK293 cells (Nothacker et al., 2000; Takasaki et al., 2000) and Cos-7 cells 

(Heise et al., 2000), but LTB4 does not (Heise et al., 2000; Takasaki et al., 2000).  Furthermor

these responses are unaffected by CysLT1R pharmacological antagonism (Heise et al., 2000; 

Nothacker et al., 2000; Takasaki et al., 2000).  The human CysLT2R expression profile is distinct 

from that of CysLT1R, being found predominantly in the heart (expressed in atria, ventricles, and

Purkinje fibres - but not the aorta), spleen, brain, lymphatic system, placenta, and adrenal gla

(Heise et al., 2000; Nothacker et al., 2000; Takasaki et al., 2000).  Indeed, it is the dominant 

cysLT receptor in heart and brain (Takasaki et al., 2000), and unlike CysLT1R, is not foun

high abundance in the lung (Heise et al., 2000).  CysLT2R is also expressed by numerous 

circulating cells, including eosinophils (Mita et al., 2001), monocytes, macrophages (Heise et al.
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2000), mast cells (Mellor et al., 2003) and platelets (Hasegawa et al., 2010), but not neutrophils 

(Figueroa et al., 2003).  It is also expressed in HUVECs (Lotzer et al., 2003) and coronary artery 

MCs (Kamohara et al., 2001). 

en, 

 and 

fic 

r 

glion 

s well as retinal microvasculature and resident pericytes 

). 

k 

l 

S

 

The murine CysLT2R was characterized in 2001 (Hui et al., 2001) and shares 74% homology 

with its human counterpart (Evans, 2003).  It is a 309 aa protein primarily expressed in sple

thymus, and adrenal gland, with weaker expression in kidney, brain, and peripheral blood 

leukocytes.  While Northern blot analysis failed to detect CysLT2R in the murine heart, the more 

sensitive in situ hybridization technique was able to detect CysLT2R in murine Purkinje cells

cardiac endothelial cells (Hui et al., 2001).  Apart from this, however, further elucidation of 

specific cell types expressing CysLT2R in the mouse has been elusive due to lack of a speci

antibody for the receptor.  Using a mouse model where LacZ was placed under the Cysltr2 

promoter, Moos et al. (2008) was able to detect CysLT2R expression in cardiac tissue (Jiang et 

al., 2008), as well as microvasculature in brain, bladder, skin, ear, and cremaster muscle.  Furthe

studies demonstrated CysLT2R expression in murine neurons of the myenteric and submucosal 

plexus in the small intestine, colonic myenteric plexus, dorsal root ganglia, and nodose gan

(Barajas-Espinosa et al., 2011), a

(Barajas-Espinosa et al., 2012

 

CysLT2R expression is upregulated by pro-inflammatory cytokines, including IFNγ (Woszcze

et al., 2007), IL-4 (Lotzer et al., 2003), IL-13 (Shirasaki et al., 2007), and IL-18 (Zhou et al., 

2009).  Pretreatment with IFNγ enhances responsiveness to cysLT stimulation in endothelia

cells (Woszczek et al., 2007), monocytes, T cells, and B lymphocytes (Early et al., 2007).  
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CysLT2R is also upregulated in murine models following ischemia in the heart (Jiang et a

2008

l., 

Sjostrom et al., 2003) - possibly as 

 mechanism designed to limit the extent of inflammation.   

.  

 

es 

 appears to be regulated, at least partially, by Ca2+ signaling and 

ansendothelial vesicle transport (Moos et al., 2008).  

.3.3. Other Cysteinyl Leukotriene Receptors 

Rs.  A 

), retina (Barajas-Espinosa et al., 2012), and brain (Shi et al., 2012b).  Interestingly, 

CysLT2R expression is suppressed by TNFα, LPS, or IL-1β (

a

 

CysLT2R activation results in altered endothelial cell function, as well as cytokine secretion

Activation of CysLT2R in HUVECs leads to increased intracellular calcium concentration, 

myosin light chain kinase activation (Carnini et al., 2011; Lotzer et al., 2003), P-selectin surface

expression (Pedersen et al., 1997), and the upregulation of a myriad of pro-inflammatory gen

including CXCL2 (which encodes the MIP-2α protein), SELE (E-selectin), IL-8, EGR1, and 

PTGS2 (Uzonyi et al., 2006).  In human mast cells, CysLT2R activation facilitates IL-8 

secretion, but through a pertussis toxin-sensitive pathway (Mellor et al., 2003).  In animal 

models, a murine dextran sulfate sodium-induced colitis model showed attenuated TNFα 

secretion in the absence of functional CysLT2R (Barajas-Espinosa et al., 2011),  and a murine 

model of endothelium-targeted transgenic CysLT2R upregulation presented vascular 

hyperpermeability in response to stimulation by both leukotrienes or IgE (Hui et al., 2004; Moos 

et al., 2008).  This mechanism

tr

 

1

 

In addition to CysLT1R and CysLT2R, data has implicated cysLT activation of other GPC

possible third cysLT receptor was first proposed after Mellor et al. (2001) noted that IL-4 
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treatment in mast cells upregulated two receptors: CysLT1R and a receptor that could not be 

CysLT2R based on pharmacological antagonism experiments.  Moreover, these cells responded

to both cysLTs and UDP, and as CysLT

 

gic signaling 

uld 

the 

er, 

sLT 

ceptor 

onists 

te, and 

as no effect on sensitivity to UDP-glucose-mediated responses (Daniele et al., 2011). 

1R activation by UDP was later ruled out (Capra et al., 

2005; Woszczek et al., 2010), this indicated that the unknown receptor had puriner

capability.  Further investigation revealed that GPR17, a receptor structrually and 

phylogenetically related to other P2Y receptors and cysLT receptors (Daniele et al., 2011), co

be activated in a specific and dose-dependent manner by both cysLTs and uracil nucleotides 

(Ciana et al., 2006; Daniele et al., 2011).  In addition, GPR17 heterodimerizes with CysLT1R 

and acts as a negative regulator of CysLT1R without activating any responses of its own or 

need for uracil nucleotide stimulation (Maekawa et al., 2009; Maekawa et al., 2010).  Howev

GPR17 knockdown abolished LTD4-induced effects on cell viability (Daniele et al., 2010).  

Thus, the question was: does GPR17 respond directly to cysLT stimulation or act on cy

receptors upon activation by uracil nucleotides (Back et al., 2011; Benned-Jensen and 

Rosenkilde, 2010)?  The answer appears to be both: GPR17 has two binding sites - one for 

cysLTs and the other for nucleotides (Parravicini et al., 2010; Parravicini et al., 2008).  Re

activation via either cysLTs or nucleotides induces a change in conformational state that 

enhances functional responsiveness to both sets of agonists.  In addition, both sets of ag

trigger homologous desensitization, but interestingly, while UDP-glucose stimulation 

desensitizes GPR17 to LTD4-mediated responses, LTD4 stimulation does not reciproca

h

 

LTE4 has long been regarded as a biological marker for the production of its more potent 

siblings LTC4 and LTD4.  However, the stability of LTE4 also ensures that it is the most 
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abundant cysLT in vivo, and it has been shown to induce smooth muscle contraction and 

eosinophilia (Gauvreau et al., 2001; Lee et al., 1984; Lewis et al., 1980).  Paruchuri et al. (2008)

reported that LTE

 

y, while 

nse was 

 extracted platelets, ruling out that P2Y12 activation 

xerts its effects through heterodimerization with another receptor.   

hen 

TER 

ptor 

4 mediated prostaglandin D2 production in human mast cells.  Curiousl

this response was attenuated by the CysLT1R antagonist MK-571, it was not affected by 

CysLT1R genetic knockdown alone, nor could it be triggered by LTD4 stimulation, suggesting 

the existence of a novel LTE4-selective receptor.  Later work would reveal that this respo

mediated by the purinergic receptor P2Y12 (Paruchuri et al., 2009).  Indeed, Nonaka et al. 

(2005), using a computer model, determined that LTE4 is a potential ligand for P2Y12.  

However, Foster et al. (2013) reported no signs of P2Y12 activation in transfected HEK-293 

cells.  Furthermore, they saw no response in

e

 

Around the same time as Paruchuri et al., Maekawa et al. (2008) reported that 

CysLT1R/CysLT2R double knockout mice still showed ear vascular leakage post-cysLT 

stimulation, and that LTE4 elicited a much more robust response than LTC4 or LTD4 in these 

mice.  However, the LTE4-mediated response reported by Maekawa et al. was only sensitive to 

the CysLT1R-selective antagonist MK-571 in wild-type mice, and no inhibition was noted w

CysLT1R knockout mice were treated with MK-571 (Maekawa et al., 2008).  Furthermore, 

CysLT2R knockout mice treated with MK-571 actually showed elevated permeability relative to 

wild-type and CysLT1R knockout mice, indicating that this putative receptor - termed CysL

at the time - may be negatively regulated by the classical cysLT receptors (Maekawa et al., 

2008).  This receptor has been recently identified as GPR99 (Kanaoka et al., 2013), a rece

previously believed to be a purinergic receptor before research revealed that it is actually 
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activated by α-ketoglutarate (Abbracchio et al., 2005; He et al., 2004; Qi et al., 2004).  Indeed, 

the LTE4-mediated ear edema observed in CysLT1R/CysLT2R double knockout mice was 

almost completely abolished in GPR99/CysLT1R/CysLT2R triple knockout mice.  Stimulation 

with LTC4 or LTD4 did elicit a mild response in CysLT1R/CysLT2R double knockout mice, 

indicating that GPR99 can bind LTC4 or LTD4 in the absence of the classical cysLT receptors 

). 

.4. Leukotriene Involvement in Pathology 

 

f the respiratory tract, cancers, and ischemic injury in the cerebro- 

nd cardiovascular systems. 

.4.1. Asthma/Respiratory Diseases 

, so it is 

 

t 

(Kanaoka et al., 2013

 

1

 

Given their potent pro-inflammatory effects, it is not surprising that leukotrienes have been

linked with pathogenesis for numerous conditions, including inflammatory bowel disease, 

cholestasis, hepatic inflammation, arthritis, and atopic dermatitis (Back et al., 2011; Haeggstrom 

and Funk, 2011).  However, the conditions that have received the most attention are: asthma and 

other inflammatory diseases o

a

 

1

 

Leukotrienes were first discovered as mediators of bronchial smooth muscle constriction

understandable that they are involved in asthma, as well as other pathologies involving 

inflammation and/or constriction of the airways.  Elevated levels of cysLTs have been measured

in bronchoalveolar lavage (BAL) fluid, urine, and blood from asthmatic adults, and cysLTs are 

elevated in BAL fluid taken at night from nocturnal asthmatics (Taylor et al., 1992; Wenzel e
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al., 1990; Wenzel et al., 1995).  LTB4 also plays a role in asthma: it is elevated in asthmatic 

patients (Wenzel et al., 1995) and murine studies show that BLT1R plays a vital role in 

mediating Th-2 cytokine mediated airway inflammation (Miyahara et al., 2005), whereas 

BLT1R-expressing T cells are upregulated in allergic asthma patient airways (Islam et al., 2006). 

Despite its lack of affinity for the CysLT

 

re 

for 

Maekawa et al., 2008), the role of CysLTER 

ctivation in asthma and bronchoconstriction warrants further attention. 

ilable 

, 

ntries 

nse 

1R and CysLT2R, LTE4 also induces bronchial 

contraction with equal potency as LTC4 and LTD4 (Davidson et al., 1987), a finding that makes 

more sense now following the revelation of the CysLTER (GPR99).  Also interesting was that 

asthmatic airways maintained sensitivity to LTE4, whereas responses to LTC4 and LTD4 we

attenuated compared to equivalent responses in healthy individuals (Adelroth et al., 1986; 

O'Hickey et al., 1988; Weiss et al., 1982).  LTE4, but not LTC4 and LTD4, was also able to 

induce hyperresponsiveness to histamine (Lee et al., 1984).  Now that a receptor preferential 

LTE4 has been identified (Kanaoka et al., 2013; 

a

 

As of 2011, there were three CysLT1R antagonists and one 5-LO antagonist clinically ava

(Okunishi and Peters-Golden, 2011).  The lukast family of CysLT1R antagonists, all first 

discovered in the 1990s, consists of pranlukast (Obata et al., 1992), zafirlukast (Krell et al.

1990), and montelukast (Jones et al., 1995).  Of the three, montelukast is the most widely 

available and promoted, whereas pranlukast is only available in Japan and other Asian cou

(Okunishi and Peters-Golden, 2011).  There are numerous studies detailing the ability of 

CysLT1R antagonism to mitigate inflammatory bronchospastic responses in cases of acute 

asthma (Dockhorn et al., 2000; Gaddy et al., 1992), persistent asthma (Reiss et al., 1998; Suissa 

et al., 1997), aspirin-triggered asthma (Christie et al., 1991; Fischer et al., 1994), and in respo
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to allergens (Taylor et al., 1991).  CysLT1R blockade also resulted in a marked decreased in 

airway histamine and TNF-α levels (Figueroa et al., 2001).  However, CysLT1R antagonism 

failed to abrogate eosinophil recruitment (Diamant et al., 1999).  The 5-LO inhibitor zileuton 

was discovered in 1991 (Carter et al., 1991), and was considered to have more potential than

cysLT receptor antagonists given its ability to block both cysLT receptor and BLT receptor 

signaling.  While it has similar anti-bronchoconstriction properties to the CysLT

 

ists 

 

., 2007).  

iers 

.  

ble of 

sing inhaler devices or inhaled corticosteroids (Okunishi and Peters-Golden, 2011).   

.4.2. Cancer 

1R antagon

(Israel et al., 1996; Liu et al., 1996; Wenzel et al., 1995), it has not gained widespread use

because of an initial need for four daily doses and the possibility of hepatocellular injury 

(Okunishi and Peters-Golden, 2011).  Furthermore, there is little evidence to suggest that 

zileuton is superior to any of the lukast family members (Israel et al., 1996; Wenzel et al

While these compounds do improve lung and airway function while decreasing disease 

symptoms, they are still not as efficacious as inhaled corticosteroids in the treatment of asthma 

(National Asthma and Prevention, 2007; Wenzel, 2003).  A further complication is that there is a 

distinct and significant subset of patients who are unresponsive to leukotriene pathway modif

(Barnes et al., 2005; Terashima et al., 2002).  Despite this, these compounds are effective in 

treating other conditions such as aspirin-induced asthma, exercise-induced bronchoconstriction 

(Dahlen, 2006), allergic rhinitis, and chronic obstructive pulmonary disease (Back et al., 2011)

They also provide a tested alternative therapy option for individuals unwilling or incapa

u

 

1
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CysLT signaling activates secondary messengers that have been implicated in cell survival an

proliferation.  LTD

d 

n 

t al., 

n 

4 

 et 

nents has 

n shown to reduce 

mour load in rat esophageal adenocarcinomas (Chen et al., 2003), and LTA4H downregulation 

4 stimulation upregulates COX-2, via activation of ERK1/2, which in tur

activates Bcl-2 signaling, promoting cell survival (Wikstrom et al., 2003).  Pharmacological 

blockade of COX-2 resulted in increased apoptosis rate, as well as increased pro-apoptotic 

pathway signaling.  This effect in turn is countered by additional LTD4 stimulation (Ohd e

2000).  Research has also shown that LTC4 stimulation induces endothelial cell proliferatio

(Modat et al., 1987), whereas LTD4 stimulation encourages hematopoietic progenitor cell 

proliferation  (Boehmler et al., 2009; Braccioni et al., 2002).  In addition, LTB4 levels are 

elevated in human colon (Larre et al., 2008) and pancreatic (Ding et al., 2005) cancers, and LTB

stimulation promotes proliferation in colon cancer cell lines (Ihara et al., 2007), pancreatic 

cancer cell lines (Tong et al., 2005), as well as in neural (Wada et al., 2006) and hematopoietic 

stem cells (Chung et al., 2005).  LTB4, LTC4, and LTD4 stimulation are pro-angiogenic (Kim

al., 2009; Tsopanoglou et al., 1994).  Inhibition of leukotriene synthesis pathway compo

been implicated to impede cancer progression in some pre-clinical models.  Pharmacological 

inhibition of 5-LO prevents tumorigenesis in murine lung following treatment with the 

carcinogen nicotine-derived nitrosamine ketone (Rioux and Castonguay, 1998), and COX-2 and 

5-LO blockers in tandem had additive effects in blocking tumour growth in mice xenografted 

with human colon (Ye et al., 2005), esophageal (Chen et al., 2004b), breast (Barry et al., 2009), 

and skin (Fegn and Wang, 2009) cancer cells.  Blockade of LTA4H has bee

tu

inhibited in vitro and in vivo colon cancer cell growth (Jeong et al., 2009). 
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Both BLT receptors (Hennig et al., 2005) and cysLT receptors (Magnusson et al., 2007; 

Matsuyama et al., 2007; Ohd et al., 2003) have been found in abundance in cancerous cells and 

tissues.  Appropriately, BLT receptor blockade has been shown to induce apoptosis in colon 

cancer cells (Ihara et al., 2007) and inhibit tumour growth and metastasis in murine pancreas 

following implantation with pancreatic cancer cells (Hennig et al., 2005).  There is an interes

dichotomy regarding the cysteinyl leukotriene receptors where CysLT

ting 

rs to 

 induces apoptosis in prostate cancer cell lines 

a et al., 2007).  Less is known about the role of CysLT2R in tumorigenesis, but there 

n of apoptosis and terminal differentiation in colon 

aricinoma cell lines (Magnusson et al., 2007). 

 

e 

1R expression appea

be deleterious and CysLT2R expression beneficial.  Indeed, high CysLT1R combined with low 

CysLT2R expression has been associated with increased malignancy and reduced survival.  

Conversely, low CysLT1R combined with high CysLT2R expression has been linked with 

increased survival (Magnusson et al., 2007; Magnusson et al., 2011; Matsuyama et al., 2007).  

CysLT1R signaling promotes cell proliferation via activation of the ERK1/2 signaling pathway 

(Paruchuri and Sjolander, 2003), and receptor inhibition reduces tumour burden in a mouse 

model of lung cancer (Gunning et al., 2002), and

(Matsuyam

is evidence that it is involved in promotio

c

 

1.4.3. Ischemic/Cardiovascular Disease 

 

Given the depth and breadth of leukotriene involvement in inflammatory responses, it was only 

natural that their potential involvement in cardiovascular disease would be investigated.  Indeed,

urinary excretion of LTE4 is elevated following myocardial infarction, indicating leukotrien

production during the event (Allen et al., 1993; Carry et al., 1992).  Murine models also show a 
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similar phenomenon after LAD ligation (Sala et al., 2000).  Furthermore, the enzymes involved 

in leukotriene production have been found in atherosclerotic plaques, and human corona

arteries express 5-LO, FLAP, and LTA

ry 

 

 that 

ial 

) 

 al., 2012; 

), whereas 

TC4S gene variants have been linked with stroke, but not ischemic heart disease or 

 

4H and respond to LTC4 and LTD4 (Allen et al., 1998).  

In addition, 5-LO, FLAP and LTC4S are all upregulated in aneurysm thrombi.  Gene variants 

within the leukotriene synthesis pathway have been associated with increased atherosclerosis, 

myocardial infarction, and stroke (Haeggstrom and Funk, 2011).  Dwyer et al. (2004) examined a

population of Angelenos and found that individuals possessing variant alleles for ALOX5, the 

gene encoding 5-LO, had increased intima-media thickness and elevated plasma levels of the 

inflammatory marker C-reactive protein.  A study of the Icelandic population then revealed

polymorphisms in ALOX5AP, the gene encoding FLAP, conferred a greater risk of myocard

infarction and stroke (Helgadottir et al., 2004) - these findings were then replicated in a Scottish 

population (Helgadottir et al., 2005).  However, further research has yielded contradictory 

results, with some studies confirming that ALOX5AP polymorphisms were associated with 

myocardial infarction (Linsel-Nitschke et al., 2008), coronary heart disease, (Huang et al., 2010

and stroke (Lee et al., 2011; Sharma et al., 2013).  Conversely, other studies have failed to 

identify any association between ALOX5AP polymorphisms and stroke risk (Barral et

Kostulas et al., 2007; Lemaitre et al., 2009; Zintzaras et al., 2009).  LTA4H gene variants have 

also been linked with increased myocardial infarction risk (Helgadottir et al., 2006

L

atherosclerosis in a Danish population (Freiberg et al., 2009). This association with stroke was

also found in British and Chinese studies (Bevan et al., 2008; Wang et al., 2012). 
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Early studies investigating the role of cysteinyl leukotrienes in CVD were largely optimistic.  

Pharmacological inhibition of 5-LO or use of a lipoxygenase/cycloxygenase dual antagoni

resulted in decreased infarction size (

st 

03647 

ck 

ism 

se 

f 

on 

 

at 

 

; 

Amsterdam et al., 1993; Hashimoto et al., 1990; Ito et al., 

1989).  Use of the non-selective peptidoleukotriene receptor antagonist LY171883 or LY2

yielded mixed results - whereas the former attenuated infarction size following ischemia (Ho

et al., 1992), the latter failed to have any effect on infarction damage (Hahn et al., 1992).  

Administration of the CysLT1R antagonist pranlukast resulted in significantly reduced infarction 

size (Ito et al., 1989; Toki et al., 1988).  These studies targeting the cysLTs did not report 

reduction in leukocyte recruitment and extravasation following cysLT receptor antagon

(Hock et al., 1992; Ito et al., 1989; Toki et al., 1988), although 5-LO antagonism, but not 

lipoxygenase/cycloxygenase dual antagonism (Amsterdam et al., 1993), was reported to decrea

neutrophil accumulation in the infarcted tissue (Ito et al., 1989; Toki et al., 1988).  While most o

these studies reported a beneficial effect following pharmacological antagonism of the 

leukotriene synthesis pathway, indicating a clear role for leukotrienes in myocardial infarcti

damage, they are somewhat contradictory regarding the mechanisms/actions affected by drug 

treatment.  Carnini (2011) and Back (2011) have both attributed this to the non-selective nature 

of these early pharmacological agents - particularly those targeting the cysLT receptors - and

also posit that the early compounds used may have partial agonist activity or may have not 

displayed sufficient potency to compete with elevated amounts of local endogenous ligands 

the site of injury.  Indeed, later studies using montelukast have shown that CysLT1R antagonism

possesses antiatherogenic effects (Ge et al., 2009; Jawien et al., 2008; Kaetsu et al., 2007).  

While both CysLT1R and CysLT2R are expressed in diseased human arteries (Allen et al., 1998

Spanbroek et al., 2003), CysLT2R is the dominant isoform in the myocardium (Heise et al., 
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2000) - but the lack of a selective and potent pharmacological agent for the receptor until 2010 

(Wunder et al., 2010) has made identifying CysLT2R-specific effects difficult.  CysLT2R is also 

upregulated in the heart following ischemia (a finding that is corroborated in other organs such

as the retina and brain (

 

2 gene 

T2R 

farction damage (that was 

brogated using the non-selective CysLT receptor antagonist Bay-u9773) accompanied by 

s (Jiang 

tricular 

Barajas-Espinosa et al., 2012; Jiang et al., 2008; Shi et al., 2012b).  Hui et 

al. (2004) generated a transgenic mouse model where seven copies of the human CYSLTR

under control of the murine Tie2 promoter in order to create an “endothelial-targeted” CysL

overexpressing model.  These mice showed exacerbated vascular permeability in response to 

cysLT stimulation in ear, retina, and cremaster microvasculatures (Barajas-Espinosa et al., 2012; 

Hui et al., 2004; Moos et al., 2008), significantly increased in

a

increased edema, leukocyte extravasation, and elevated expression of adhesion molecule

et al., 2008).  Also, the CysLT R overexpressing mouse model shows accelerated left ven

remodeling at two weeks post-infarction (

2

Jiang et al., 2008). 

 

Ischemic disease, predominantly stroke, occurs in the brain as a result of thrombosis or 

hemorrhage.  Arachidonic acid is released due to degradation of membrane lipids during 

ischemia, and this release is greatest in brain regions most susceptible to ischemia/reperfusion 

injury (Katsuki and Okuda, 1995; Westerberg et al., 1987).  Indeed, leukotriene production has 

been noted in the brain during ischemia, and dramatically increased following reperfusion 

(Moskowitz et al., 1984; Rao et al., 1999).  Both CysLT R and CysLT R are expressed in the 

brain (

1 2

Heise et al., 2000; Lynch et al., 1999), and both are upregulated following ischemia (Fang 

et al., 2007; Shi et al., 2012b; Zhao et al., 2011).  CysLT R in the brain is primarily localized to 

microvascular endothelial cells, with traumatic injury inducing expression in neurons and glial 

1

 37



cells (Zhang et al., 2004).  Treatment with CysLT R-selective antagonists results in decrea

ischemic damage and improved neurological function (

1 sed 

In 

 

 

ion, 

 

 

ma, 

 

ia CysLT2R-mediated aquaporin 4-upregulation (Qi et al., 2011).  Ischemia 

sults in the acute phase (6-24 hours post-ischemia) upregulation of CysLT2R in injured 

eurons within the infarction zone, and the late phase (3-28 days) upregulation of CysLT2R in 

Fang et al., 2006; Zhang et al., 2002).  

addition, pranlukast treatment also decreased brain cryoinjury extent in mice (Ding et al., 2007),

indicating a possible role for leukotrienes in traumatic brain injury as well.  CysLT R is highly 

expressed in the central nervous system, including the hypothalamus, thalamus, putamen, 

pituitary, and medulla (

2

Heise et al., 2000).  In addition, the receptor is also found in the brain 

microvasculature (Moos et al., 2008).  Di Gennaro et al. (2004) have found that neutrophils are 

the source of cysLT synthesis in the brain, and that neutrophil activation results in a brain-blood

barrier disruption that can be prevented with FLAP pharmacological antagonism.  In addit

exogenous addition of LTB  did not elicit similar effects as neutrophil activation, and Bay-u9773

was more effective than montelukast in preventing blood-brain barrier disruption - indicating the 

involvement of CysLT R.  In vitro induction of ischemia in medulla cells resulted in increased

cell death in cells overexpressing CysLT R.  Treatment of these cells with LTD  induced 

apoptosis, which was inhibited by Bay-u9773 but not montelukast (

4

2

2 4

Sheng et al., 2006).  In vivo, 

use of the CysLT R-selective antagonist HAMI3379 resulted in reduced infarct volume, ede

and neuronal degredation and neuronal death (

2

Shi et al., 2012a).  CysLT stimulation has also 

been shown to induce astrocyte proliferation at low concentrations through a CysLT R-mediated 

process and astrocyte death at high concentrations through a CysLT R-mediated process (

1

2 Huang

et al., 2008).  In addition, ischemia resulted in upregulation of CysLT R in astrocytes while 

inducing cell death v

2

re

n
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microglia and astrocytes, indicating a role for CysLT2R in astrogliosis and microgliosis post-

chemia (Zhao et al., 2011). 

el 

 

tion 

 injury 

 

atory 

 term cardiac function and 

is

 

 

 

1.5. Research Objectives and Hypotheses 

 

Although endothelium-targeted CysLT2R overexpression has been linked with increased 

myocardial infarction damage and vascular hyperpermeability, the precise mechanisms 

underlying these phenomena remain unresolved.  Investigation of the role of CysLT2R activation 

in myocardial infarction injury has been difficult due to the absence of receptor-selective 

pharmacological antagonists until very recently.  Our aims are thus fourfold: 1) use these nov

pharmacological compounds to examine if CysLT2R is the main mediator of the exacerbated 

myocardial infarction damage phenotype observed in CysLT2R-overexpressing mice;  2) 

determine whether CysLT2R activation is involved during ischemia, at reperfusion, or during the 

inflammatory response following infarction;  3) examine whether the difference in injury 

severity in CysLT2R-overexpressing mice post-acute ischemia translates into altered cardiac

function long-term;  and 4) examine the molecular mechanisms underlying CysLT2R regula

of vascular permeability and leukocyte behaviour.  We hypothesize that the exacerbated

phenotype observed in CysLT2R-overexpressing mice is primarily mediated by CysLT2R (rather

than other receptors), and that CysLT2R activation most strongly impacts the inflamm

response post-reperfusion.  In addition, we believe that exacerbation of CysLT2R-mediated 

myocardial damage post-infarction will result in decreased long
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pathological cardiac remodeling.  Lastly, CysLT R activation likely mediates vascular 

fected site.  By investigating and understanding how CysLT2R activation results in 

exacerbation of myocardial infarction injury, we hope to establish that CysLT2R is a viable 

therapeutic target for the treatment of cardiovascular disease.  

2

permeability via localized leukotriene production and promotion of leukocyte recruitment to the 

af
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Chapter 2: A selective cysteinyl leukotriene receptor 2 antagonist blocks 
myocardial ischemia/reperfusion injury and vascular permeability in mice 
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2.1. Abstract 

 

Cysteinyl leukotrienes (cysLTs) are potent inflammatory mediators that predominantly exert 

eir effects by binding to cysteinyl leukotriene receptors of the G protein-coupled receptor 

mily. CysLT receptor 2 (CysLT2R), expressed in endothelial cells of some vascular beds, has 

een implicated in a variety of cardiovascular functions. Endothelium-specific overexpression of 

uman CysLT2R in transgenic mice (EC) greatly increases myocardial infarction damage. 

vestigation of this receptor, however, has been hindered by the lack of selective 

harmacological antagonists. Here, we describe the characterization of 3-(((3-

arboxycyclohexyl)amino)carbonyl)-4-(3-(4-(4-phenoxybutoxy)phenyl)-propoxy)benzoic acid 

ayCysLT2) and explore the selective effects of this compound in attenuating myocardial 

chemia/reperfusion damage and vascular leakage. Using a recently developed β-galactosidase-

-arrestin complementation assay for CysLT2R activity (Yan et al., 2011), we determined 

ayCysLT2 to be ~20-fold more potent than the nonselective dual cysLT receptor 1 

ysLT1R)/CysLT2R antagonist 4-(((1R,2E,4E,6Z,9Z)-1-((1S)-4-carboxy-1-hydroxybutyl)-

,4,6,9-pentadecatetraen-1-yl)thio)benzoic acid (Bay-u9773) (IC50 274 nM versus 4.6 μM, 

spectively). Intracellular calcium mobilization in response to cysteinyl leukotriene 

dministration showed that BayCysLT2 was >500-fold more selective for CysLT2R compared 

ith CysLT1R. Intraperitoneal injection of BayCysLT2 in mice significantly attenuated 

ukotriene D4-induced Evans blue dye leakage in the murine ear vasculature. BayCysLT2 

dministration either before or after ischemia/reperfusion attenuated the aforementioned 

creased myocardial infarction damage in EC mice. Finally, decreased neutrophil infiltration 

nd leukocyte adhesion molecule mRNA expression were observed in mice treated with 

th
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b

h
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antagonist compared with untreated controls. In conclusion, we present the characterization of a 

otent and selective antagonist for CysLT2R that is useful for discerning biological activities of p

this receptor. 
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2.2. Introduction 

 

Myocardial infarction is the leading killer of both males and females in the industrialized 

(

world 

t 

n 

rmation, in tandem with chemoattractant release during myocardial 

farction, invokes the innate inflammatory response, resulting in adhesion protein up-regulation, 

these 

heir 

ana et 

ough 

Yellon and Hausenloy, 2007). The condition is characterized by a cessation of oxygen/nutrien

supply to the myocardium, usually caused by a blockage of the coronary circulation. Although 

the only remedy to this problem is timely restoration of blood flow (“reperfusion”), this results i

the en masse formation of reactive oxygen species, creating oxidative stress (Zweier, 1988). 

Reactive oxygen species fo

in

leukocyte infiltration, and extracellular matrix degradation (Vinten-Johansen, 2004). It is 

post-reperfusion events that contribute the majority of myocardial infarction-induced damage 

(Yellon and Hausenloy, 2007).  

 

The cysteinyl leukotrienes (cysLTs), so termed because of the common cysteine moiety in t

structures, are a group of proinflammatory arachidonic acid metabolites consisting of LTC4, 

LTD4, and LTE4. CysLTs exert their effects primarily by binding two characterized G protein-

coupled receptors: cysLT receptor 1 (CysLT1R) (Lynch et al., 1999) and cysLT receptor 2 

(CysLT2R) (Heise et al., 2000). CysLTs have also been shown to interact with the putative 

cysteinyl leukotriene E receptor (Maekawa et al., 2008), the P2Y12 receptor (purinergic receptor 

P2Y, G protein-coupled, 12) (Nonaka et al., 2005), and G protein-coupled receptor 17 (Ci

al., 2006; Maekawa et al., 2009). Of these receptors, CysLT1R is the most extensively studied 

(Moos and Funk, 2008) and has been shown to mediate bronchoconstriction and airway 

inflammation (Funk, 2005). CysLT2R has not received as much attention as CysLT1R, alth
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there has been a wave of interest concerning this receptor in cardiovascular disease (Funk, 2005)

CysLT

. 

e heart (Jiang et al., 2008), 

rain, cremaster muscle vasculature (Moos et al., 2008), and myenteric neurons (Barajas-

hemokine 

nked to 

creased risk of myocardial infarction (Helgadottir et al., 2006; Helgadottir et al., 2004). Some 

udies have also shown that the 5-lipoxygenase pathway is involved in atherosclerosis (Di 

ennaro et al., 2010; Funk, 2005; Qiu et al., 2006a; Spanbroek et al., 2003). As well, plasma 

TC4 levels (Takase et al., 1996) and both CysLT1R and CysLT2R expression (Jiang et al., 

008) have been shown to increase after myocardial infarction. Previous work by our group has 

own that endothelial-specific overexpression of human CysLT2R in transgenic mice resulted 

 significantly greater myocardial infarcts after coronary vessel ligation, which was attenuated 

y the nonselective cysLT receptor antagonist Bay-u9773 [4-(((1R,2E,4E,6Z,9Z)-1-((1S)-4-

arboxy-1-hydroxybutyl)-2,4,6,9-pentadecatetraen-1-yl)thio)benzoic acid]. The same study also 

owed that overexpression of CysLT2R resulted in enhanced adhesion molecule up-regulation 

as well as leukocyte infiltration (Jiang et al., 2008). However, because of the absence of a 

2R is expressed in multiple organs in the mouse, including th

b

Espinosa et al., 2011). In humans, it is found in umbilical cord endothelial cells (Lotzer et al., 

2003; Uzonyi et al., 2006), myocardium, and coronary vessels (Kamohara et al., 2001). 

CysLT R mediates vascular endothelium permeability via a vesicular transcytotic mechanism 

(

2

Hui et al., 2004; Moos et al., 2008) and is regulated by transcriptional activation of c

secretion (Thompson et al., 2008).  

 

The role of enzymes involved in leukotriene biosynthesis and the cysLT receptors in the 

cardiovascular context is being studied extensively. Research has shown that single-nucleotide 

polymorphisms in the genes encoding 5-lipoxygenase and leukotriene A  hydrolase are li4

in
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G
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CysLT2R-selective antagonist (Moos and Funk, 2008), the precise pathological contributions of 

ysLT1R and CysLT2R could not be dissected (Jiang et al., 2008).  

ecent breakthroughs in CysLT2R-related pharmacology have allowed the characterization of 

nyl)-

C

 

R

both a CysLT2R-selective agonist [N-methyl LTC4 (NMLTC4)] (Yan et al., 2011) and 

antagonist [3-(((3-carboxycyclohexyl)amino)carbonyl)-4-(3-(4-(4-

(cyclohexyloxy)butoxy)phenyl)propoxy)-benzoic acid (HAMI3379)] (Wunder et al., 2010). In 

this article, we characterize the pharmacological properties of another CysLT2R-selective 

antagonist 3-(((3-carboxycyclohexyl) amino)carbonyl)-4-(3-(4-(4-phenoxybutoxy)phe

propoxy)benzoic acid (BayCysLT2) and use it to investigate the specific role of CysLT2R in 

myocardial injury and vascular leakage. We show that BayCysLT2 fully attenuates the 

exacerbation of myocardial infarction injury seen in mice overexpressing CysLT2R and 

accomplishes this by reducing leukocyte infiltration. 
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2.3. Materials and Methods 

 

2.3.1. BayCysLT2 Synthesis 

 

All reagents were purchased from commercial sources and used without further purification. 

Column chromatography was carried out using Silica-P Flash silica gel (60 Å, 40–63 μm, 500 

m2/g) from Silicycle (Quebec City, Canada). 1H (and 13C) NMR spectra were recorded at 2

on a Bruker Avance Spectrome

5°C 

ter (Bruker Daltonics, Billerica, MA) at 300 (75) or 400 (100) 

Hz. The desired compound, 3-(((3-carboxycyclohexyl)amino)carbonyl)-4-(3-(4-(4-

er 

ute 

fter 3 h at room temperature, a solution of 1 (1.5 g, 9.02 mmol) in 15 ml of acidified MeOH 

ted 

in et 

 

M

phenoxybutoxy)phenyl)-propoxy)benzoic acid (BayCysLT2) is a patented antagonist from Bay

Pharmaceuticals (Montville, NJ) (Harter et al., 2009) and was synthesized according to the ro

in Figure 2-1 from four commercially available starting materials. 3-(4-hydroxyphenyl) 

propionic acid (Compound 1 – refer to Figure 2-1), 4-hydroxyisophthalic acid (7), and 3-

aminocyclohexane-1-carboxylic acid (10) were purchased from TCI America (Portland, OR), 

and 4-phenoxy-1-butyl bromide (3) was from Alfa Aesar (Ward Hill, MA).  

 

A

(5% final volume with HCl) gave its corresponding methyl ester (2). The solvent was 

evaporated, and the residue was dissolved in EtOAc. The solution was washed with satura

NaHCO3, dried over MgSO4, and concentrated in vacuo to give a yellow oil in quantitative 

yield. Spectroscopic characterization was consistent with that reported in the literature (Lew

al., 2005).  
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Methyl-3-(4-(4-phenoxybutoxy)phenyl) Propanoate (4):  a solution of 2 (1 g, 6.012 mm

3 (1.5 g, 6.55 mmol) in 15 ml of acetonitrile was mixed with K

ol) and 

d heated 

 reflux for 15 h. Solvent was removed, and the residue was taken up in EtOAc/H2O for work-

ed 

 to the 

to 

as subjected to flash chromatography on silica gel with 

2CO3 (2.5 g, 2 mmol) an

to

up. The aqueous phase was washed with EtOAc and combined. The organic extracts were 

washed with brine, dried over MgSO4, filtered through a silica plug, and concentrated in vacuo. 

The residue was purified with flash chromatography using cyclohexane/EtOAc (19:1) to give 1.5 

g of 4 (81% yield). Spectroscopic characterization was consistent with that reported in the 

literature (Harter et al., 2009). 

 

3-(4-(phenoxybutoxy)phenyl)-1-propanol (5): LiAlH4 (1 M in 5 ml of THF) was introduc

dropwise, while stirring, to a solution of 4 (1.3 g, 4.16 mmol) in minimal (~5 ml) THF. The 

solution was stirred at room temperature for 30 min. MeOH (1–2 ml) was cautiously added

suspension to destroy excess LiAlH4. The mixture was then added to 1 M HCl and extracted 

with EtOAc. The organic phase was washed with brine, dried over Na2SO4, and concentrated 

give 5 in quantitative yield. Spectroscopic characterization was consistent with that reported in 

the literature (Harter et al., 2009). 

 

1-(3-bromopropyl)-4-(4-phenoxybutoxy)benzene (6): alcohol 5 (1.4 g, 4.86 mmol) was 

dissolved in 10 ml of THF, to which was added triphenylphosphine (1 g, 4 mmol) and 

tetrabromomethane (1.2 g, 4 mmol) with stirring. The reaction became cloudy after 5 min and 

was complete after 4 h as judged by TLC. The precipitate was filtered off, the filtrate was 

concentrated in vacuo, and the residue w
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cyclohexane/EtOAc (19:1) to yield 1.23 g (3.39 mmol) of 6 in 69% yield. Spectroscopic 

characterization was consistent with that reported in the literature (Harter et al., 2009). 

 

2-hydroxy-5-(methoxycarbonyl)benzoic Acid (8): 4-hydroxyisophthalic acid (7) (1 g, 5.5 

mmol) was refluxed in MeOH (10 ml) containing 5% concentrated sulfuric acid (by volume) fo

6 h.  The mixture was carefully poured into ice water.  NaHCO

r 

to 8, 

al acetic acid to separate the desired product from 

e diester dimethyl 4-hydroxyisophthalate (9), which was the major product at 0.6 g (2.75 

lic acid hydrochloride (10) (1 g, 7.0 mmol) was stirred together with trimethylsilyl 

hloride (2 ml, 0.012 mmol) in 15 ml of MeOH at room temperature overnight to give a viscous 

3 was added to adjust the pH 

and the mixture was filtered retaining both the precipitate and filtrate.  The precipitate was 

dissolved in EtOAc and purified by silica gel flash chromatography with 19:1 

cyclohexane/EtOAc and trace amounts of glaci

th

mmol).  The undesired diester 9 could be converted to the desired monoester by hydrolysis in 

wet pyridine (10 ml) at reflux for 18 h. The reaction progress was monitored by TLC and 

purified by silica gel flash chromatography (19:1 cyclohexane/EtOAc) after acidification with 

HCl, extraction with chloroform, washing with water and NaHCO3, and concentration under 

reduced pressure. The combined yield of monoester was 80%.  Spectroscopic characterization 

was consistent with that reported in the literature (Harter et al., 2009). 

 

Methyl 3-aminocyclohexane-carboxylate Hydrochloride (11): 3-aminocyclohexane-1-

carboxy

c

oil, which under vacuum became 0.4 g of a spongy foam in 36% yield.  The product was used 

immediately in the next synthetic step.  
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Methyl 4-hydroxy-3-((3-(methoxycarbonyl)cyclohexyl)amino)carbonyl Benzoate (12): the 

entire yield of 11, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (1 g, 6 mmol) and 

hydroxybenzotriazole (0.5 g, 4 mmol) was dissolved in 15 ml of Et3N; this mixture was added 

ropwise to a solution of 8 in 10 ml of CH2Cl2.  After stirring for 15 h at room temperature, 25 

ture, and the organic phase was extracted. Combined 

xtracts were washed with brine, dried over MgSO4, and concentrated in vacuo.  The crude 

) 

t 

utoxy) 

ution of NaH2PO4 (10 ml) was then added to the reaction mixture, and 

e organics were extracted with EtOAc, washed with brine, dried with MgSO4, and purified by 

 17%.  

, 

ayCysLT2: methyl ester 13 (0.15 g, 2.43 mmol) was dissolved in 15 ml of THF and 8 ml of a 

4 h and then 

cidified with concentrated HCl, extracted with EtOAc, and precipitated with diethyl ether to 

d

ml of H2O was added to the reaction mix

e

product was then purified by flash chromatography on silica gel with cyclohexane/EtOAc (4:1

to yield the product in 63% yield.  Spectroscopic characterization was consistent with tha

reported in the literature (Harter et al., 2009).  

 

Methyl 3-(((3-(methoxycarbonyl)cyclohexyl)amino)carbonyl)-4-(3-(4-(4-phenoxyb

phenyl)propoxy) Benzoate (13): the coupling product 12 (0.5 g, 1.50 mmol) was dissolved in 

butylnitrile (25 ml), to which K2CO3 (5 g, 36 mmol) was added and the mixture was heated to 

reflux.  The alkyl bromide 6 (0.6 g, 1.7 mmol) was added over 15 h until 12 was consumed as 

judged by TLC.  A 5% sol

th

flash chromatography on silica gel with cyclohexane/EtOAc (2:1).  Purification yielded

Spectroscopic characterization was consistent with that reported in the literature (Harter et al.

2009). 

 

B

1:1 solution of MeOH and 2 M NaOH.  The mixture was heated to 60°C for 

a
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obtain the product in quantitative yield.  Spectroscopic characterization was consistent 

reported in the literature (Harter et al., 2009).  Stock solution (100 mg/ml) was prepared in 

DMSO for use in all experiments.  

 

2.3.2. β-Galactosidase-β-Arrestin Assay 

 

The β-

with that 

galactosidase-β-arrestin complementation assay for CysLT2R activation was described 

cently (Yan et al., 2011).  In brief, Bay-u9773 (Cayman Chemical, Ann Arbor, MI) or 

ell 

 

e RLU were recorded after 1-

 incubation at 28°C.  

re

BayCysLT2 (10 pM to 10 μM final concentration) were preincubated for 15 min with C2C12 

myoblast cells expressing modified hCysLT2R and β-arrestin-2 (25,000 cells/well in 96-w

plates; 100 μl) at 37°C.  Cells were stimulated with LTD4 (30 or 300 nM, correlating 

approximately to the EC50 and 10× EC50 values, respectively) (Cayman Chemical) for 1 h after

which 50 μl of Tropix Gal-Screen (Applied Biosystems, Foster City, CA) luminescent reagent 

mix was added to each well.  The luminescent readout [relative light units (RLU)] was recorded 

after incubation at 28°C.  

 

In separate assays, C2C12 cells expressing modified hCysLT2R and β-arrestin-2 were 

preincubated with BayCysLT2 at a fixed concentration (100 nM) for 15 min, then stimulated 

with varying concentrations of LTD4 (10 pM to 10 μM) for 1 h. Th

h

 

2.3.3. Measurement of Agonist-Induced Intracellular Calcium Mobilization 
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The coding regions for CysLT1R and CysLT2R were subcloned into pcDNA3 vectors 

(Invitrogen, Carlsbad, CA), and HEK293 cells were stably transfected with Lipofectamine 200

reagent (Invitrogen) following the manufacturer's instructions.  Stably transfected cells were 

selected with G418 (Geneticin) (2 mg/ml; Invitrogen) in Dulbecco's modif

0 

ied Eagle's medium 

illipore Corporation, Billerica, MA) containing 10% fetal bovine serum, 2 mM l-glutamine, 

illin/100 μg/ml streptomycin at 37°C in a humidified atmosphere with 5% 

O2.  

en) 

°C.  The cells 

ere then washed twice with Hanks' buffered saline solution (Invitrogen) and incubated at 37°C 

300 nM BayCysLT2.  All cells were then stimulated 

ith 300 nM LTD4 (Cayman Chemical), and fluorescence at the 340- and 380-nm wavelengths 

 end of 

 

(M

and 100 units/ml penic

C

 

For confirmation of antagonist specificity, HEK293 cells expressing either CysLT1R or 

CysLT2R were plated onto poly-D-lysine-treated, 3-cm, clear-bottom plates at a density of 

25,000 cells/plate.  Cells were loaded with 3 mM Fura-2-acetoxymethyl ester dye (Invitrog

and 0.03% Pluronic F-127 solution (Invitrogen) and incubated for 45 min at 37

w

for 15 min in the presence or absence of 

w

was measured using a Nikon Eclipse TS-100 microscope (Nikon, Melville, NY) and analyzed 

using Northern Eclipse 7.0 software (EMPIX Imaging Inc., Mississauga, Canada).  At the

the assay period, nonselective calcium release indicating cell viability was confirmed via 

stimulation with 20 μM cyclopiazonic acid (Sigma-Aldrich, St. Louis, MO).  

 

For generation of an antagonist dose-response curve, HEK293 cells were plated into poly-D-

lysine-coated 96-well plates at a density of 25,000 cells/well.  The next day, cells were incubated

for 1 h with Fluo-4 Direct calcium assay reagent (Invitrogen) with 2.5 mM probenecid 
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(Invitrogen).  Cells were then incubated in varying concentrations of BayCysLT2 for 15 min and 

stimulated with LTD4 (Cayman Chemical).  Maximum fluorescence at 516 nm, indicating the 

changes in intracellular calcium concentrations, was then measured using a SpectraMax Gemini 

XS Microplate Spectrofluorometer (Molecular Devices, Sunnyvale, CA). 

  

2.3.4. Animal Models 

ransgenic human endothelial cell-specific CysLT2R overexpressor (EC) mice (Hui et al., 2004) 

 

e 

 

injected with vehicle (0.5% EtOH in saline).  

 

T

were described previously.  The transgenic mice express seven copies of the human CYSLTR2

gene under the control of the Tie2 promoter/enhancer, integrated in a gene-sparse region of 

chromosome 6.  Hemizygous mice were continuously backcrossed with C57BL/6 mice to 

generate equal numbers of transgenic and littermate wild-type (WT) controls.  

 

2.3.5. Vascular Ear Permeability Assay 

 

A vascular ear permeability assay was conducted as described previously (Hui et al., 2004). In 

brief, mice received either 1) 3 mg/kg BayCysLT2 diluted in 2.5% DMSO and 97.5% 1× 

phosphate-buffered saline (PBS) via intraperitoneal injection or 2) no injection 15 min before 

anesthesia.  Mice were anesthetized intraperitoneally with ketamine/xylazine [150 mg/kg 

ketamine (Vetalar) and 10 mg/kg xylazine (Rompun)] and received 200 μl of 2% Evans blue dy

in PBS via intravenous injection through the tail vein once sedated.  After 15 min, the right ear 

was injected intradermally with 5 ng of NMLTC4 or 5 ng of LTD4, both diluted in saline (0.5%

EtOH final concentration).  The left ear was 
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Animals were euthanized 15 min later.  A 6-mm biopsy was removed from both ears and soaked 

blue dye 

 

 Surgical Model 

 of the left anterior descending coronary artery (LAD).  In 

rief, mice 14 to 18 weeks of age were administered 20 mg/kg tramadol (Ultram) at least 1 h 

ly 

d the 

rty 

ng 

ere 

bated as soon as they exhibited 

gns of consciousness.  Extubated animals were given 0.5 to 1.0 ml of warm lactated Ringer's 

in formamide (750 μl) overnight (~18 h) at 55°C, and absorbance of the extracted Evans 

at 610 nm was measured with a Varian Cary 50 spectrophotometer (Agilent Technologies, Santa

Clara, CA).  Readouts were averaged for each experimental group, and the relative change was 

calculated by comparing ears injected with NMLTC4 or LTD4 with vehicle-injected ears.   

 

2.3.6. Ischemia/Reperfusion

 

Ischemia was induced via ligation

b

before surgery.  Mice were then anesthetized with 5% isoflurane, intubated, and constant

ventilated (150 breaths/min) with 1 to 5% isoflurane throughout the procedure.  An incision was 

made at the fourth intercostal space, with 50 μl of 50% lidocaine/50% bupivicaine injected 

subcutaneously along the incision line as an analgesic.  The intercostal muscles were cut, an

pericardium and heart were exposed.  The pericardium was pulled apart, and 6-0 silk suture 

(Ethicon, Somerville, NJ) was passed underneath the LAD and surrounding myocardium.  Thi

minutes of ischemia was then induced by tightening the suture against a piece of PE-10 tubi

placed on top of the LAD and confirmed by visible paling of the affected myocardium.  After 

ischemia, the ligature was loosened to allow reperfusion.  The ribs, muscle, and skin layers w

closed, isoflurane delivery was stopped, and animals were extu

si

solution (Baxter, Mississauga, ON) and returned to their cages once fully mobile.  The entire 

procedure was performed on a heated pad.   
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Mice were divided into three groups: no injection, vehicle injection, and drug injection.  

BayCysLT2 (3 mg/kg) in DMSO was diluted in 1× PBS (final concentration 2.5% DMSO) and 

delivered to the mice via intraperitoneal injection either 45 min before ischemia or 45 min afte

reperfusion.  All surgical procedures and treatment regimens were approved by the University 

Animal Care C

r 

ommittee at Queen's University and adhered to the guidelines of the Canadian 

ouncil of Animal Care.   

.3.7. Analysis of Infarct Volume 

lue ink 

d 

n 

tal 

C

 

2

 

Mice were euthanized 48 h post-surgery.  The heart was fully exposed, the ligature was 

retightened, and coronary circulation was perfused with 150 to 200 μl of phthalocyanine b

dye (Liquitex, Cincinnati, OH) via the aorta to mark the nonrisk area.  The heart was then rinse

in ice-cold PBS, blotted dry, wrapped in plastic wrap, frozen for 15 min at −20°C, and cut 

transversely along the longitudinal axis into six sections using a 1.0-mm Mouse Heart Slicer 

Matrix (Zivic Instruments, Pittsburgh, PA).  These sections were then immersed in 1% 2,3,5-

triphenyltetrazolium chloride (Sigma-Aldrich) for 15 min at 37°C to demarcate viable and 

necrotic tissue.  Sections were then removed, blotted dry, pressed flat to 1-mm thickness betwee

two pieces of glass, and immersed in water.  Sections were then photographed on both sides 

using a digital camera (Q-Color5; Olympus, Tokyo, Japan).   

 

The infarct area (pale white), the area at risk (brick red), the non-risk area (blue), and the to

left ventricular area were calculated for both sides of each section using ImageJ software 
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(National Institutes of Health, Bethesda, MD).  The areas for each slice were multiplied by th

thickness of the slice to obtain a measure of volume.  The cumulative volume for all secti

e 

ons for 

ach heart was used for comparisons.  As described previously (Jiang et al., 2008), infarct size 

e infarct volume to the volume of the risk area.  Animals with 

sk volume in the 35 to 70% range of total left ventricle volume were used as inclusion criteria 

-

ized 

cript 

ve 

 gene.  Murine Cysltr2 primers were acquired from Invitrogen, and all other 

primers were acquired from Eurofins MWG Operon (Huntsville, AL).  All primer sequences are 

e

was calculated as the ratio of th

ri

in the study.   

 

2.3.8. RNA Extraction and Quantitative Real-Time PCR 

 

Total RNA from the risk area of the left ventricle was obtained using guanidinium thiocyanate

phenol-chloroform extraction (Jiang et al., 2008).  In brief, tissue was manually homogen

while immersed in TRI reagent (Sigma-Aldrich).  Chloroform (Thermo Fisher Scientific, 

Ottawa, ON, Canada) was then added, and the suspension was separated into three phases via 

centrifugation (10 min, 13,000g, 4°C).  The clear upper aqueous layer was isolated, and RNA 

was precipitated using isopropranol, pelleted, and resuspended in diethyl pyrocarbonate-treated 

double-distilled H2O (Invitrogen).  RNA quality and quantity were assessed using an Agilent 

Bioanalyzer (Agilent Technologies) and Nanodrop N-1000 spectrophotometer (Nanodrop, 

Wilmington, DE), respectively.  Total RNA was reverse-transcribed to cDNA using the iS

kit (Bio-Rad Laboratories, Hercules, CA) according to the manufacturer's protocol.  Quantitati

real-time PCR was performed using a thermal cycler (Applied Biosystems model 7500) with 

SYBR Green PCR master mix (Bio-Rad Laboratories).  GAPDH was used as a control 

housekeeping
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listed in Table 2-1.  Data were calculated using the 2−ΔΔCT method and are presented as fold-

induction of transcripts for target genes normalized to Gapdh, with respect to controls

 

yelo

Neutrophil quantification was indirectly assessed by myeloperoxidase (MPO) activity assay.  In 

brief, mice were subjected to 30 min of ischemia and 48 h of reperfusion as detailed above.  

dministered 3 mg/kg BayCysLT2 45 min post-reperfusion.  At endpoint, the 

ventricles were isolated, flash-frozen, and stored at −80°C.  All mice were heparinized before 

sacrifice.  Samples were thawed on ice and placed into 20 mM potassium phosphate (Thermo 

Fisher Scientific) buffer, pH 7.4, at a 1 mg/20 μl ratio.  Samples were then homogenized 

(PowerGen model 125; Thermo Fisher Scientific) and centrifuged at 10,000g for 5 min at 4°C.  

The supernatant was discarded, and the pellet was resuspended in 50 mM potassium phosphate 

(Thermo Fisher Scientific) buffer, pH 6.0, with 0.5% hexadecyltrimethylammounium bromide 

(Sigma-Aldrich), sonicated (Ultrasonic Dismembrator model 500; Thermo Fisher Scientific), and 

immersed in a water bath at 60°C for 2 h.  Samples were then centrifuged at 10,000g for 5 min at 

4°C, and the supernatant was assayed in a 96-well plate by adding 7 μl of resuspended heart 

tissue to 200 μl of O-dianosidine buffer [0.5 mM O-dianosidine dihydrochloride (Sigma-

Aldrich), 89.95% double distilled H2O, 10% 50 mM potassium phosphate buffer, pH 6.0, and 

0.05% H2O2 (Sigma-Aldrich)].  The change in absorbance at 460 nm was measured every 30 s 

for 5 min in a 96-well plate reader (FLUOStar Optima, BMG Tech GmbH, Offenburg, 

Germany).   

.   

2.3.9. M peroxidase Assay 

 

Some mice were a
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Gene Forward Primer (5′ to 3′) Reverse Primer (5′ to 3′) 
Amplicon 

(b

Gapdh CATGGCCTTCCGTGTTCCTA ATGCCTGCTTCACCACCTTCT 106 

p) 

Cysltr2 TTCCAGAATCAGGTCCACGTG GCAGTTGCATGGTATGGCAGAA 102 

TTCTCAT TGGAAGATCGAAAGTCCGGAG 110 

able 2-1: Primers used in qualitative real-time PCRs. 

Gene names, primer sequences, and amplicon sizes in base pairs (bp) for primers used in this 
study are shown. 
 

Vcam1 TTGGCTGTGACTCCCCTTCTT AGAGCTCAACACAAGCGTGGA 104 

Icam1 ACCACGGAGCCAAT

T

 58



2.3.10. Statistical Analysis 
 

Dose-response curve data were analyzed by nonlinear regression using Prism 5.0 software 

(GraphPad Software Inc., San Diego, CA).  Two-tailed unpaired Student's t tests were performed 

using Prism 5.0 software.  All values are given as mean ± SEM.  A p value less than 0.05 

indicated statistical significance. 
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2.4. Results 

 

2.4.1. Synthesis and chemistry 

 

3-(((3-Carboxycyclohexyl)amino)carbonyl)-4-(3-(4-(4-phenoxybutoxy)phenyl)-propoxy)benzoic 

acid, termed BayCysLT2, was synthesized (as outlined in Figure 2-1) using a similar protocol to 

that used by Harter et al. (2009). In lieu of purchasing it, we synthesized compound 2 via 

esterification of 1 as performed by Lewin et al. (2005). Furthermore, in lieu of the literature 

(Harter et al., 2009), where 8 was purchased, we generated compound 8 by pyridine hydrolysis 

of the intermediate diester 9 according to Coutts et al. (1981). 1H-NMR, 13C-NMR, and high-

resolution mass spectra, as well as melting point characterization of our BayCysLT2, were 

consistent with the literature report (Harter et al., 2009). 

 

2.4.2. BayCysLT2 is more potent than Bay-u9773  

 

A β-galactosidase/β-arrestin assay was used to determine the relative potencies of BayCysLT2 

nd the dual CysLT1R/CysLT2R antagonist Bay-u9773.  Cells were preincubated for 15 min 

4.  The IC50 value for BayCysLT2 was 

 

4 2 ately 20-fold 

more potent CysLT2R inhibitor, as tested via the β-arrestin assay.  

a

before stimulation with either 30 or 300 nM LTD

determined to be 53 nM when cells were stimulated with 30 nM LTD4 (~EC50 for LTD4 in this 

assay).  Increasing the stimulus concentration 10-fold to 300 nM resulted in an increase in the

IC50 to 274 nM.  Comparatively, Bay-u9773 was found to have an IC50 of 4.6 μM when 

imulated with 300 nM LTD  (Figure 2-2A).  Thus, BayCysLT  is an approximst
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Figure 2-1: Chemical synthesis of BayCysLT .

4, 
 

5H5N(aq), reflux, 18 h, 80%; (g) (CH3)3SiCl, MeOH, rt, 18 h, 36%; (h) 1-ethyl-
ylaminopropyl) carbodiimide, hydroxybenzotriazole, Et3N, CH2Cl2, rt, 15 h, 63%; 

2CO3, C5H10N, reflux, 15 h, 17%; (j) NaOH, MeOH, THF, 60°C, 4 h, 100%. 

2   
 
Chemical synthesis of BayCysLT2. Compounds are indicated by bold numbers and are described 
under Materials and Methods. Reagents, conditions, and percentage yields are indicated as 
follows: (a) MeOH, HCl (5%), rt, 3 h, 100%; (b) K2CO3, MeCN, reflux, 15 h, 81%; (c) LiAlH
THF, rt, 30 min, 100%; (d) Ph3P, CBr4, THF, rt, 4 h, 69%; (e) MeOH, HCl (5%), reflux, 6 h,
30%: 70%; (f) C
3-(3-dimeth
(i) K
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We then assessed the competitive nature of BayCysLT2 inhibition by holding its concentration 

constant at 100 nM and stimulating the cells with 10 pM to 10 μM LTD4.  BayCysLT2 treatment 

resulted in a rightward shift in the dose-response curve.  However, the agonist concentrations 

used were not potent enough to elicit a plateau response in antagonist-treated cells (preventing 

the generation of a Schild plot).  LTD4 stimulation-elicited luminescence increased in a dose-

dependent manner in the presence of BayCysLT2 (Figure 2-2B).  

 

2.4.3. BayCysLT2 is selective for CysLT2R in vitro and in vivo 

 

We sought to confirm BayCysLT2 selectivity for CysLT2R compared with CysLT1R.  We 

examined intracellular calcium mobilization in HEK293 cells stably transfected with either 

CysLT1R or CysLT2R in response to LTD4 stimulation and whether BayCysLT2 could abrogate 

this response.  Both CysLT1R- and CysLT2R-transfected cells responded robustly to challenge 

with 300 nM LTD4, and although the CysLT1R response was transient, the CysLT2R response 

was relatively sustained (Figure 2-3A and C respectively).  Application of 100 nM BayCysLT2 

for 15 min before leukotriene stimulation failed to affect intracellular calcium mobilization in 

CysLT1R-transfected cells (Figure 2-3B), but virtually eliminated responses in CysLT2R-

transfected cells (Figure 2-3D).  Cyclopiazonic acid stimulation at the end of each experiment 

demonstrated cell viability.  Antagonist dose-response curves showed that BayCysLT2 is ≥500-

fold more selective for CysLT2R than CysLT1R in HEK cells stimulated with 300 nM LTD4 

(Fig. 2-4).  
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Figure 2-2: BayCysLT2 is a more potent antagonist of the human CysLT2 receptor than 
Bay-u9773. 
 
A, RLU response by C2C12 cells (n = 4) expressing modified hCysLT2R and β-arrestin-2 to 
or 300 nM LTD

30 

 

 

4 stimulation in the presence of varying concentrations of BayCysLT2 or Bay-
u9773. IC50 values were determined to be 53 nM (30 nM LTD4) and 274 nM (300 nM LTD4) for
BayCysLT2 and 4.6 μM (300 nM LTD4) for Bay-u9773. B, a constant concentration (100 nM) 
of BayCysLT2 was incubated with increasing concentrations of LTD4. Response to LTD4 
increased in a dose-dependent manner in the presence of BayCysLT2, but did not reach a plateau
phase (n = 4). Means of duplicates for each sample are shown (with error bars depicting SEM). 
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Figure 2-3: BayCysLT2 selectively antagonizes the human CysLT2 receptor calcium 
responses. 
 
BayCysLT2 selectively antagonizes the human CysLT2 receptor calcium responses. Intracellular 
calcium mobilization in HEK cells expressing either CysLT1R (HEK-CysLT1R) or CysLT2R 
(HEK-CysLT2R) receptor, expressed as the ratio between fluorescence detected at 340 and 380 
nm, was elicited via stimulation with 300 nM LTD4. Tracings and images depict one cell 
representative of its experimental group (n = 10–15). Color coding representative of relative 
intracellular calcium concentrations is indicated on the vertical scale bar, with red being highest 
and purple the lowest. At the end of each LTD4 stimulation, 20 μM cyclopiazonic acid (CPA) 
was added to test for nonselective calcium release. A and B, HEK-CysLT1R cells responded to 
leukotriene stimulation both in the absence (A) and presence (B) of 100 nM BayCysLT2 with a 
sharp increase in intracellular calcium. C and D, HEK-CysLT2R cells responded to leukotriene 
stimulation in the absence (C) but not in the presence (D) of 100 nM BayCysLT2. 
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2 2 1

 
2

fluorescence in response to challenge with 300 nM L

Figure 2-4: BayCysLT  is ≥500-fold more selective for CysLT R than CysLT R. 

Antagonist dose-response curve for HEK-CysLT R (●) cells was constructed by plotting the 
TD4 at each antagonist concentration and 

used to determine the IC50 value. HEK-CysLT1R (○) cells did not exhibit significant decrease in 
alcium response to leukotriene stimulation even in the presence of 100 μM BayCysLT2. Values 

are given as mean ± SEM. (n = 3–8). 

 

c
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The selectivity of BayCysLT2 was examined in vivo by examination of vascular leakage in the 

ear after agonist stimulation.  Evans blue dye was injected into the circulation of anesthetized  

WT (C57Bl/6) and EC transgenic mice, and vascular permeability was assessed by the 

extravasation of blue dye into the aural tissue in response to cysLT challenge, as measured by 

absorbance at 610 nm.  In WT mice injected with the CysLT1R antagonist MK-571 [(E)-3-(((3-

(2-(7-chloro-2-quinolinyl)ethenyl)phenyl)((3-(dimethylamino)-3-oxopropyl)thio)methyl)thio)-

propanoic acid], stimulation with LTD4 resulted in significantly greater dye extravasation than 

vehicle-injected controls (Figure 2-5A).  Mice injected with BayCysLT2 showed significantly 

 with 

.4.4. BayCysLT2 attenuates exacerbation of myocardial damage in EC mice 

 

Given our previous findings (Jiang et al., 2008) using the nonselective cysLT receptor antagonist 

Bay-u9773 in a myocardial ischemia/reperfusion (I/R) injury model, as well as more recent in 

vitro data with a CysLT2R-specific antagonist (Wunder et al., 2010), we sought to determine 

whether the exacerbation of myocardial damage after ischemia/reperfusion found in EC 

transgenic mice was CysLT2R-dependent.  In accordance with previous work, there was no 

difference in risk volumes between any of the experimental groups (Figure 2-6B). Infarct volume 

in EC transgenic mice was significantly greater than in WT controls.   

less dye extravasation in both LTD4- and NMLTC4-treated ears compared with mice treated

MK-571 (Figure 2-5A).  In EC mice, LTD4 injection resulted in significantly greater dye 

extravasation compared with vehicle control, a phenomenon that was almost eradicated when 

mice were treated with BayCysLT2 (Figure 2-5B).  

 

2
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was measured by quantifying Evans blue dye extravasation and normalizing values against 
d-type 

mice in the presence of the CysLT1R antagonist MK-571, but not in mice treated with 
-

injected counterparts. B, LTD4 injection in EC transgenic mice resulted in increased vascular 

BayCysLT2 pretreatment. * = p < 0.05. Values are given as mean ± SEM. (n = 4–5). 

 

Figure 2-5: BayCysLT2 is a potent selective antagonist at the CysLT2 receptor in vivo. 

Vascular permeability in murine ears in response to intradermal LTD4 or NMLTC4 challenge 

vehicle-injected controls. A, LTD4 injection caused increased vascular permeability in wil

BayCysLT2. NMLTC4 injection in BayCysLT2-treated mice yielded similar results to LTD4

permeability compared with vehicle-treated controls, and this phenomenon was attenuated by 
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However, treatment with BayCysLT2 (3 mg/kg) in EC mice 45 min before ischemia attenuated 

infarct damage.  Mice subjected to vehicle injections did not differ in infarction volume 

compared with sham counterparts.  WT mice injected with BayCysLT2 did not differ in 

infarction volume compared with vehicle or sham groups (Figure 2-6C).  

 

Given that selective CysLT2R inhibition in this study and nonselective CysLT2R inhibition in a 

previous study (Jiang et al., 2008) did not affect infarct volume in wild-type mice and 

myocardial infarction damage occurs in two distinct phases (one consisting of 

ischemia/reperfusion injury, the second mediated by the inflammatory response to the initial 

injury), we propose that CysLT2R is involved in the second phase.  To evaluate this hypothesis, 

we injected EC transgenic mice with 3 mg/kg BayCysLT2 45 min after reperfusion.  Risk 

volumes did not differ significantly between experimental groups (Figure 2-6B).  However, 

infarct volume in this group was significantly reduced compared with transgenic mice that did 

not receive BayCysLT2 (Figure 2-6C).  

 

2.4.5. Upregulation of adhesion molecule gene expression is attenuated by BayCysLT2 

teins for leukocyte adhesion and subsequent diapedesis.  

 

CAM-1 and VCAM-1 are essential proI

Indeed, previous work has found both ICAM-1 and VCAM-1 mRNA levels to be significantly 

elevated in EC mice 3 h after I/R compared with basal levels (Jiang et al., 2008).  We report here 

that ICAM-1 mRNA expression is significantly up-regulated in EC transgenic mice at 48 h post-

I/R relative to basal levels, and application of BayCysLT2 45 min  
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Figure 2-6: BayCysLT2 attenuates CysLT2R-mediated exacerbation of myocardial 
ischemia/reperfusion injury in mice. 
 
A, representative 2,3,5-triphenyltetrazolium chloride-stained ventricular sections from WT 
(white bars) and EC mice (black bars) given no injection (ctrl), vehicle injections (veh), 3 mg/kg 
BayCysLT2 45 min before ischemia (drug −45), or 3 mg/kg BayCysLT2 45 min post-reperfusion 
(drug +45) are presented. B and C, morphometric analysis of left ventricle volume at risk (B) and 
infarct size (C) in the groups mentioned above showed that infarction volume was significantly 
greater in EC mice compared with WT, and administration of BayCysLT2 either before or after 
ischemia/reperfusion attenuated this response. * = p < 0.05; **, p < 0.01. Values are given as 
mean ± SEM. (n = 5–7). 
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Post-reperfusion attenuated this response (Figure 2-7A).  Concordantly, VCAM-1 mRNA was 

also significantly up-regulated in transgenic mice at 48 h post-I/R relative to basal levels.  

Application of BayCysLT2 45 min post-reperfusion also attenuated this response (Figure 2-7B).  

MPO activity was quantified as an indirect assessment of neutrophil presence within the 

ventricles of mice 48 h post/I/R.  MPO activity was significantly increased in EC transgenic mice 

after I/R compared with wild-type counterparts.  However, transgenic mice treated with 

ated 

ansgenic mice (Figure 2-7C). 

BayCysLT2 45 min post-reperfusion showed significantly less MPO activity than untre

tr
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ischemia/reperfusion injury-induced diapedesis. 

A and B, EC mice showed significantly increased VCAM-1 (A) and ICAM-1 (B) mRNA 

BayCysLT

Figure 2-7: BayCysLT2 attenuates indirect measures of leukocyte recruitment in 

 

expression post-I/R in comparison with non-infarcted controls. Treatment with 3 mg/kg 

mRNA up-regulation was also reduced, albeit at borderline significant levels. C, infarcted EC 

the amount of MPO required to convert 1 μmol of H2O2 in 1 min) present in the myocardial area 

Increase in neutrophil presence in the tissue was significantly attenuated by treatment with 3 

0.05. Values are given as mean ± SEM. 

 

2 post-I/R resulted in significant attenuation of VCAM mRNA up-regulation. ICAM 

mice also showed significantly increased myeloperoxidase enzyme activity (1 unit is defined as 

at risk, indicating an increased presence of neutrophils, compared with infarcted WT animals. 

mg/kg BayCysLT2 post-I/R. n = 3–4 for mRNA quantification; n = 5 for MPO assay. * = p < 
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2.5. Discussion 
 

We hereby demonstrate the in vitro and in vivo characterization of a CysLT2R-selective 

pharmacological antagonist and establish its utility in both cell assays and attenuation of 

postmyocardial infarction inflammatory response and vascular leakage, respectively.  

 

BayCysLT2 is one of a new family of CysLT2R-selective antagonists to be characterized that 

also includes HAMI3379 (Wunder et al., 2010).  BayCysLT2 differs only in one ring structure 

from HAMI3379 (benzyl versus cyclohexyl ring).  BayCysLT2 is ~10-fold less potent than 

HAMI3379 [IC50 50 to 4.3 nM, respectively, in response to 30 nM LTD4 (Harter et al., 2009)], 

but is ~20-fold more potent than the dual antagonist Bay-u9773.  In addition, unlike Bay-u9773, 

BayCysLT2 does not show partial agonist properties, because intracellular calcium mobilization 

was not observed during antagonist incubation.  Both BayCysLT2 and HAMI3379 are highly 

selective for CysLT2R, with HAMI3379 showing more than 10,000-fold affinity for CysLT2R 

versus CysLT1R (Wunder et al., 2010).  Our data indicate that BayCysLT2 is at least 500-fold 

more selective for CysLT2R and seems to show competitive inhibition, as does HAMI3379 

(Wunder et al., 2010).  

 

Previous work has shown that the cysLTs mediate vascular permeability in peripheral 

vasculature and this effect is exacerbated in transgenic CysLT2R-overexpressing mice and 

abolished in CysLT2R knockout mice (Hui et al., 2004; Moos et al., 2008).  We have confirmed, 

pharmacologically, that CysLT2R mediates this vascular permeability response, because 

BayCysLT2 treatment attenuated Evans blue dye extravasation in both WT and EC transgenic 

animals. The mechanism seems to result from calcium signaling, which in turn regulates 
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transendothelial endocytosis/exocytosis of caveolae-generated vesicles (Moos and Funk, 2008).

It was also noted that Cy

  

sLT2R blockage with Bay-u9773 resulted in attenuation of exocytosis 

ut not endocytosis in the vascular endothelium, although this phenomenon may potentially be 

nificant 

, 

ious 

sm underlying this effect is not fully clear, our data 

dicate that it probably involves alterations in the post-reperfusion inflammatory response.  

 

.  

e caused by 

creased 

b

attributed to the partial agonist properties of Bay-u9773 (Moos et al., 2008).  

 

Transgenic overexpression of CysLT2R in endothelium has been shown to result in a sig

exacerbation of damage after myocardial infarction, as well as increased CD45+ cell infiltration

intermyofibral erythrocyte accumulation, and fluid extravasation (Jiang et al., 2008).  Prev

work has also noted that basal left ventricular function is unaffected by overexpression of 

CysLT2R in the uninjured myocardium, but post-infarction (2 weeks) remodeling was 

accelerated in the EC heart (Jiang et al., 2008).  In this study, we determined that selective 

blockade of CysLT2R with BayCysLT2 is capable of abrogating the damage observed in EC 

transgenic mice.  Although the mechani

in

 

Myocardial infarction damage can be loosely separated into three phases: ischemic, reperfusion, 

and inflammatory (Yellon and Hausenloy, 2007).  Ischemic damage occurs during the presence

of the coronary circulation blockage and is generally characterized by cellular necrosis

Reperfusion damage occurs at the immediate time when circulation is restored to the 

myocardium and is characterized by oxidative stress, triggering of pro-apoptotic pathways, and 

myocardial stunning (Yellon and Hausenloy, 2007).  Finally, the damage to the tissu

the aforementioned two phases initiates the innate immune response, characterized by in
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expression of cell-adhesion molecules, as well as leukocyte recruitment and migration (Yellon 

and Hausenloy, 2007).  

 

Our previous studies observed no reduction in cardiac damage after infarction in mice lacking 

  

iven this evidence, we propose a pathological mechanism where CysLT2R activation results in 

flammatory 

eutrophils (the first 

flammatory cells arriving after reperfusion) being the main LTA4 source and other cell types 

.g., endothelial cells) converting neutrophil-donated LTA4 into cysLTs. As such, 

ischemia/reperfusion tissue damage may result in a positive feedback loop resulting in 

uncontrolled inflammation.  Certainly, endothelial or heterogeneous CysLT2R activation has 

CysLT2R or mice lacking 5-lipoxygenase, the enzyme responsible for leukotriene synthesis, 

compared with wild-type controls (Jiang et al., 2008).  In the current study, BayCysLT2 

treatment attenuated increased infarction damage when applied either before ischemia or after 

reperfusion.  Finally, treatment with BayCysLT2 prevented the increases in cell-adhesion 

molecule gene expression and leukocyte infiltration (as measured by MPO assay) into the 

myocardium that is characteristic of the inflammatory response after acute myocardial infarction.

These findings indicate that the cysLTs and their receptors do not play a role in the initial 

ischemia and/or reperfusion components of the acute myocardial infarction injury response, but 

rather mediate post-I/R inflammation.  

 

G

heightened facilitation of diapedesis, which in turn enhances the magnitude of the in

response and results in additional damage to the site of injury.  CysLTs required for CysLT2R 

activation can be produced via a transcellular mechanism (Zarini et al., 2009).  In the 

myocardium, cysLT production also probably occurs transcellularly with n

in

(e
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been shown to result in the activation of transcription factors and chemokine genes (Thompson et 

l., 2008; Uzonyi et al., 2006).  Prevention of CysLT2R activation via pharmacological 

ang et al., 2008), many questions 

main to be investigated and there are limitations to our findings.  Precisely how does activation 

n 

deavors 

ould be made to determine the long-term effects of CysLT2R blockade on cardiac function and 

modeling postinfarction in our model and to move beyond mice to humans.  

 summary, we have characterized, both in vitro and in vivo, a CysLT2R-selective 

harmacological antagonist, BayCysLT2.  Along with NMLTC4, a novel CysLT2R agonist (Yan 

t al., 2011) and HAMI3379 (Wunder et al., 2010), we now have the required pharmacological 

ols to fully exploit CysLT2R biological signaling in health and disease. 

 

a

antagonism would thus be protective by preventing this positive feedback.  

 

Although we have proposed a potential mechanism for CysLT2R-mediated exacerbation of the 

inflammatory response here and from our past studies (Ji

re

of CysLT2R in endothelial cells facilitate this up-regulation of pro-leukocyte adhesion genes?  

What is the exact interplay between endothelium and infiltrating leukocytes to cysLT generatio

and activation of the receptor?  It is possible that other reactive oxygen species are altered under 

stress conditions upon CysLT2R activation.  How does the overexpression of CysLT2R in the 

transgenic model used here translate to human myocardial infarction injury?  Future en

sh

re

 

In

p

e

to
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Chapter 3: Long-term myocardial remodeling post-ischemia/reperfusion 
injury is mildly impaired by CysLT2R antagonism. 

 
 

 77



3.1. Abstract 

 

Cardiovascular disease is a prevalent cause of death today.  Cysteinyl leukotrienes (cysLTs) are 

potent inflammatory mediators involved in cardiovascular disease pathogenesis and severity.  I

particular, the CysLT receptor 2 (CysLT

n 

damage 

iac 

 

s. 

ed), and decreased 

actional shortening (WT: 23.9 ± 1.1% treated vs. 29.6 ± 3.4% untreated; EC: 22.8 ± 1.0% 

ut, 

2R) is a mediator of myocardial infarction (MI) injury, 

as mice with endothelial-targeted CysLT2R-overexpression (EC) demonstrate increased 

at 48 hours post-MI.  However, the long-term effects of CysLT2R activation post-MI are 

unknown.  We examined the effects of CysLT2R-overexpression and antagonism on card

remodeling in mice following ischemia/reperfusion (I/R) injury.  Echocardiography images were

used to evaluate dimensional and functional properties of mouse hearts at 2 weeks, 4 weeks, and 

12 weeks post-I/R.  We observed no major differences in heart dimensions or functional 

properties between wild-type (WT) or EC mice.  However, WT and EC mice treated with the 

CysLT2R-selective antagonist BayCysLT2 displayed mild ventricular dilatation, increased 

ventricular mass (WT: 101.9 ± 5.6 mg treated vs. 98.8 ± 4.4 mg untreated; EC: 125.9 ± 6.4 mg 

treated vs. 106.5 ± 3.7 mg untreated), diminished ejection fraction (WT: 47.8 ± 2.0% treated v

56.2 ± 5.1% untreated; EC: 46.1 ± 1.7% treated vs. 55.0 ± 1.7% untreat

fr

treated vs. 28.2 ± 1.1% untreated), versus untreated counterparts.  Stroke volume, cardiac outp

and heart rate were unaffected.  These findings indicate that CysLT2R antagonism is mildly 

deleterious to long-term cardiac function post-infarction, despite apparently attenuating acute 

myocardial injury.  This may indicate a necessity for CysLT2R signaling for proper wound 

healing.  Further investigation is required to fully understand the role of CysLT2R signaling in 

myocardial injury and remodeling. 
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3.2. Introduction 

  

Cardiovascular disease (CVD) is a leading cause of death among both males and females in the 

industrialized world, and is becoming an increasing problem in the developing world as well.  

The majority of CVD cases involve myocardial infarction, a condition characterized by blocka

of the coronary circulation, resulting in cessation of oxygen and nutrient delivery to the 

myocardium, leading to tissue death (

ge 

2007).  Acute treatment entails 

pid reperfusion of the myocardium, but that induces a series of responses that result in 

n 

al and 

his 

999).  

n as 

 

 - 

steine moiety common to all 

Yellon and Hausenloy, 

ra

additional injury to the myocardium - a phenomenon termed "reperfusion injury."  Reperfusio

injury, in turn, triggers a series of pro-inflammatory responses that facilitate debris remov

proper wound healing if properly regulated (Kempf et al., 2012).  However, exacerbation of t

inflammatory response results in infarct expansion, resulting in increased myocardial damage 

(Vanhoutte et al., 2007).  In addition, complete attenuation or inactivation of pro-inflammatory 

mechanisms following ischemic insult leads to deleterious remodeling (Heymans et al., 1

Thus, understanding and regulating the post-myocardial infarction inflammatory response is 

critical to maximizing wound healing and preserving cardiac function. 

 

Leukotrienes (LTs) are potent pro-inflammatory lipid mediators that are most well-know

mediators of airway smooth muscle constriction (Moos and Funk, 2008).  They are synthesized 

from arachidonic acid and secreted primarily by leukocytes, although leukotriene production can

occur in other cell types as well (Folco and Murphy, 2006).  The leukotrienes consist of the 

precursor LTA , the pro-chemotaxtic LTB , and the pro-inflammatory LTC , D , and E

termed "cysteinyl leukotrienes" (cysLTs) because of a shared cy

4 4 4 4 4
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three molecules (Moos and Funk, 2008).  The cysLTs bind to three known receptors, the well 

ll as 

et 

ile 

00; 

rinary LTE4 has been found in individuals post-MI (Carry et al., 1992), and leukotriene 

nthesis pathway enzymes are expressed in atherosclerotic plaques (Allen et al., 1998).  In 

addition, polymorphisms in the genes encoding 5-lipoxygenase (5-LO), 5-LO activating protein 

(FLAP), LTA4 hydrolase (LTA4H), and LTC4 synthase (LTC4S) have been linked with 

increased risk of myocardial infarction and/or stroke (Dwyer et al., 2004; Helgadottir et al., 

2006; Helgadottir et al., 2004; Wang et al., 2012).  The CysLT2R is the predominant isoform 

expressed in the heart (Heise et al., 2000), and is upregulated following oxygen deprivation in 

heart, retina, and brain (Barajas-Espinosa et al., 2012; Jiang et al., 2008; Shi et al., 2012a).  Mice 

possessing endothelium-targeted CysLT2R-overexpression exhibit damage exacerbation 

following ischemia/reperfusion, as well as elevated myocardial edema and leukocyte infiltration 

compared to control mice (Jiang et al., 2008).  These effects are attenuated by application of the 

CysLT2R-selective antagonist BayCysLT2 either prior to ischemia onset or after reperfusion, 

indicating that CysLT2R mediates exacerbation of myocardial infarction damage by regulating 

the post-ischemia/reperfusion inflammatory response (Ni et al., 2011).   

characterized cysteinyl leukotriene receptor 1 (CysLT1R) and receptor 2 (CysLT2R), as we

the recently discovered cysteinyl leukotriene E receptor (GPR99) (Heise et al., 2000; Kanaoka 

al., 2013; Lynch et al., 1999).  LTC4 and LTD4 are agonists for CysLT1R and CysLT2R, wh

LTE4, the most abundant and stable of the cysLTs, possesses little affinity (Heise et al., 20

Lynch et al., 1999).  However, the situation is reversed for GPR99, which binds LTE4 with much 

greater affinity than LTC4 and LTD4 (Kanaoka et al., 2013). 

 

Research has implicated leukotrienes with a role in cardiovascular disease.  Indeed, elevated 

u

sy
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Despite our previous work implicating the CysLT2R as a mediator of myocardial damage 

e have very little information on how CysLT2R-mediated inflammatory 

sponse regulation affects cardiac remodeling and long-term cardiac function.  Jiang et al. 

 

sion, as well as 

ysLT2R-selective antagonism, on cardiac remodeling and function post-myocardial infarction. 

following ischemia, w

re

(2008) demonstrated evidence of accelerated remodeling at 2 weeks post-infarction in the 

endothelium-targeted CysLT2R overexpressing mouse model, but did not investigate longer term

effects or whether the phenomenon could be attenuated via CysLT2R pharmacological 

antagonism.  As such, we investigate herein the effects of CysLT2R overexpres

C
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3.3. Materials and Methods 

 

3.3.1. Mouse Models 

 

All mouse models were generated from a C57/Bl6 genetic background.  Transgenic endothelial 

cell-specific human CysLT2R overexpressing mice (EC) were described previously (Hui et al.

2004

, 

trol of the 

ie2 promoter/enhancer, integrated in a gene-sparse region of chromosome 6.  

.3.2. Myocardial Infarction Induction 

 

 with 1 to 

 

inutes 

 to 

facilitate reperfusion.  The ribs, muscle, and skin layers were closed, isoflurane delivery was 

). These mice express seven copies of the human CYSLTR2 gene under the con

T

 

3

 

As previously outlined (Jiang et al., 2008), myocardial infarction was induced using in vivo 

transient surgical ligation of the left anterior descending coronary artery (LAD).  Mice were

administered 20 mg/kg tramadol (Ultram) at least 1 h before surgery.  Mice were then 

anesthetized with 5% isoflurane, intubated, and constantly ventilated (150 breaths/min)

5% isoflurane throughout the procedure.  An incision was made at the fourth intercostal space, 

with 50 μl of 50% lidocaine/50% bupivicaine injected subcutaneously along the incision line as 

an analgesic.  The intercostal muscles were cut, and the pericardium and heart were exposed.  

The pericardium was pulled apart, and 6-0 silk suture (Ethicon, Somerville, NJ) was passed

underneath the LAD and surrounding myocardium.  Ischemia was then induced for 30 m

by tightening the suture against a piece of PE-10 tubing placed on top of the LAD and confirmed 

by visible paling of the affected myocardium.  Following ischemia, the ligature was loosened
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stopped, and animals were extubated as soon as they exhibited signs of consciousness.  

Extubated animals were given 0.5 to 1.0 ml of warm lactated Ringer's solution (Baxter, 

Mississauga, ON) via subcutaneous injection and returned to their cages once fully ambulatory.  

The entire procedure was performed on a heated pad.  Selected mice were administered 3 mg/kg 

of BayCysLT2 via intraperitoneal injection 45 minutes post-reperfusion.  All surgical procedures 

and treatment regimens were approved by the University Animal Care Committee at Queen's 

University and adhered to the guidelines of the Canadian Council of Animal Care. 

 

3.3.3. Echocardiography 

 

Echocardiography was performed using two-dimensional and Doppler ultrasound using a Vevo 

770 in vivo micro-imaging system (VisualSonics, Toronto, ON, Canada).  Echocardiograms were 

obtained from mice at two, four, and twelve weeks post-I/R.  In addition, mice treated with 

BayCysLT2 were subjected to echocardiography one week prior to induction of I/R.  Mice were 

anaesthetized using 1% isoflurane delivered via nose cone.  Hair was removed using a 

combination of mechanical shaving and chemical depilation, and mice were placed on a heated 

ode 

-

ure 

-1).  Ejection fraction, fractional shortening, left ventricular volume (systole and diastole),  

pad in a supine position.  Ventricular dimension measurements were taken using B- and M-m

images obtained at the midpapillary level in the parasternal long- and short-axis views (Figure 3

1).  IVS (interventricular septum), LVID (left ventricular internal dimension), LVPW (left 

ventricular posterior wall), LVOD (left ventricular outer dimension), apical region wall 

thickness, and left ventricular volume were measured directly at both systole and diastole (Fig

3
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Figure 3-1: Echocardiography imaging and left ventricular dimensional measurement 
methodology. 
 
Left ventricular dimensions were measured using images captured via echocardiography.  The 
heart was visualized along both the parasternal long axis and short axis in brightness (B) mode, 
which was used to obtain measurements of apical ventricular wall thickness.  Motion (M) mode 
images were obtained at the mid-papillary region of the left ventricle, and used to measure the 
dimensions of the interventricular septum (IVS), left ventricular internal dimension (LVID), and 
left ventricular posterior wall (LVPW).   These measurements were then used in formulae in 
order to calculate functional parameters of cardiac function. 
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stroke volume, cardiac output, and left ventricular mass were calculated from these 

easurements (see Appendix I for formulae).  Multiple measurements were made for each 

.3.4. Statistical Analysis 

rism 

s 

m

parameter, with an average of 3-5 cardiac cycles used for all calculations. 

 

3

 

Data was analyzed by two-way analysis of variance with post-hoc Student's T-test using P

5.0 software (GraphPad Software Inc., La Jolla, CA).  A p value < 0.05 was determined as 

statistically significant.  All values, unless otherwise mentioned, are presented as mean ± SEM.  

Due to lack of availability of appropriate pre-I/R echocardiography data for all experimental 

groups, the 2 week post-surgery timepoint was regarded as baseline for the analysis of change

over time. 
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3.4. Results 

. Age-related weigh schemia  is unal rexpre

2R or by BayCysLT2 treatm

ischemia/reperfusion injury.  At 2 weeks post-I/R, all mice had recovered weight lost due 

re significantly heavier than their body weights 

at the time of surgery.  By 12 weeks, all groups were significantly heavier compared to their 

initial weight prior to LAD ligation (p < 0.01).  No differences in body weight were noted 

between experimental groups at any of the timepoints (Table 3-1). 

 

3.4.2. Post-ischemia/reperfusion pathological cardiac hypertrophy is exacerbated in animals 

treated with BayCysLT2. 

 

Myocardial injury, if sufficiently deleterious, results in pathological cardiac hypertrophy and 

ventricular dilatation either in an attempt to compensate for an inability to respond adequately to 

increased pressure and/or volume load (Frey et al., 2004).  Pathological cardiac hypertrophy can 

manifest as thickening of the interventricular septum (IVS) and left ventricular posterior wall 

(LVPW) (pressure overload -mediated) or as thinning of the IVS and LVPW with the 

enlargement of the left ventricular internal dimension (LVID) (volume overload-mediated).  In 

both cases, pathological cardiac remodeling leads to gradual decrease and loss of cardiac  

 

3.4.1 t gain post-i /reperfusion tered by ove ssion of 

endothelial CysLT ent. 

 

We monitored body weight as a general indicator of health in mice following 

surgical intervention.  By 4 weeks, WT mice not treated with BayCysLT2 (p < 0.05), as well as 

EC mice treated with BayCysLT2 (p < 0.01) we
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 Pre-I/R 2 Weeks 4 Weeks 12 Weeks 

#WT 25.0 ± 1.3 25.1 ± 1.2 26.2 ± 1.1  33.5 ± 1.2## 

EC 25.1 ± 1.1 25.3 ± 1.5 25.8 ± 1.6 30.7 ± 2.1## 

WT-BayCysLT2 24.9 ± 1.4 25.2 ± 1.5 26.1 ± 1.6 32.6 ± 2.2## 

EC-BayCysLT2 26.6 ± 1.4 26.7 ± 1.5 28.8 ± 1.9## ##

me 
of echocardiography. 

Mouse body weight (in grams) was measured prior to LAD ligation, and again prior to each 
but 

no significant differences were noted between groups.  # = p < 0.05, ## = p < 0.01 versus pre-I/R 

 36.1 ± 3.0  

Table 3-1: Body weights of mice prior to and following ischemia/reperfusion injury at ti

echocardiography session.  Mice in all groups gained significant amounts of weight with age, 

timepoint.  Values are mean ± SEM, n = 6-10. 
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function (McMullen and Jennings, 2007).  We noted no changes in IVS thickness over the time 

course of the experiment, nor any differences between experimental groups.  Likewise, we 

noticed minimal change in LVPW thickness over time or between experimental groups (Table 3-

2, Figure 3-2).  However, LVID at diastole was significantly increased post-I/R over time in EC 

mice treated with BayCysLT2.  LVID at systole was significantly increased post-I/R over time in 

EC, EC-BayCysLT2, and WT-BayCysLT2 groups.  In addition to this, EC-BayCysLT2 mice 

showed significantly increased LVID during diastole versus untreated EC counterparts at 4 and 

12 weeks post-I/R, and both WT-BayCysLT2 and EC-BayCysLT2 mice showed significantly 

increased LVID during systole versus untreated counterparts at 4 and 12 weeks post-I/R.  LVOD 

significantly increased over time during both diastole and systole in EC-BayCysLT2 mice (but 

no other groups), and was significantly larger in the EC-BayCysLT2 group than WT-BayCysLT2 

mice during both diastole and systole as well (Table 3-3) (Figure 3-2).  Finally, apical wall 

mice 

), unchanged in the WT-BayCysLT2 group, and significantly increased in the EC-

observed between genotypes (Table 3-4).  Combined, these results indicate that a mild 

ventricular dilatation is present in mice treated with BayCysLT2 (but not untreated mice) - one 

that is slightly more severe in EC mice than WT mice.  However, BayCysLT2 treatment appears 

to maintain the acute cardioprotective properties previously detailed (Ni et al., 2011), given that 

apical region (the region with the highest proportion of area at risk during LAD ligation) wall 

thickness was significantly increased relative to mice that did not receive BayCysLT2. 

thickness was significantly decreased over time during diastole and systole in untreated 

T and EC(W

BayCysLT2 group.  Apical wall thickness at 4 and 12 weeks was also significantly greater in 

mice treated with BayCysLT2 versus untreated counterparts.  However, no difference was 

 88



 
 
Figure 3-2: Representative imag  of left ven odeli card
infarction. 
 
Representative M-mode ima  via ec hy f WT  
(l ns) and treated ost t  at 2 w
weeks, and 12 weeks post-m

es tricular rem ng post-myo ial 

ges obtained hocardiograp rom untreated and EC mice
eftmost two colum BayCysLT2-

yocardial infarction ar
 mice (rightm

e presented here, with the left ventricular 
wo columns) eeks, 4 

internal dimension highlighted by white arrows. 
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 Pre-I/R 2 Weeks 4 Weeks 12 Weeks 

IVS diastole (mm)     
WT - 0.76 ± 0.06 0.73 ± 0.02 0.75 ± 0.03 

EC - 0.76 ± 0.02 0.80 ± 0.03 0.77 ± 0.03 

WT-BayCysLT2 0.70 ± 0.03 0.76 ± 0.03 0.73 ± 0.02 0.71 ± 0.02 

EC-BayCysLT2 0.78 ± 0.04 0.74 ± 0.02 0.78 ± 0.01 0.81 ± 0.03 

IVS systole (mm)     
WT - 1.01 ± 0.06 0.98 ± 0.03 1.01 ± 0.05 

EC - 1.00 ± 0.02 1.04 ± 0.03 1.00 ± 0.04 

WT-BayCysLT2 0.96 ± 0.03 0.97 ± 0.05 0.95 ± 0.03 0.88 ± 0.04 

EC-BayCysLT2 1.02 ± 0.04 0.98 ± 0.02 1.01 ± 0.02 1.03 ± 0.04 

LVPW diastole (mm)     
WT - 0.71 ± 0.03 0.72 ± 0.02 0.77 ± 0.04 

EC - 0.82 ± 0.04† 0.74 ± 0.03 0.76 ± 0.02 

WT-BayCysLT2 0.78 ± 0.04 0.77 ± 0.03 0.68 ± 0.02 0.73 ± 0.03 

EC-BayCysLT2 0.82 ± 0.08 0.82 ± 0.03 0.75 ± 0.02 0.79 ± 0.02 

LVPW systole (mm)     
WT - 1.08 ± 0.07 1.08 ± 0.03 1.09 ± 0.05 

EC - 1.14 ± 0.06 1.11 ± 0.03 1.08 ± 0.03 

WT-BayCysLT2 1.03 ± 0.04 1.00 ± 0.03 0.91 ± 0.03* 0.99 ± 0.04 

EC-BayCysLT2 1.16 ± 0.07 1.10 ± 0.04 1.03 ± 0.03 1.02 ± 0.04 

Table 3-2: Left ventricular wall measurements of mice post-I/R injury. 

 
ing 

 

Interventricular septum (IVS) and left ventricular posterior wall (LVPW) dimensions at diastole
and systole were determined from echocardiography at 2, 4, and 12 weeks follow
ischemia/reperfusion injury.  * = p < 0.05 versus non-drug treated counterparts of the same 
genotype.  † =  p < 0.05 versus wild-type counterparts receiving the same drug injection regimen. 
Values are mean ± SEM, n = 6-10.
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 Pre-I/R 2 Weeks 4 Weeks 12 Weeks 

LVID diastole (mm)     
WT - 3.77 ± 0.04 3.67 ± 0.04 3.74 ± 0.04 

EC - 3.85 ± 0.05 3.80 ± 0.06 3.90 ± 0.07 

WT-BayCysLT2 3.73 ± 0.08 3.89 ± 0.08 3.92 ± 0.13 4.00 ± 0.11 

EC-BayCysLT2 3.70 ± 0.08 3.73 ± 0.05 4  

 
5.35 ± 0.07 

05 

 

LVOD systole (mm)     
WT - 4.64 ± 0.06 4.67 ± 0.06 4.83 ± 0.04 

EC - 4.81 ± 0.08 4.67 ± 0.13 4.92 ± 0.06 

WT-BayCysLT2 4.66 ± 0.08 4.70 ± 0.08 4.77 ± 0.08 4.87 ± 0.10 

EC-BayCysLT2 4.74 ± 0.12 4.77 ± 0.05 5.02 ± 0.07**# 5.18 ± 0.08†### 

Table 3-3: Left ventricular dimensions of mice post-I/R injury. 

Left ventricular internal dimension (LVID) and outer dimension (LVOD) sizes at diastole and 
systole were determined from echocardiography at 2, 4, and 12 weeks following 
ischemia/reperfusion injury.  * = p < 0.05, ** = p < 0.01, *** = p < 0.001 versus non-drug 
treated counterparts of the same genotype.  † =  p < 0.05 versus wild-type counterparts receiving 
the same drug injection regimen.  # = p < 0.05, ## = p < 0.01, ### = p < 0.001 versus 2 week 
timepoint.  Values are mean ± SEM, n = 6-10 

.08 ± 0.07*### 4.16 ± 0.20*### 

LVID systole (mm)     
WT - 2.56 ± 0.11 2.51 ± 0.07 2.65 ± 0.15 

EC - 2.59 ± 0.07 2.54 ± 0.04 2.81 ± 0.07## 

WT-BayCysLT2 2.70 ± 0.11 2.79 ± 0.12 2.94 ± 0.12** 3.04 ± 0.08*# 

EC-BayCysLT2 2.56 ± 0.14 2.61 ± 0.05 3.06 ± 0.08***### 3.21 ± 0.17**###

LVOD diastole (mm)    
WT - 5.30 ± 0.04 5.27 ± 0.05 

EC - 5.47 ± 0.08 5.47 ± 0.15 5.50 ± 0.

WT-BayCysLT2 5.17 ± 0.08 5.31 ± 0.07 5.30 ± 0.11 5.40 ± 0.12 

EC-BayCysLT2 5.37 ± 0.11 5.34 ± 0.07 5.58 ± 0.07## 5.73 ± 0.09†##
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 0 Weeks 2 Weeks 4 Weeks 12 Weeks 

Apex diastole (mm)     
WT - 0.53 ± 0.02 0.36 ± 0.03## 0.41 ± 0.0

EC - 0.51 ± 0.04 0.41 ± 0.03 0.36 ± 0.02

3# 

 

WT-BayCysLT2 0.51 ± 0.02 0.49 ± 0.01 0.49 ± 0.03** 0.56 ± 0.02*** 

 

WT - 0.59 ± 0.06 0.38 ± 0.02## 0.45 ± 0.02# 

 

.04** 

EC-BayCysLT2 0.58 ± 0.04 0.53 ± 0.02 0.58 ± 0.02*** 0.61 ± 0.02***# 

Table 3-4: Apex wall thickness measurements of mice post-I/R injury. 

Wall thickness in the apical region of the heart at diastole and systole were determined from 
* 

= p < 0.01, *** = p < 0.001 versus non-drug treated counterparts of the same genotype.  # = p < 

#

EC-BayCysLT2 0.52 ± 0.03 0.47 ± 0.01 0.49 ± 0.01* 0.54 ± 0.02***

#

WT-BayCysLT

#

Apex systole (mm)     

EC - 0.48 ± 0.05 0.41 ± 0.05 0.34 ± 0.02

2 0.56 ± 0.02 0.61 ± 0.04 0.56 ± 0.02*** 0.62 ± 0

echocardiography at 2, 4, and 12 weeks following ischemia/reperfusion injury.  * = p < 0.05, *

0.05, ## = p < 0.01 versus 2-week timepoint.  Values are mean ± SEM, n = 6-10. 
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3.4.3. Mice treated with BayCysLT2 show mildly decreased cardiac function. 

We calculated values for cardiac functional par ng dim asurem

obtained from echocardiography images.  Eject  (EF) a l short

were both significantly decr  EC-Ba oup v  cou

 group also showed lower EF and FS values than untreated 

counterparts, although this trend s only sign  4 wee   Simil

no differences in EF or FS between the experim s were weeks 

2 mice showed a significant decline in EF and FS by 4 weeks post-I/R 

versus 2 week timepoint values, and this conti  week  WT-B

m lbeit ant) d and F   No di

were observed between groups or over time in es, ca s, or he

alad tation appea tively m reases i

fr n and fractional shortening ave not tran creased me or c

o

3.4.4. Left ventricular volume and mass are increased in BayCysLT  mice po

is n injury.

 

oups were 

 

ameters usi ensional me ent data 

ion fraction nd fractiona ening (FS) 

eased in the yCysLT2 gr ersus untreated nterparts.  In 

addition, the WT-BayCysLT2

wa ificant at the k timepoint. arly, while 

ental group  observed 2 after 

infarction, EC-BayCysLT

nued at the 12  timepoint. ayCysLT2 

ice showed similar (a  non-signific eclines in EF S over time. fferences 

 stroke volum rdiac output art rate 

(T  3-5).  As such, any mable ap rs to be rela ild, as dec n ejection 

actio  h slated to de  stroke volu ardiac 

utput. 

 

2-treated st-

chemia/reperfusio  

We also examined left ventricular volume and mass.  No differences between gr

identified at the 2 week timepoint, but the EC-BayCysLT2 group showed significantly larger LV 

volume during diastole and systole by the 4 week timepoint, and this trend persisted at the 12 

week timepoint.  Likewise, untreated EC mice and the WT-BayCysLT2 group also showed 
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Group 0 Weeks 2 Weeks 4 Weeks 12 Weeks 

Ejection Fraction (%)    

WT - 56.3 ± 4.8 60.1 ± 1.6 56.2 ± 5.1 

EC - 61.9 ± 1.7 62.6 ± 0.8 55.0 ± 1.7 

EC-BayCysLT

WT-BayCysLT2 54.1 ± 2.3 55.8 ± 2.8 50.8 ± 3.3* 47.8 ± 2.0 

1.7*## 

WT - 29.6 ± 3.4 31.6 ± 1.1 29.6 ± 3.4 

.1 

 ± 1.1 

EC-BayCysLT2 31.5 ± 2.7 30.2 ± 1.3 25.2 ± 1.6**  22.8 ± 1.0## 

 

- 34.59 ± 2.59 35.7 ± 0.5 34.7 ± 2.4 

EC - 38.22 ± 1.44 36.2 ± 2.3 37.3 ± 1.9 

WT-BayCysLT2 30.9 ± 1.7 36.85 ± 1.53 35.5 ± 3.3 34.9 ± 2.3 

EC-BayCysLT2 36.0 ± 2.1 35.33 ± 1.97 37.0 ± 2.3 36.9 ± 2.1 

ardiac Output (ml/min)    

WT - 14.2 ± 1.4 15.5 ± 0.3 15.6 ± 1.5 

EC - 15.0 ± 0.9 14.8 ± 1.4 15.7 ± 1.3 

WT-BayCysLT2 12.8 ± 1.1 15.8 ± 0.7 14.9 ± 1.3 14.6 ± 0.9 

EC-BayCysLT2 15.7 ± 1.3 15.6 ± 1.0 16.2 ± 1.4 15.3 ± 0.8 

Heart Rate (bpm)    

WT - 417 ± 13 437 ± 9 448 ± 13 

EC - 391 ± 18 411 ± 18 423 ± 17 

WT-BayCysLT2 414 ± 20 434 ± 15 427 ± 6 416 ± 10 

EC-BayCysLT2 436 ± 17 444 ± 6 439 ± 15 419 ± 14 

Table 3-5: Evaluation of functional measurements in mice post-I/R injury. 

Ejection fraction, fractional shortening, stroke volume, and cardiac output values were measured 
determined from echocardiography images obtained at 2, 4, and 12 weeks following 
ischemia/reperfusion injury according to formulae listed in the Materials and Methods.  Heart 
rate measurements were obtained at the time of echocardiography.  * = p < 0.05, ** = p < 0.01, 
*** = p < 0.001 versus non-drug treated counterparts of the same genotype.  # = p < 0.05, ## = p 
< 0.01 versus 2-week timepoint.  Values are mean ± SEM, n = 6-10. 
 

2 59.5 ± 4.0 57.7 ± 1.8 49.7 ± 2.4**# 46.1 ± 

Fractional Shortening (%)    

EC - 33.0 ± 1.2 33.4 ± 0.59 28.2 ± 1

WT-BayCysLT2 27.6 ± 1.5 29.1 ± 1.8 25.7 ± 2.0* 23.9
#

Stroke Volume (μl)   

WT 

C
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significantly increased LV volume during systole at the 12 week timepoint.  EC mice treated 

2 presented significantly larger LV volumes (during both diastole and systole) 

than untreated EC counterparts, and the WT-Ba roup sh icantly

volume during systole than untre T counterparts.  Finally, L uring s

significantly higher in the EC-BayCysLT2 grou  WT oup

ificantly elevated  the EC-BayCysLT2 group at the 4 and 12 week 

ti ints, but none of the other oups showe icant ch ime.  

B lso show ntly hi ss com reated

he WT-BayCysLT2 group at 4 and 12 weeks post-I/R (Table 3-6).   

  

 

 

with BayCysLT

yCysLT2 g owed signif  larger LV 

ated W V volume d ystole was 

p versus the -BayCysLT2 gr .  Left 

ventricular mass was sign in

mepo gr d any signif ange over t The EC-

ayCysLT2 group a ed significa gher LV ma pared to unt  EC 

counterparts or t
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Group 0 Weeks 2 Weeks 4 Weeks 12 Weeks 

LV volume diastole (μl)    
WT - 59.9 ± 1.6 57.7 ± 1.1 60.4 ± 1.6 

EC - 63.6 ± 2.1 61.6 ± 2.4 66.6 ± 2.7 

WT-BayCysLT2 59.1 ± 3.2 66.0 ± 3.1 67.6 ± 4.8 70.9 ± 4.3 

WT - 26.2 ± 2.7 23.3 ± 1.2 26.0 ± 3.6 

EC-BayCysLT2 24.5 ± 3.3 25.4 ± 1.2 37.5 ± 1.9***  41.7 ± 1.7***  

8 ± 4.4 

EC - 106.7 ± 4.5 101.2 ± 2.5 106.5 ± 3.7 

6 
†### *††### 

phy 

EC-BayCysLT2 59.2 ± 2.8 60.0 ± 2.3 73.6 ± 2.9** ### 

LV volume systole (μl)  
 

 

EC - 24.4 ± 1.7 23.2 ± 1.0 30.1 ± 1.7

### 77.3 ± 2.7*

## 

WT-BayCysLT2 27.4 ± 2.7 30.0 ± 2.9 33.5 ± 3.3* 36.5 ± 2.5*# 
†### †###

LV mass (mg)    

WT - 96.0 ± 4.9 88.0 ± 2.3 98.

WT-BayCysLT2 94.3 ± 5.4 104.2 ± 4.3 96.8 ± 5.1 101.9 ± 5.

EC-BayCysLT2 105.0 ± 8.6 101.5 ± 4.0 113.7 ± 3.3**  125.9 ± 6.4*

Table 3-6: Left ventricular volume and mass measurements in mice post-I/R injury. 

LV volume at diastole and systole, as well as LV mass, was determined from echocardiogra
at 2, 4, and 12 weeks following ischemia/reperfusion injury.  * = p < 0.05, ** = p < 0.01, *** = p 
< 0.001 versus non-drug treated counterparts of the same genotype.   † =  p < 0.05, †† =  p < 0.01 
versus wild-type counterparts receiving the same drug injection regimen.  ### = p < 0.001 versus 
2-week timepoint.  Values are mean ± SEM, n = 6-10. 
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2

 

rm cardiac function via pathological remodeling, thus increasing 

sceptibility for other conditions such as congestive heart failure (Roger et al., 2012).  We have 

amage 

rm effects on the 

e had 

ces 

nd 

s 

imension alterations pre-I/R to post-I/R at two weeks post-myocardial infarction.  In addition, 

n here, 

iffers from that used by Jiang et al. (2008), which may lead to minor alterations that might have 

su

previously outlined a role for CysLT2R activation as a mediator of myocardial infarction d

(Ni et al., 2011), and herein present results from the first investigation of long-te

heart following myocardial infarction in CysLT2R-altered murine models.  Contrary to 

expectations, we noted very few differences in cardiac size and functional properties between 

wild-type mice and mice with endothelial-targeted CysLT2R overexpression.  EC mic

slightly larger (but non-significant) LVID and LVOD sizes versus WT mice, but no differen

were noted in IVS or LVPW size, or the functional parameters EF, FS, CO, and SV.  This 

contrasts with previous work by Jiang et al. (2008), where non-significant increases in LVID a

significant septal thinning and posterior wall thickening in EC mice were noted.  However, thi

study did not demonstrate significant differences between WT and EC mice in terms of cardiac 

d

the anaesthetic, as well as the method of delivery used during the surgical interventio

d

affected our results.  Indeed, there is some evidence that tramadol and isoflurane may have mild 

cardioprotective effects during acute myocardial infarction (Belhomme et al., 1999; Bilir et al., 

2007; Zhang and Guo, 2009), and we previously noted that average acute infarct size in EC 
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mice, when using our current surgical protocol, was 47% of area at risk (Ni et al., 2011) w

Jiang et al. (

hereas 

 for the 

e 

 not 

nd 

r 

chemia) is significantly greater in mice treated with BayCysLT2 than untreated counterparts.   

.5.2. Why does CysLT2R overexpression not result in a worse long-term outcome? 

igns 

l 

2008), presented an average infarct size of 56%.  This difference may account

discrepancies in cardiac remodeling noted between our investigation and previous findings.  

Also, Jiang et al. (2008) only investigated remodeling for a 2 week timeframe post-I/R, so th

possibility exists that the differences between WT and EC mice observed in that study may

persist beyond that timeframe. 

 

Interestingly, however, we noted that mice treated with the CysLT2R-selective antagonist 

BayCysLT2 actually presented indicators of maladaptive remodeling following 

ischemia/reperfusion injury.  WT mice treated with BayCysLT2 show significantly increased 

LVID and LV volume during systole, and display a trend towards decreased ejection fraction a

fractional shortening.  The phenomenon is more pronounced in EC mice treated with 

BayCysLT2, which showed increased LVID, LVOD, and LV size during both diastole and 

systole, along with decreased ejection fraction and fractional shortening post-I/R.  Paradoxically, 

BayCysLT2 appears to have maintained its ability to reduce infarction size, as the ventricula

wall thickness in the apical region (which is most severely affected by LAD ligation-induced 

is

 

3

 

The first question that requires addressing is why do EC mice not present more exacerbated s

of cardiac dysfunction and adverse remodeling post-I/R, given the exacerbation of myocardia

damage previously observed in this genotype (Jiang et al., 2008; Ni et al., 2011)?  A possible 
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answer may be that cardiac damage suffered during 30 minutes of transient ischemia, as 

delivered in our model, may not be sufficiently deleterious to evoke the full extent of the 

remodeling response, and this is masking any differences in damage susceptibility between

and EC mice.  Certainly, the absence of septal or posterior wall thinning (two hallmarks of 

pathological cardiac dilatation (

 WT 

n about 

e that 

cantly less 

ion 

er our understanding of how CysLT2R affects the post-I/R injury 

flammatory response, and how that translates to long-term wound healing and cardiac function. 

highly 

nfarction damage result in increased 

pathological hypertrophy?  The most likely hypothesis is that CysLT2R antagonism, through 

some unknown mechanism, impedes the wound healing pathways that are required for proper 

McMullen and Jennings, 2007)) indicates that the adverse 

remodeling response is mild at best, and the lack of significant changes in cardiac output and 

stroke volume supports that as well.  Indeed, studies employing permanent LAD ligation to 

induce ischemia report ventricular wall fibrosis far more severe than anything observed in our 

studies using transient ischemia (Song et al., 2012; Takemura et al., 2009).  Little is know

the resolution pathways for CysLT2R-mediated inflammation, and there is some evidenc

increased leukocyte influx into the site of injury is not always deleterious.  In particular, aged 

animals and humans both present significantly elevated levels of neutrophil and macrophage 

infiltration post-injury.  However, wound healing in these subjects occurs with signifi

scar tissue formation than in younger counterparts (Eming et al., 2007).  Additional investigat

is clearly required to furth

in

 

3.5.3. Why does CysLT2R blockade result in an apparently worse long-term outcome? 

 

The finding that BayCysLT2 treated mice presented increased cardiac dilatation appears 

counterintuitive - how and why does the abrogation of i
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injury resolution.  While inhibition of some pro-inflammatory cytokines such as TNFα or IFNγ 

ave been shown to result in accelerated wound healing, inactivation of others, such as MCP-1 

d 

re integral to proper extracellular matrix remodeling post-infarction (Frantz et al., 2013).  The 

010; 

xpressed on pro-induction inflammatory or pro-resolution inflammatory cells.  This is 

articularly important with respect to monocytes and macrophages, which display distinct pro-

flammatory (e.g. Ly-6Chi monocytes (in mice), CD14hi/CD16- monocytes (in humans), and M1 

acrophages) and anti-inflammatory phenotypes (e.g. Ly-6Clo
 monocytes (in mice), 

D14lo/CD16hi monocytes (in humans), and M2 macrophages) (Mosser and Edwards, 2008; 

ahrendorf et al., 2007). 

 conclusion, we present here that CysLT2R antagonism post-ischemia/reperfusion injury 

sults in mild deleterious pathological remodeling versus untreated counterparts.  Further 

investigation is required to explain why attenuation of myocardial infarction injury results in an 

adverse remodeling phenotype, but these findings indicate that there may be a role for CysLT2R 

activation in facilitating the healing response as well.   

h

and IL-6, result in impairment of the repair mechanism (Eming et al., 2007).  In addition, 

depletion of macrophages or neutrophils resulted in exacerbation of injury and delayed woun

repair (Nishio et al., 2008; van Amerongen et al., 2007).  Indeed, monocytes and macrophages 

a

CysLT2R expression profile in murine circulatory cells is unknown, but receptor expression has 

been confirmed on eosinophils, monocytes, macrophages, and platelets (Hasegawa et al., 2

Heise et al., 2000).  However, there has been no investigation as to whether CysLT2R is 

e

p

in

m

C

N

 

In

re
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Chapter 4: Multiple-site activation of the cysteinyl leukotriene receptor 2 is 
required for exacerbation of ischemia/reperfusion injury 
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4.1. Abstract 

 

Transgenic overexpression of the human cysteinyl leukotriene receptor 2 (CysLT2R) in murine 

endothelium exacerbates vascular permeability and ischemia/reperfusion injury.  Here, we seek 

to uncover the underlying mechanisms of CysLT2R activation-mediated inflammation and 

delineate the relative contributions of endogenous murine CysLT2R and the transgene-derived 

receptor.  We created a novel mouse (EC/KO) by crossing endothelium-targeted overexpression 

mice (EC) with CysLT2R knockout mice (KO) to isolate the role of endothelial CysLT2R in 

tissue injury.  Surprisingly, we discovered that myocardial damage in EC/KO mice was not 

elevated (24 ± 3% vs. 47 ± 2% EC) following ischemia/reperfusion.  To examine potential 

mechanisms for this finding, we studied vascular permeability and leukocyte recruitment/rolling 

responses in cremaster vasculature following cysteinyl leukotriene (cysLT) stimulation.  Mice 

possessing transgenic endothelial CysLT2R overexpression (EC or EC/KO), when stimulated 

with cysLTs, exhibited vascular hyperpermeability, decreased leukocyte flux, and transient 

increase in slow-rolling leukocyte fraction.  Mice lacking endogenous CysLT2R (both KO (20 ± 

3 cells/min) and EC/KO (24 ± 3)) showed lower rolling leukocyte flux than WT (38 ± 6) and EC 

(35 ± 6) mice under unstimulated conditions.  EC/KO mice differed from EC counterparts in that 

vascular hyperpermeability was not present in the absence of exogenous cysLTs. These results 

indicate that endothelial and “non-endothelial” CysLT2R niches have separate important roles in 

mediating inflammatory responses.  Endothelial receptor activation results in increased vascular 

permeability and leukocyte slow-rolling, facilitating leukocyte transmigration.  Other receptors – 

likely located on resident/circulating leukocytes – facilitate endothelial receptor activation and 
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modulate leukocyte transit.  Activation of both receptor location subsets facilitates injury 

xacerbation. e
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4.2. Introduction 

 

Myocardial infarction (MI) is one of the leading killers in the Western world today, and eve

increasing obesity rates in the industrialized world makes cardiovascular disease a growing thre

to public health (

r-

at 

ry 

n, 

o 

s 

nyl 

r 

White and Chew, 2008).  MI is characterized by a blockage of the corona

circulation, usually caused by atherosclerotic plaque rupture, leading to cessation of oxygen and 

nutrient delivery to the myocardium.  Timely restoration of flow to the affected area, reperfusio

is paramount.  However, this treatment method is also a double-edged sword, while necessary t

salvage cardiac function, it also evokes "reperfusion damage," a combination of oxidative stres

and inflammation that results in additional myocardial injury (Yellon and Hausenloy, 2007). 

  

Leukotrienes are potent pro-inflammatory lipid mediators synthesized from arachidonic acid via 

the actions of 5-lipoxygenase and 5-lipoxygenase-activating protein.  Cysteinyl leukotrienes 

(cysLTs) are a subfamily of leukotriene molecules, so termed due to a common cysteine moiety 

in their respective structures.  The cysLTs, leukotriene C4, D4, and E4, exert their effects by 

binding to G-protein coupled receptors: cysteinyl leukotriene receptor 1 (CysLT1R), cystei

leukotriene receptor 2 (CysLT2R), and a novel CysLTE receptor GPR99 (Kanaoka et al., 2013).  

CysLT1R binds LTD4 preferentially to LTC4, whereas CysLT2R binds LTC4 and LTD4 with 

equal affinity.  Both receptors bind LTE4, the most stable and abundant cysLT, with weak 

affinity (Maekawa et al., 2008).  In contrast, CysLTER displays preferential binding affinity fo

LTE4, with weak affinity for LTC4 and LTD4 (Kanaoka et al., 2013). 
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CysLT1R has been studied extensively and is involved in airway inflammation.  Indeed, 

CysLT1R pharmacological antagonists are popular anti-asthma treatment options.  CysLT2R, in 

umans, is expressed in umbilical vein endothelial cells, macrophages (Lotzer et al., 2007; 

t 

 the 

on-selective CysLT antagonist/partial agonist Bay-u9773 

(Jiang et al., 2008).  However, recent studies have characterized two novel CysLT2R-selective 

antagonists: HAMI3379 (Wunder et al., 2010) and BayCysLT2 (Carnini et al., 2011; Ni et al., 

2011; Qi et al., 2011), that are beginning to prove useful as tools for eicosanoid-related research. 

 

There is some evidence linking cysLTs to cardiovascular and inflammatory disease.  Expression 

of components of the leukotriene synthesis pathway is found in human atherosclerotic lesions 

(Spanbroek et al., 2003).  Furthermore, genetic polymorphisms in 5-lipoxygenase pathway genes 

have been correlated to increased MI and stroke risk in some populations (Helgadottir et al., 

2005) but not all (Bisoendial et al., 2012; Maznyczka et al., 2008).  CysLT2R can mediate 

vascular permeability (Hui et al., 2004; Moos et al., 2008), susceptibility to gastrointestinal tract 

inflammation (Barajas-Espinosa et al., 2011), and increased vulnerability to ischemic injury in 

the heart (Jiang et al., 2008) and brain (Qi et al., 2011; Shi et al., 2012b).  CysLT2R expression is 

increased following hypoxic/ischemic stress (Barajas-Espinosa et al., 2012; Fang et al., 2007; 

Jiang et al., 2008; Shi et al., 2012b).  Previous work from our laboratory has shown that 

CysLT2R-selective antagonism can abrogate myocardial ischemia/reperfusion injury in 

transgenic mice overexpressing the human CysLT2R receptor in vascular endothelium (EC).  

h

Sjostrom et al., 2003), platelets (Hasegawa et al., 2010), the cardiac Purkinje system (Heise e

al., 2000), and coronary endothelial cells (Hui et al., 2001).  CysLT2R research had been 

previously hampered by a lack of selective pharmacological agents (Moos and Funk, 2008) –

majority of work instead using the n
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However, we were unable to delineate the relative roles of the transgenic endothelial CysLT2R 

ersus endogenous murine CysLT2R present on various cell types. 

 order to study this, we have created a novel mouse model by crossing CysLT2R knockout 

g 

d 

v

 

In

mice with EC mice, resulting in a model with selective endothelial CysLT2R expression.  Usin

these novel mice, we examine how CysLT2R mediates post-ischemic myocardial injury an

vascular inflammatory responses.  
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4.3. Materials and Methods 

 

4.3.1. Mouse Models 

 

All m  genetic background.  EC transgenic mice were 

previously described (Hui et al., 2004). Briefly, these mice possess 7 copies of the human 

CYSLTR2 coding region placed under the control of the Tie2 promoter/enhancer for endothelial-

oos et al., 2008) 

staining can be used as a reporter for native sites of CysLT2R expression (Moos et al., 2008).  

These two strains were crossed to generate a whole-body (including endogenous endothelial 

expression) CysLT2R knockout mouse that possesses endothelium-targeted overexpression of 

the human CysLT2R.  This mouse is referred to as EC/KO.  Details of the endogenous and 

transgenic CysLT2R expression profile of each genotype utilized can be found in Table 4-1. 

 

4.3.2. Myocardial Ischemia/Reperfusion 

 

Myocardial infarction was induced via non-permanent left anterior descending coronary arterial 

ligation, as previously outlined (Ni et al., 2011).  Briefly, analgesia was administered (20 mg/kg 

tramadol (Ultram; Chiron AS, Trondheim, Norway)) at least 1 h prior to surgery in mice 14-18 

weeks of age.  Mice were then anesthetized with 5% isoflurane, intubated, and constantly 

ventilated (150 breaths/min) with 1 to 5% isoflurane throughout the procedure.  An incision was 

made at the fourth intercostal space, with 50 μl of 50% lidocaine/50% bupivicaine injected 

ice used in this study were on a C57Bl/6

targeted CysLT2R overexpression.  LacZ-CysLT2R knockout (KO) mice (M

contain a LacZ cassette under control of the Cysltr2 promoter with Cysltr2 disruption.  X-Gal 
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Genotype Endothelial Expression Non-Endothelial Expression 

WT mCysLT2R + mCysLT2R + 

EC 
mCysLT2R + 

hCysLT2R +++ 
mCysLT2R + 

KO None None 

EC/KO hCysLT R +++ None 

 
endothelial and non-endothelial cells in various murine genotypes. 

2

Table 4-1: CysLT2R expression profile in featured mouse genotypes.   

Expression levels (denoted by + signs) of endogenous murine and transgenic human CysLT2R in
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subcutaneously along the incision line as an analgesic.  The intercostal muscles were cut in or

to expose the heart.  The pericardium was pulled apart, and 6-0 silk suture (Ethicon, Somerv

NJ) passed underneath the LAD and surrounding myocardium.  Ischemia was induced for 30

minutes by tightening the suture against a piece of PE-10 tubing placed on top of the LAD and 

confirmed by visible paling of the affected myocardium and/or vis

der 

ille, 

 

ibly altered ventricular 

ontraction rhythm.  Removal of the tubing and loosening of the ligature allowed reperfusion.  

n as they exhibited signs of 

onsciousness, followed by subcutaneous administration of 0.5 to 1.0 ml of warm lactated 

. The 

 

ed to 

11).  The 

h phthalocyanine blue ink dye 

iquitex, Cincinnati, OH) following suture re-tightening in order to demarcate the non-risk 

 

 and 

-

lympus, Tokyo, Japan).  The infarct area (pale white), the area at risk (brick red), the 

c

The surgical site was closed and mice were extubated as soo

c

Ringer's solution (Baxter, Mississauga, ON), and returned to their cages once fully mobile

entire procedure was performed on a heated pad.  All surgical procedures and treatment regimens

were approved by the University Animal Care Committee at Queen's University and adher

the guidelines of the Canadian Council of Animal Care. 

 

4.3.3. Analysis of Infarct Volume 

 

Infarct volume was analyzed 48 hours post surgery as previously described (Ni et al., 20

heart was excised and retrogradely perfused via the aorta wit

(L

region.  The heart was then rinsed in ice-cold PBS, blotted dry, frozen in plastic wrap at -20°C

for 15 minutes, and cut transversely into six 1.0 mm sections.  Sections were immersed in 2,3,5-

triphenyltetrazolium chloride (1%; Sigma-Aldrich) for 15 min at 37°C to demarcate viable

necrotic tissue.  Stained sections were photographed on both sides using a digital camera (Q

Color5; O
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non-risk area (blue), and the total left ventricular area were calculated for both sides of each 

ster Vasculature 

g) and 

ter 

era (model 09100-13; Hamamatsu Photonics, Hamamatsu, Japan) using 

etaMorph software (Molecular Devices, Sunnyvale, CA). 

 order to assess vascular permeability, FITC-labeled albumin (25 mg/kg body weight) was 

section using ImageJ software (National Institutes of Health, Bethesda, MD). As described 

previously (Jiang et al., 2008; Ni et al., 2011), infarct size was calculated as the ratio of the 

infarct volume to the volume at risk. Animals with risk volume in the 35 to 70% range of total 

left ventricle volume were used as inclusion criteria in the study. 

 

4.3.4. Intravital Microscopy of the Crema

 

Vascular permeability and leukocyte recruitment were observed using intravital confocal 

microscopy.  Male mice 12-16 weeks of age were anaesthetized with ketamine (150 mg/k

xylazine (10 mg/kg).  A catheter was placed in the right jugular vein for experiments that 

required intravenous fluorescein isothiocyanate (FITC)-labeled albumin injection.  The cremas

muscle was then exposed as described previously (McCafferty et al., 2002).  Post-capillary 

venules (20-50 μm) were visualized using a Quorum WaveFX-X1 spinning disk confocal system 

(Quorum Technologies Inc., Guelph, ON, Canada).  Recordings were taken with a Hamamatsu 

EM-CCD cam

M

 

In

injected via the jugular catheter, and fluorescence intensity in the preparation was recorded for 1 

minute.  At this point, cysLTs (5 μmol/L each LTC4 and LTD4) were administered to the 

superfused vessel – following which fluorescence readings were recorded for a further 14 

minutes. 
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To evaluate leukocyte flux in the cremaster vasculature, mice were prepared as 

catheterization.  Bright-field images were recorded for 2 min prior to cysLT administration, 

following which bright-field segments were recorded at 5, 10, and 15 minutes post-cysLTs f

min.  No difference in vessel diameter was noted between experimental groups (data not sh

 

above without 

or 2 

own). 

.3.5. Analysis of Vascular Permeability 

ascular permeability was assessed by measuring FITC-albumin extravasation from the 

36 

g 

ent areas manually adjusted to account for field-of-view drift.  The first derivative of 

e absolute fluorescence intensity was calculated to determine the fluorescence intensity rate of 

eviously termed LIFT – leakage intensity factor for tissues (Moos et 

l., 2008)).   

ken 

4

 

V

vasculature into the surrounding tissue.  Fluorescence intensity, ranging from 0 to 655

arbitrary units, was measured at five 1000 μm2 sites surrounding the post-capillary venule usin

MetaMorph software.  The absolute fluorescence intensity was recorded every 5 frames, with 

measurem

th

change (a measurement pr

a

 

4.3.6. Analysis of Vascular Leukocytes 

 

Bright-field recordings of post-capillary venules (20-50 μm) in the cremaster muscle were ta

pre/post-leukotriene stimulation.  Two min sequences were recorded prior to leukotriene 

stimulation and at 5, 10, and 15 min following stimulation.  Rolling leukocyte flux, defined as 

the number of rolling leukocytes/min in the observed vessel (Ley, 1994), was visually analyzed 
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by three observers blinded to the study group using VirtualDub version 1.9.9.  Leukocyte 

velocity of 15-30 randomly selected cells was measured by tracking individual 

ukocytes/mouse/time point using Image-Pro Plus (Media Cybernetics Inc., Rockville, MD).  

Median leukocyte velocity was used as a representative indicator of flow speed, as average 

velocity would be improperly skewed by loosely adherent fast rolling leukocytes. Rolling 

leukocyte speed distribution was analyzed and presented using histograms (Jung and Ley, 1999). 

 

4.3.7. Complete Blood Count 

 

Blood was extracted from mice using a heparinized 25G needle via cardiac puncture 

immediately following CO2-asphyxiation and was stored in 1.5 ml eppendorf tubes.  Samples 

were kept on ice until analysis using a scil Vet abc machine (scil Vet Novations; Barrie, ON, 

Canada). 

 

4.3.8. Statistical Analysis 

 

For each experimental group, the mean and standard error were calculated.  To compare groups 

at a single timepoint, we performed a two-tailed unpaired Student’s t-test.  To compare 

timepoints within a single group, we performed a two-tailed paired Student’s t-test.  To compare 

groups over multiple time-points, we performed one way analysis of variance with post hoc 

Newman-Keuls t-tests.  Comparison of rolling leukocyte velocity between groups was done 

using a nonparametric Kruskal-Wallis one-way ANOVA to determine significant differences, 

followed by Dunn's test for multiple comparisons.  All statistical analysis was carried out using 

le
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Prism 5.0 (GraphPad Software Inc., San Diego, CA).  p < 0.05 was considered a statistically 

gnificant difference.  si
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4.4. Results 

 

4.4.1. Endothelium-targeted CysLT2R overexpression does not exacerbate infarction damage in 

the absence of endogenous CysLT2R 

 

Our previous findings established that transgenic CysLT2R overexpression in the endothelium, 

in the presence of endogenous murine CysLT2R expression, results in significantly increased 

infarction volume following myocardial ischemia/reperfusion in mice (Jiang et al., 2008; Ni et 

al., 2011).  However, transgenic mice without endogenous CysLT2R expression (EC/KO) did not 

show this phenomenon (Figure 4-1).  Indeed, both WT (23.2 ± 2.2%, n = 13) and EC/KO (24.0 ± 

3.0%, n = 14) groups showed significantly lower infarction volumes than EC mice (47.2 ± 1.9%, 

n = 12; p < 0.001 against both groups). These findings were unexpected because endogenous 

CysLT2R expression is significantly less than transgene expression (Hui et al., 2004).  Volume at 

risk did not vary between any of the experimental groups (Figure 4-1B).  We also found that 

ysLT2R knockout mice (17.8 ± 2.2%, n = 12) trended towards lower infarction volumes than 

 These results 

EC/KO mice differ from those in EC mice 

 

C

WT and EC/KO groups (Figure 1C; p = 0.096 vs. WT, p = 0.11 vs. EC/KO). 

indicate that exacerbation of CysLT2R-mediated myocardial ischemia/reperfusion injury is not 

solely mediated by transgene-targeted CysLT2R. 

 

.4.2. Vascular permeability responses in 4
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Given that CysLT2R-mediated myocardial injury appears not to be exclusively mediated by

endothelium-overexpressed CysLT

 the 

2R transgene, we sought to investigate how and to what 

extent  
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Figure 4-1: Myocardial injury is not elevated in EC/KO mice following 
ischemia/reperfusion. 
 
(A) Representative tetrazolium chloride-stained ventricular sections from wild-type (WT), 
Endothelium-targeted CysLT2R-overexpressing (EC), CysLT2R-knockout (KO), and EC/KO 
mice.  Morphometric analysis of (B) LV volume at risk (C) and infarct size in the groups 
mentioned above showed that infarction volume was significantly greater in EC mice compared 
to WT.  However, this phenomenon was not seen in EC/KO mice.  * = p < 0.05; ** = p < 0.01; 
values given as mean ± SEM, n = 12-14. 
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knockout of endogenous CysLT2R would affect endothelial/vascular permeability.  This is 

especially pertinent as based on previous work (Jiang et al., 2008; Ni et al., 2011) CysLT2R-

mediated endothelial permeability facilitates tissue injury by permitting leukocyte extravasation, 

inflammation, and edema.  We examined FITC-albumin extravasation from post-capillary 

venules in the cremaster muscle both before and after exogenous leukotriene stimulation.  

Minimal extravascular fluorescence accumulation prior to leukotriene stimulation was observed 

in WT, KO, and EC/KO mice.  However, EC mice showed significantly higher absolute 

fluorescence accumulation (Figure 4-2B) and rate of fluorescence accumulation (Figure 4-2C) as 

previously determined, which we surmised was due to surgery-induced cysLT release from 

resident tissue macrophages/mast cells activating high numbers of endothelial cell-expressed 

CysLT2Rs (Moos et al., 2008). 

 

Administration of cysLTs resulted in an increase in absolute FITC-albumin extravasation in all 

experimental groups (Figure 4-3A).  EC and EC/KO groups demonstrated increased total leakage 

gnificantly less FITC-albumin extravasation compared to WT mice (Figures 4-3B and 3C).  

 

showed 

and rate of leakage versus the WT group post-cysLTs, while cysLT-challenged KO mice showed 

si

Interestingly, EC/KO mice, despite possessing identical transgenic overexpression of CysLT2R 

in the endothelium as EC mice, only showed elevated extravascular FITC-albumin accumulation

versus WT mice following cysLT stimulation.  This is in contrast to EC mice, which 

increased FITC-albumin extravasation compared to WT mice both prior to and after cysLT 

stimulation. 
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mice, but not in EC/KO mice. 

(A) Intravital microscopy recordings of vascular leakage in cremaster post-capillary venules.

normal (WT), endothelium-elevated (EC), no (KO), or endothelium-only (EC/KO) CysLT

Figure 4-2: Vascular permeability post-surgical intervention (“basal”) is elevated in EC 

 
  

Representative images of cremaster preparations from mice possessing (from left to right) 
 

expression is depicted.  Upper panels show fluorescence recordings at the start of the experiment 
ence recordings 1 min later.  Scale bar = 50 μm.  (B) Absolute 

change and (C) rate of change in extravascular fluorescence were elevated in EC mice.  * = p < 
.05; values given as mean ± SEM, n = 6-7. 

2R

(t = 0); lower panels show fluoresc

0
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Figure 4-3: CysLT2R activation mediates vascular hyperpermeability. 
 
(A) Intravital microscopy recordings of vascular leakage in cremaster post-capillary venules 
following administration of 5 μmol/L cysLTs.  Representative images of cremaster preparations 
from mice possessing (from left to right) normal (WT), endothelium-elevated (EC), no (KO), or 
endothelium-only (EC/KO) CysLT2R expression is depicted.  Upper panels show fluorescence 
recordings at the start of the experiment (t = 120 seconds); lower panels show fluorescence 
recordings at the end of the experiment (t = 840 seconds).  Scale bar = 50 μm.  (B) 
Representative measurements of absolute fluorescence intensity in cremaster muscle 
preparations from WT, EC, KO, and EC/KO mice used to calculate FITC-albumin leakage.  (C) 
Rate of extravascular fluorescence accumulation was elevated in all mice following cysLT 
stimulation, but EC and EC/KO mice showed the greatest increase.  * = p < 0.05; ** = p < 0.01; 
values given as mean ± SEM, n = 5-7. 
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4.4.3. Genetic knockout of endogenous CysLT2R reduces basal rolling leukocyte flux in 

cremaster vasculature. 

 

The endothelium also plays a large role in regulating leukocyte capture and transmigration 

during inflammatory responses (Rao et al., 2007), and we have previously reported increas

leukocyte adhesion molecule mRNA expression in EC mice following ischemia/reperfusion 

injury (Jiang et al., 2008; Ni et al., 2011).  In order to examine whether CysLT

ed 

(the 

vs. WT, p < 0.05 vs. EC; EC/KO: 24 

 3, n = 14, p < 0.05 vs. WT) mice under basal conditions (Figure 4-4).  Mice that possessed 

plete blood counts for all 

enotypes were undertaken and no significant differences in baseline leukocyte numbers or 

e 

n- 

2R expression 

modulation affects leukocyte recruitment and behaviour, we examined leukocyte flux under 

basal and cysLT-stimulated conditions in the cremaster vasculature.  Rolling leukocyte flux 

number of rolling leukocytes passing through the vasculature/minute) was higher in mice 

expressing endogenous CysLT2R (WT: 38 ± 6 cells/min, n = 12; EC: 35 ± 6, n = 16) than mice 

lacking endogenous receptor (KO: 20 ± 3, n = 16, p < 0.01 

±

transgenic endothelium-targeted CysLT2R overexpression did not show significantly altered 

rolling leukocyte counts versus non-transgenic counterparts.  Com

g

differential counts were detected. 

 

4.4.4. Endothelial-targeted CysLT2R overexpression results in diminishing leukocyte flux in 

cremaster vasculature following leukotriene stimulation 

 

Next, we investigated the effects of cysLT stimulation on rolling leukocyte flux in murin

cremaster post-capillary venules.  Following cysLT stimulation, WT mice (n = 6) showed a no
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Figure 4-4: Basal rolling leukocyte flux is mediated by endogenous CysLT2R. 
 
Number of rolling leukocytes/min was counted in WT, EC, KO, and EC/KO mice.  WT and EC
mice showed significantly elevated rolling leukocyte flux compared to KO and EC/KO 
counterparts.  * = 

 

p < 0.05; ** = p < 0.01; values given as mean ± SEM, n = 12-16. 
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significant increase in rolling leukocytes after 5 min (+13 ± 5 cells/min, p = 0.07 vs. star

this was maintained until the end of the experiment at 15 minutes (+12 ± 5, p = 0.07 vs. start).  

CysLT-stimulated KO mice cremaster preparations (n = 6) did not show significant changes in 

rolling leukocytes throughout the duration of the experiment.  However, cysLT stimulation

cremaster vasculature in mice possessing transgenic endothelial CysLT

t), and 

 of the 

 

 ± 

.  Rolling leukocyte flux in EC/KO mice (n = 7) was not changed at 5 min (-

 ± 2), but showed a significant decline by 15 min (-10 ± 3, p = 0.002 vs. start).  Change in 

ice 

s 

n in 

ediated by 

E-selectin/CD18 binding, and is triggered by pro-inflammatory cytokines (Jung and Ley, 1999; 

Jung et al., 1998).  We examined rolling leukocyte velocity in cremaster venules in the absence 

and presence of cysteinyl leukotriene stimulation.  Rolling leukocyte velocity distribution in the 

unstimulated cremaster muscle did not differ significantly between the four genotypes.  

However, WT (n = 6 mice, 58%  79%), EC (n = 8 mice, 65%  78%), and EC/KO (n = 7  

2R overexpression 

resulted in a decrease in rolling leukocytes.  Rolling leukocyte count per minute dropped in EC

mice (n = 9) by 5 min (-8 ± 5), and had significantly decreased by the 15 minute timepoint (-13

6, p = 0.04 vs. start)

2

rolling leukocyte flux in EC and EC/KO mice were statistically significant versus WT m

(Figure 4-5). These results indicate that endothelial CysLT2R overexpression significantly alter

rolling leukocyte flux counts post-leukotriene stimulation. 

 

4.4.5. Cysteinyl leukotriene stimulation results in increased leukocyte slow rolling fractio

cremaster vasculature in mice expressing endothelial CysLT2R.  

 

Prior to firm adhesion and transmigration, leukocytes undergo “slow rolling,” which is 

characterized by leukocyte velocity decreasing to less than 10 μm/s.  Slow rolling is m

 123



 
 
Figure 4-5: Rolling leukocyte flux diminishes in mice expressing elevated endothelial 
CysLT2R post-leukotriene stimulation.  
 
(A) Representative images of rolling leukocyte flux in cremaster post-capillary venules of WT, 
EC, KO, and EC/KO mice prior to (left) and 15 min after 5 μmol/L cysLT stimulation (right).  

s.  
umbers of rolling leukocytes, whereas EC and EC/KO mice show 

gnificant decline in leukocyte flux.  * = p < 0.05; ** = p < 0.01; values given as mean ± SEM, 

(B) Average change in rolling leukocyte flux in mice post-stimulation with 5 μmol/L cysLT
WT mice show increased n
si
n = 6-9.   
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mice, 59%  70%) groups all presented a significant shift in rolling leukocyte velocity 

distribution towards increased proportions of slow-rolling cells at 5 min post-cysLT stimulation 

(Figure 4-6).  KO mice (n = 6 mice, 61  64%) did not display this trend.  The presence of this 

phenomenon in EC/KO mice indicates that it is the endothelial CysLT2R niche that drives 

promotion of slow-rolling leukocytes.  Interestingly, while WT mice showed a significantly 

increased proportion of slow-rolling leukocytes through all three post-stimulation timepoints, 

both EC and EC/KO mice saw slow-rolling cell fraction return to pre-stimulation levels by 10 

min (Figure 4-6).   

 

Median rolling leukocyte velocity in the unstimulated cremaster muscle did not differ 

significantly between the four genotypes.  However, median rolling leukocyte velocity in WT, 

EC, and EC/KO mice all decreased significantly at 5 min post-leukotriene stimulation.  This 

phenomenon persisted in WT and EC mice at 10 and 15 min (albeit non-significantly in the latter 

group), but was transient in EC/KO mice.  In addition, median velocity in EC mice was 

significantly lower than EC/KO mice at 10 min post-cysLT stimulation, and both WT and EC 

mice showed significantly lower median velocity compared to EC/KO mice at 15 min post-

part from 

e endothelium may also play a role in mediating/sustaining leukocyte slow-rolling.  

stimulation (Figure 4-7).  This indicates that activation of CysLT2R in other locations a

th
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Figure 4-6: Rolling leukocyte velocity distributions in mice before and after cysteinyl 
leukotriene stimulation.  
 
Histogram
a

s of rolling leukocyte velocities in murine cremaster vasculature prior to and following 
pplication of 5 μmol/L cysLTs.  Velocity of individual leukocytes from 6-9 mice (roughly equal 

mpiled (n 
significant 

numbers of leukocytes were tracked in each mouse) were calculated and the results co
values indicate total number of cells tracked). WT (A-D) mice showed persistent and 
increase in slow-rolling (≤10 μm/s) leukocyte fraction following cysLT application.  EC (E-H) 
and EC/KO (M-P) mice showed a significant increase in slow-rolling leukocyte fraction at 5 
minutes that disappeared by the 10 minute mark.  KO (I-L) mice did not show any significant 
change in leukocyte rolling velocity distribution.  ** = p < 0.01; *** = p < 0.001 versus 
untreated.  
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Figure 4-7: Rolling leukocyte velocity medians in mice before and after cysteinyl 

 
th th

respectively), and range of measured velocities (5

leukotriene stimulation.  

Boxplot shows median (heavy line), 25  and 75  percentiles (top and bottom of box 
 

outliers and extremes (whiskers).  Median velocity was significantly decreased in WT (A), EC 
 

duration of the experiment in WT mice (A), EC mice showed non-significantly decreased 
-

stimulation leukocyte median velocity at 10 and 15 min post-stimulation (D).  No change in 

velocity were noted between genotypes as well. ** = p < 0.01; *** = p < 0.001 vs. 0 min, # = p < 

th to 95th percentile), excluding calculated

(B), and EC/KO (D) mice post-leukotriene stimulation.  While this phenomenon persisted for the

median velocity relative to 0 min at 10 and 15 min (B).  EC/KO mice showed a return to pre

median velocity was noticed in KO mice (C).  In addition, significant differences in median 

0.05; ## = p < 0.01 vs. EC group, † = p < 0.05; †† = p < 0.01 vs. WT group. 
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4.5. Discussion 

 

4.5.1. Endothelial CysLT2R is not the sole mediator of CysLT2R-mediated ischemia/reperfusion 

jury exacerbation 

ost a 

of 

8; Ni et al., 

f 

 

owever, our experiments utilizing a novel Tie2-expressing cell-restricted CysLT2R 

in

 

Endothelial expression of functionally-relevant CysLT2Rs has been well established for alm

decade now (Hui et al., 2004; Spanbroek et al., 2003), and endothelial-targeted overexpression 

CysLT2R results in exacerbation of vascular permeability (Hui et al., 2004; Moos et al., 2008), 

edema (Jiang et al., 2008), upregulation of cell adhesion molecules (Jiang et al., 2008; Ni et al., 

2011) and myocardial infarction damage (Jiang et al., 2008; Ni et al., 2011).  The ability of 

CysLT2R pharmacological antagonism to abolish these phenomena (Moos et al., 200

2011) lent support to the idea that endothelial-expressed CysLT2R was the principal mediator o

these effects.  Given the disparity in levels between endogenous murine CysLT2R expression

and the overexpressed endothelial-targeted hCysLT2R transgene (Hui et al., 2004), it was also 

logical to believe that these biological responses were endothelium-driven.   

 

H

overexpressing mouse model indicate that CysLT2R-mediated exacerbation of inflammation is 

only partially driven by endothelial cell-expressed receptors, and that other CysLT2R receptor 

niches may play a vital role in initiating and mediating the inflammatory response.  Despite 

possessing the same overexpression of endothelial hCysLT2R as the EC model, EC/KO mice 

suffer significantly less severe myocardial damage following ischemia/reperfusion.  As 

transgenic CysLT2Rs account for the vast majority of endothelial CysLT2R in EC mice (Hui et 
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al., 2004), it was not expected that removal of endogenous murine endothelial CysLT2R would 

affect endothelial CysLT2R-mediated mechanisms.  Thus, our findings indicate that the 

endothelial CysLT2R population is not the only mediator of increased I/R injury in EC mice. 

 

We also note for the first time that KO mice show a tendency for reduced I/R damage versu

counterparts.  The reason that the difference between damage in KO and WT mice is relatively

small compared to that between WT and EC mice is that basal CysLT

s WT 

 

 murine 

ssion 

 

cating 

s 

ial CysLT2R.  While leukocyte recruitment to injured tissue is a 

ey component of tissue repair (Jung et al., 2013; Kolaczkowska and Kubes, 2013), exacerbated 

 

nic 

2R expression in

cardiac vasculature is quite low (Hui et al., 2001).  However, basal human CysLT2R expre

is higher (Heise et al., 2000), and leukotriene production and leukotriene receptor expression is

elevated in pathological states (Carry et al., 1992; Jiang et al., 2008; Shi et al., 2012a), indi

that our EC model more closely represents human CysLT2R expression levels. 

 

Explaining our results required closer examination of the various pro-inflammatory mechanism

stemming from CysLT2R activation. We show here that basal rolling leukocyte flux is 

significantly higher in mice that possess endogenous “non-endothelial” CysLT2R (WT and EC 

groups) compared to mice that do not (KO and EC/KO groups), regardless of presence or 

absence of transgenic endothel

k

leukocyte recruitment and improper resolution of the inflammatory response can result in

additional injury (Kolaczkowska and Kubes, 2013).  We have previously shown that transge

overexpression of endothelial CysLT2R results in vascular hyperpermeability (Moos et al., 

2008), and our EC/KO model was in agreement with this finding, showing significantly elevated 

extravascular FITC-albumin accumulation following cysLT stimulation.  The extent and 
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magnitude of the vascular permeability response in EC/KO mice was comparable to that seen in 

EC mice, indicating that “non-endothelial” CysLT2R does not play a significant role in 

CysLT2R-mediated vascular hyperpermeability.   

 

The presence of rolling leukocytes does not automatically translate into leukocyte 

transmigration.  Indeed, the presence of a patrolling vascular leukocyte reservoir consisting 

primarily of rolling or crawling monocytes that do not extravasate until following exposure to 

irritants and/or injury has been characterized in the mesenteric and coronary vasculature (Auffray 

te flux, 

d vascular hyperpermeability, resulting in the elevated edema and 

ukocyte extravasation into the injured myocardium which have been shown to be hallmarks of 

owever, while post-capillary cremaster venules in EC mice showed leakage in the absence of 

ure 

If 

et al., 2007; Jung et al., 2013).  However, we saw a significant decrease in rolling leukocy

as well as a transient, but significant, increase in slow-rolling leukocyte proportion in EC and 

EC/KO mice following cysLT stimulation.  These findings, in combination with the 

aforementioned cysLT-induced hyperpermeability response in EC and EC/KO mice, support a 

mechanism where CysLT2R activation results in increased rolling leukocyte flux, decreased 

rolling leukocyte velocity, an

le

exacerbated CysLT2R-mediated I/R injury (Jiang et al., 2008; Ni et al., 2011). 

 

H

exogenous cysLT stimulation, vessels in EC/KO mice did not.  Moos et al. (2008) attributed the 

phenomenon in EC mice to small amounts of leukotrienes liberated during the surgical expos

of the cremaster muscle taking advantage of an increased abundance of endothelial CysLT2R.  

this is the case, why do these liberated leukotrienes not exert a similar effect on vessels in 

EC/KO mice?  The answer may be that leukotrienes released during tissue injury do not directly 
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activate endothelial CysLT2R.  Rather, trauma results in localized leukotriene production/releas

(

e 

other 

thelial 

n of 

and 

ysLT2R niches being activated in mice has yet to be determined, but leukocytes 

nd other circulatory cells are leading candidates as CysLT2R is expressed by monocytes, 

s 

 observations in the cremaster vasculature do not 

contradict the post-I/R injury damage phenotypes detected in the myocardium.  A novel and non-

obtrusive method of real-time cardiac intravital microscopy imaging has just been realized (Jung 

Allen et al., 1993; Carry et al., 1992) and the subsequent activation of CysLT2Rs in sites 

than the endothelium.  This in turn results in cysLT production in close proximity to endo

cells – a vital feature given the short half-lives of LTC4 and LTD4 – resulting in the activatio

endothelial CysLT2R and autocrine cysLT production mechanisms.  Sufficient leukotriene 

presence (i.e. exogenous application) would be able to bypass the “non-endothelial” step 

directly activate endothelial receptors - explaining how EC/KO mice can still present 

hyperpermeability after exogenous stimulation.  The exact cellular identity of these “non-

endothelial” C

a

macrophages, eosinophils (Heise et al., 2000), and platelets (Hasegawa et al., 2010) in humans. 

Eosinophils (Carnini et al., 2011), mast cells, macrophages (Funk, 2001), and parenchymal cell

(Zarini et al., 2009) are capable of producing cysLTs, and neutrophils and monocytes produce 

the cysLT precursor LTA4 (Di Gennaro et al., 2004; Folco and Murphy, 2006), which is 

converted to LTC4 by endothelial cells and/or platelets (Folco and Murphy, 2006).  Endothelial 

cells can produce LTC4 in an autocrine manner upon CysLT2R activation in the presence of 

LTA4 (Carnini et al., 2011).    

 

A limitation of the study is using the cremaster vasculature to extrapolate findings to the 

coronary circulation, given the known physiological and anatomical heterogeneity amongst 

microvascular beds (Aird, 2007).  However, the
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et al., 2013), affording an opportunity to examine the similarities and differences in response to 

cysLT-stimulation directly when this technique becomes more widely available. Furthermore, 

while the Tie2 promoter, used in our transgenic mice, specifies endothelial-targeted gene 

expression, it may also lead to expression in a small subset of monocytes, termed Tie2-

expressing monocytes (TEMs) (De Palma et al., 2005).  These monocytes are highly angiogenic 

and are vital to tumor neovascularization, but also are mobilized following ischemia for the 

revascularization of ischemic tissue (Patel et al., 2013).  Indeed, the majority of Tie2+ monocytes 

in mice are "resident" CD11b+Gr-1low/neg monocytes (Venneri et al., 2007), thought to be 

instrumental to inflammatory response resolution (Nahrendorf et al., 2010), so it will be 

interesting to investigate the role of CysLT2R activation/overexpression in this cell population in 

future studies.  However, we do not propose that Tie2+ myeloid cells play a large role in the 

mechanisms explored herein, because overexpression of CysLT2R on Tie2+ myeloid cells would 

be common to both EC and ECKO mice, and thus would not explain the differences presented 

between the two genotypes. 

 

diating 

e 

triene release following injury/ischemia activates CysLT2R niches – likely circulating 

leukocytes – and that this facilitates leukocyte recruitment to the site of injury and activation of 

4.5.2. Various tissue-specific CysLT2R niches play divergent, yet synergistic, roles in me

exacerbation of CysLT2R-mediated ischemia/reperfusion injury. 

 

We previously proposed a mechanism where CysLT2R activation following 

ischemia/reperfusion injury resulted in elevated leukocyte extravasation and increased 

inflammation, resulting in increased tissue injury (Ni et al., 2011).  Our present findings indicat

hat leukot
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endothelial CysLT2R (possibly via localized cysLT production).  Endothelial CysLT2R 

ctivation results in vascular hyperpermeability – leading to edema – and an increase in the 

ffect.  Insufficient 

ndothelial CysLT2R activation would result in higher numbers of rolling leukocytes that would 

sed leukocyte migration to the surrounding tissue regardless of vascular 

ermeability level (Figure 4-8). 

 

In conclusion, we have used a novel endothelium-limited CysLT2R overexpressing mouse model 

to delineate the differing roles that endothelial and “non-endothelial” CysLT2R niches play in 

mediating post-injury inflammatory responses.  We show that “non-endothelial” CysLT2R 

niches are vital to leukocyte recruitment and endothelial CysLT2R activation, whereas 

endothelial CysLT2R activation mediates extent of vascular permeability.  While further work is 

required to clarify the precise molecular mechanisms underlying these phenotypes (i.e. cytokine 

release profile or induction of angiogenesis), as well as any involvement by other cell types (i.e. 

adipose tissue (Horrillo et al., 2010)) in close proximity to the vasculature, the revelation that 

endothelial CysLT2R activation alone does not govern CysLT2R-mediated pro-inflammatory 

responses indicates that more attention should be devoted to the role of CysLT2R expression in 

sites other than the endothelium in cardiovascular injury. 

a

proportion of slow-rolling leukocytes, promoting leukocyte extravasation.  Activation of both 

endothelial and “non-endothelial” CysLT2Rs likely yields a synergistic e

e

not extravasate en masse (observed in WT mice), whereas absence of activation in locations 

other than the endothelium would result in limited rolling leukocyte flux (observed in EC/KO 

mice), and thus decrea

p
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2

 

turn activate CysLT

Figure 4-8: Proposed schematic for CysLT R inflammatory response modulation. 

Injury or pro-inflammatory stimuli results in the synthesis and release of leukotrienes, which in 
 

as monocytes, macrophages, mast cells, and/or neutrophils.  Activation of these CysLT2Rs 
on, likely via 

supplying LTA  to endothelial cells and/or platelets.  This results in activation of endothelial 

the latter contributing to edema in the affected tissue.  These factors, in combination with the 
e 

surrounding tissue, resulting in exacerbation of the inflammatory response and elevated tissue 

 

2Rs present on resident and/or circulating cells – most likely leukocytes such

results in increased leukocyte rolling flux, and promotes localized cysLT producti
4

CysLT2Rs, causing increased slow rolling leukocyte fractions and vascular hyperpermeability – 

aforementioned increased leukocyte rolling flux, promote leukocyte transmigration into th

damage. 
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Chapter 5: General Discussion 
 

Although leukotrienes were first identified for their ability to induce smooth muscle contraction, 

research has since revealed that they are powerful inflammatory mediators as well.  Much 

research has centered around CysLT1R-mediated effects in asthma and other respiratory tract 

diseases, and it was only recently that the role of cysteinyl leukotriene receptors in oth

inflammatory pathologies, especially cardiovascular disease, became a subject of discussion.  

This has brought the CysLT

er 

tion, while mouse models possessing altered 

2R expression levels do exist, drawing direct comparisons between endogenous human 

on 

is 

hyperpermeability response via activation of endothelial receptors.  Finally, we have explored 

2R more into the spotlight, as it is the dominant isoform in the 

myocardium and coronary vasculature.  However, gathering insight on pathways and 

mechanisms mediated by CysLT2R activation has been difficult due to a lack of CysLT2R-

selective pharmacological agents in the past.  In addi

CysLT

and murine CysLT2R expression profiles on a cellular level is also difficult due to a lack of 

murine-selective CysLT2R antibodies, resulting in an inability to localize CysLT2R expressi

to specific cell types.  In an attempt to improve these situations, we have characterized a novel 

CysLT2R-selective antagonist both in vitro and in vivo, and used it to determine that CysLT2R 

the sole cysteinyl leukotriene receptor mediating post-myocardial infarction responses in a 

murine model of CysLT2R overexpression.  We have determined that exacerbation of CysLT2R-

mediated myocardial infarction damage is due to enhanced activation of the post-

ischemia/reperfusion inflammatory response, and that CysLT2R plays a minimal role during the 

ischemic phase or at the point of reperfusion.  We have also uncovered that CysLT2Rs in 

different locations have varying roles in CysLT2R-mediated leukocyte recruitment and vascular 

hyperpermeability, and that “non-endothelial” CysLT2R activation may be required to trigger the 
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the effects of CysLT2R overexpression and CysLT2R blockade on long-term cardiac remodeling 

and heart function post-myocardial infarction. 

E4 analogue that antagonized LTC4 and LTD4-stimulated smooth muscle 

ontraction in a dose-dependent manner (Tudhope et al., 1994).  Bay-u9773 has equal affinity for 

in 

n 

es 

ermined by the lack of calcium release in 

ysLT2R or CysLT1R transfected cells during antagonist incubation periods (Wunder et al., 

2010).  IC50 values determined from in vitro assays indicate that HAMI3379 is ~10-fold more 

 

5.1. Characterization of a Novel CysLT2R-Selective Antagonist 

 

Prior to 2010, the pharmacological agent most utilized in CysLT2R investigations was Bay-

u9773, a LT

c

CysLT1R and CysLT2R (Tudhope et al., 1994), but was also identified as a partial agonist for 

CysLT2R (Nothacker et al., 2000).  Despite these drawbacks, Bay-u9773 remained the ma

pharmacological agent used in CysLT2R antagonism experiments until Wunder et al. (2010) 

published the first report of a CysLT2R-selective antagonist, dubbed HAMI3379.  We have 

followed their work by characterizing the potency of a sister compound, termed BayCysLT2, in 

both cellular systems and murine models of pathology.  HAMI3379 and BayCysLT2 differ i

molecular structure by one double bond (a cyclohexyl radical for the former, benzyl for the 

latter).  Both are far more selective for CysLT2R versus CysLT1R, with HAMI3379 showing 

more than 10,000-fold selectivity for CysLT2R (Wunder et al., 2010) and BayCysLT2 being at 

least 500-fold more selective for CysLT2R.  In addition, HAMI3379 was found to be ~550-tim

more potent than the dual antagonist/partial agonist Bay-u9773 in blocking LTD4-mediated 

CysLT2R activation (Wunder et al., 2010).  Unlike Bay-u9773, neither HAMI3379 nor 

BayCysLT2 have partial agonist properties, det

C
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potent than BayCysLT2.  However, experiments conducted with HAMI3379 by our laboratory 

have not corroborated this claim (Nassiri et al., unpublished data).  One reason for this may be 

that we are using racemic mixtures of HAMI3379, whereas Wunder et al. may have 

experimented only with selected HAMI3379 stereoisomers.  This would indicate that different

stereoisomers of HAMI3379 have differing affinities for the CysLT

 

in isolation 

o 

ercially 

 

 in 

olism, or 

 

 

9.  

Investigation of the pharmacological properties of BayCysLT2 and HAMI3379 will be integral 

2R, and also gives 

precedence that a similar phenomenon may apply to BayCysLT2 as well.  Additional 

experimentation is required to examine whether selected BayCysLT2 stereoisomers 

have greater affinity than the racemic mixture used here.  These discrepancies are unlikely t

become a greater problem though, as both BayCysLT2 and HAMI3379 are now comm

available, which standardizes the properties of the compound used by different research groups

and prevents introduction of an additional variable.  

 

Our in vivo experimentation showed that BayCysLT2 treatment abrogated exacerbation of 

CysLT2R overexpression-mediated myocardial infarction damage.  However, more work is 

required in order to determine the pharmacokinetics and pharmacotoxicity of the compound.  

Carnini et al. (2011) have confirmed our findings that BayCysLT2 is selective for CysLT2R

vitro, while Huang et al. (2008) and Qi et al. (2011) demonstrated BayCysLT2 activity in 

cultured cells, but no other study to date has shed any light on the bioavailability, metab

excretion of the compound.  Similarly, HAMI3397 has been utilized in several studies since it

was first characterized in vitro (Wunder et al., 2010), and its efficacy in cultured cells and in vivo

is well established (Shi et al., 2012a; Zhang et al., 2013).  However, as with BayCysLT2, little 

information is available regarding the pharmacokinetics and pharmacotoxicity of HAMI337
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to regulation of CysLT2R activity during pathological processes to identify when CysLT2R 

signaling is most critical. 

ssion 

 

te 

, 

thelial 

 

5.2. Identification of CysLT2R-Mediated Mechanisms Post-Myocardial Infarction 

 

5.2.1. CysLT2R is the main cysteinyl leukotriene receptor involved in myocardial infarction 

responses 

 

Jiang et al. (2008) have previously established that endothelial-targeted CysLT2R overexpre

results in exacerbated myocardial damage following ischemia/reperfusion.  However, the 

underlying mechanisms of this phenomenon remained unclear.  At the time, the only CysLT2R 

antagonist available was the non-selective dual cysLTR antagonist Bay-u9773, which also had

partial agonist properties against CysLT2R (Nothacker et al., 2000).  While treatment with Bay-

u9773 attenuated exacerbation of myocardial infarction damage in EC mice, it also yielded 

ambiguity regarding whether CysLT2R was the sole mediator of the phenomenon, or whether 

CysLT1R was involved in some capacity.  The synthesis of BayCysLT2 has allowed us to isola

the role of CysLT2R in myocardial infarction damage exacerbation, and our results indicate that 

the phenomenon observed by Jiang et al. (2008) in EC mice is mainly mediated by CysLT2R

and that other leukotriene receptors play minimal roles (Ni et al., 2011).  This finding fits given 

that CysLT2R is by far the dominant leukotriene receptor in human myocardium and endo

cells (Heise et al., 2000; Lotzer et al., 2003).   
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One question that was raised (Moos and Funk, 2008) following the initial investigation by Jiang 

et al. (2008), and remains, is why does CysLT2R antagonism not reduce infarction size in wild

type mice?  On the same note, why do CysLT

-

d to wild-type counterparts as well?  While preliminary investigations by 

ang et al. (2008) indicated that KO mice did not show any reduction in infarction size versus 

w 

e 

o 

 

s are 

en et al., 1998; 

2R KO mice not present significantly decreased 

infarct size compare

Ji

wild-type counterparts, more in-depth study detailed here indicates that KO mice do indeed sho

slightly (but statistically non-significant) diminished myocardial damage following 

ischemia/reperfusion injury.  Nonetheless, how CysLT2R expression affects infarction siz

presents a distinctly different pattern than how CysLT2R expression affects vascular 

permeability, where both receptor antagonism and genetic inactivation results in significantly 

decreased vascular permeability (Moos et al., 2008).  One potential explanation is that 

endogenous CysLT2R expression in the heart and coronary circulation is very low.  In contrast t

the expression profile in humans (Heise et al., 2000), Hui et al. (2001) could not detect cardiac 

CysLT2R expression using Northern blot, and only identified endothelial CysLT2R expression 

on coronary vessels using the more sensitive in situ hybridization technique.  As such, CysLT2R

makes minimal or insignificant contributions to ischemia/reperfusion injury in mice under 

endogenous conditions.  However, this does not mean that the findings observed in EC mice are 

merely the products of a contrived system.  Even in mice, CysLT2R is physiologically 

upregulated in vasculature following ischemic stress: this has been observed in the heart and 

retina (Barajas-Espinosa et al., 2012; Jiang et al., 2008).  Furthermore, leukotriene receptor

upregulated in pathological conditions, including atherosclerosis and cancer (All

Magnusson et al., 2007).  As such, the EC mouse model is physiologically relevant, and is 
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important for the study of the effects of overstimulation of the post-infarction inflammatory 

response. 

 

5.2.2. CysLT R activation results in promotion of cell adhesion and vascular hyperpe

 

2 rmeability 

lthough we have identified the CysLT2R as the principle mediator of exacerbated myocardial 

on 

main unclear.  We have pinpointed the CysLT2R as a mediator of post-ischemia/reperfusion 

wing 

t 

ted 

al. 

ate this 

 

upregulated following myocardial infarction, and that this upregulation is significantly elevated 

A

infarction damage in EC mice, the underlying mechanisms triggered by CysLT2R activati

re

inflammatory responses, based on the ability of CysLT2R-selective antagonist treatment to 

abrogate exacerbation of myocardial infarction injury even when delivered 45 minutes follo

reperfusion of the myocardium - a timepoint too late for administration of BayCysLT2 to affec

pathways triggered by ischemia, or prime the heart against acute reperfusion injury.  Previous 

research shows that EC mice present increased myocardial leukocyte counts, as well as eleva

red blood cell extravasation and myocardial edema following ischemia/reperfusion injury.  

Indeed, the ability of CysLT2R activation via exogenous leukotriene application to induce potent 

vascular leakage and edema is well known, and this response is also exacerbated in CysLT2R 

overexpressing mice (Hui et al., 2004; Moos et al., 2008).   We confirm the finding of Jiang et 

by presenting evidence of elevated neutrophil extravasation into the myocardium following 

infarction (Ni et al., 2011).  Furthermore, we show that CysLT2R antagonism can attenu

effect, indicating that the leukocyte extravasation observed previously and the neutrophil 

presence presented here are likely CysLT2R-activation mediated.  In addition to this, previous 

research shows that the genes encoding the cell adhesion molecules VCAM-1 and ICAM are
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in EC mice (Jiang et al., 2008).  Our work here shows that these alterations in gene regul

also attenuated via CysLT

ation are 

dicating that CysLT2R activation not only facilitates 

xtravasation via induction of vascular permeability, but also by promoting leukocyte rolling and 

quired 

2008) 

 flux 

nd 

lts 

ls 

leaving the vasculature exceeds the number being recruited, resulting in a net decrease in 

2R blockade, in

e

adhesion as well.   

 

These findings in the pathological heart are supported by investigations of CysLT2R-mediated 

phenomena in the peripheral cremaster microvasculature.  While the cremaster vascular bed is 

not a perfect mimic of the coronary vasculature, it (or the similarly dissimilar mesenteric 

vascular bed) remains the main readily accessible site for real-time observation of vascular 

responses in vivo.  Recent work has demonstrated that real-time intravital microscopy can be 

performed on a rapidly mobile tissue such as the heart, but the technology and apparatus re

is not sufficiently available or affordable (Jung et al., 2013; Li et al., 2012).  Moos et al. (

noted that cremaster post-capillary venule permeability was significantly reduced in CysLT2R 

KO mice and significantly elevated in EC mice.  We have confirmed these findings and report 

that leukotriene stimulation of post-capillary venules results in increased leukocyte rolling

over time, as well as an elevated proportion of E-selectin-mediated slow-rolling (Kunkel a

Ley, 1996) leukocytes in wild-type mice.  Neither of these phenomena was observed in 

CysLT2R KO mice, indicating that CysLT2R activation results in promotion of leukocyte 

recruitment and transmigration.  Interestingly, EC mice showed steadily decreasing leukocyte 

rolling flux and a transient increase in the proportion of slow-rolling leukocytes.  These resu

can likely be explained as a consequence of the aforementioned CysLT2R-mediated vascular 

hyperpermeability response facilitating elevated leukocyte transmigration - the number of cel
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vascular leukocyte flux and fewer slow-rolling (as opposed to fast-rolling or transmigra

leukocytes.  Further investigation is required to confirm that leukocyte diap

ted) 

edesis and 

ansmigration is occurring following leukotriene stimulation, but these findings provide 

able abundance to EC mice.  Transgenic CysLT2R expression is significantly higher than 

dogenous CysLT2R expression in EC mice (Hui et al., 2004), and as a result, we anticipated 

 cell 

 

tr

rationale for the elevated leukocyte presence observed in the myocardium following 

ischemia/reperfusion injury in EC mice. 

 

5.2.3. CysLT2R activation on different cell types mediate distinct and separate responses 

 

While we were able to establish several pro-inflammatory pathways triggered by CysLT2R 

activation post-ischemia/reperfusion, we were unable to isolate the specific role played by 

receptors present on endothelial cells versus those on other cell types.  To investigate this, we 

crossed CysLT2R KO mice with endothelial CysLT2R overexpressing mice, yielding a mouse 

model (EC/KO) that does not express endogenous murine CysLT2R, but does expresses the 

human CysLT2R in the vascular endothelium (as well as a small subset of Tie2+ leukocytes) in 

compar

en

that removing endogenous murine endothelial receptors would not impair any endothelial

CysLT2R-mediated response.  In addition, because the responses (i.e. vascular permeability and 

ICAM-1/VCAM expression) outlined in the previous section were largely endothelium 

mediated, we hypothesized that removing non-endothelial endogenous CysLT2R would not alter 

the myocardial infarction injury exacerbation phenomenon observed in EC mice.  Surprisingly,

EC/KO mice did not show exacerbated myocardial damage following ischemia/reperfusion 

 143



injury, indicating that the endothelial CysLT2R population was not the sole mediator of 

CysLT2R-mediated injury exacerbation. 

 

Further investigation of EC/KO mice showed that this genotype differed from EC mice in

ways.  First, while cremaster muscle post-capillary venule hyperpermeability was present in 

EC/KO mice, it was only present when the muscle vasculature was stimulated with exogenous 

cysLTs.  This is in contrast to EC mice, which show significantly elevated vascular permea

post-surgery prior to exogenous cysLT application.  This phenomenon was attributed to 

CysLT

 several 

bility 

 of 

(Moos et al., 2008).  However, the finding that this can be 

bolished in EC/KO mice indicates that if there are leukotrienes being released during the 

ation 

., 

2R activation by leukotrienes released from the tissue during the surgical preparation

the cremaster muscle for imaging 

a

surgical preparation of the cremaster muscle, they are not directly activating endothelial 

CysLT2R.  Rather, it is perhaps more plausible that physical trauma to the cremaster muscle 

during surgical preparation releases leukotrienes, which may activate circulating leukocytes via 

CysLT2R binding, in turn resulting in further leukotriene production either by or in close 

proximity to endothelial cells.  There is a lack of evidence indicating that cysLT receptor 

activation directly results in leukotriene formation, but both CysLT1R and CysLT2R activ

results in increased intracellular Ca2+ concentrations (Lotzer et al., 2003; Lynch et al., 1999), 

which may serve to promote cPLAα2 and 5-LO translocation (Glover et al., 1995; Rouzer et al., 

1985).  In addition, there is ample evidence suggesting cysLT receptor activation promotes 

leukocyte recruitment and adhesion (Datta et al., 1995; Fregonese et al., 2002; McIntyre et al

1986; Pedersen et al., 1997).  This in turn may promote transcellular production of cysteinyl 
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leukotrienes, as leukocytes, which possess LTA4H, are brought into close proximity to 

endothelial cells and platelets, which possess LTC4S (Zarini et al., 2009).   

 

An alternative possibility is that removal of non-endothelial CysLT2R has increased the 

activation threshold for endothelial CysLT2R in some manner, and the limited amount of L

released by surgical 

Ts 

trauma can no longer activate endothelial receptors.  CysLT receptors, like 

ther GPCRs, do form hetero- and homodimers for the purposes of self-regulation.  Indeed, in 

ted on the 

ed to 

rences 

nce 

er 

 

o

CysLT1R/CysLT2R heterodimers, activation of CysLT2R serves as a negative regulator of 

CysLT1R-mediated pathways (Jiang et al., 2007).  CysLT receptors can also form heterodimers 

with GPR17 (Maekawa et al., 2009), and there is putative evidence for cross-talk between the 

classical cysLT receptors and the newly identified CysLTER (GPR99) (Kanaoka et al., 2013).  

However, there are no reports thus far of cysLT receptor conformation and/or ligand affinities 

being altered via cell-cell interactions as opposed to cross-talk between receptors loca

same cell, and there is little evidence to support that cell-cell cysLT receptor modulation takes 

place. 

  

We also noted that leukocyte rolling flux counts under basal conditions are significantly 

diminished in mice lacking non-endothelial CysLT2R (KO and EC/KO genotypes) compar

mice that do express endogenous receptors (WT and EC genotypes).  No significant diffe

were noted between WT and EC or KO and EC/KO groups, indicating that the presence/abse

of endothelial CysLT2R overexpression did not play a role in this phenomenon.  Furthermore, 

rolling leukocyte median velocity at 15 minutes post-LT stimulation was also significantly fast

in KO and EC/KO mice versus WT and EC counterparts.  These findings indicate that activation
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of non-endothelial CysLT2Rs plays a role in facilitating and/or promoting leukocyte rolling 

under both endogenous and pro-inflammatory conditions.  It is unclear how CysLT2R activatio

is accomplishing this, but cysLTs are well established as mediators of leukocyte ch

n 

emotaxis 

; Hashimoto et al., 2009; Ichiyama et al., 2005) and promoters of 

Intyre et al., 1986).  There is ample evidence 

at these phenomena can be regulated by CysLT1R activation (Back et al., 2011; Boehmler et 

R 

l a 

f 

d, 

ficant increase in 

ow-rolling leukocyte proportion following leukotriene stimulation.  In combination, these 

es 

(Fregonese et al., 2002

leukocyte rolling/adhesion (Datta et al., 1995; Mc

th

al., 2009), but that does not rule out a role for CysLT R.  Certainly, the lack of a selective 

CysLT R antagonist until recently (

2

2 Wunder et al., 2010) likely contributes to the disparity in 

information available about CysLT R versus CysLT R in mediating cysteinyl leukotriene-

triggered chemotactic responses. 

 

Although experimental data from the EC/KO mouse model revealed that endothelial CysLT

2

2

1 2

2

activation did not play as significant a role as previously anticipated, the receptor niche is stil

vital component in exacerbation of CysLT R-mediated damage.  EC/KO mice are still capable o

presenting significantly elevated vascular permeability upon leukotriene stimulation - indee

vascular leakage seen in EC/KO mice is on par with EC counterparts and significantly higher 

than that observed in wild-type mice.  We also observed that mice possessing endothelial 

CysLT R overexpression (both EC and EC/KO groups) showed a decline in rolling leukocyte 

flux following LT stimulation.  Finally, EC and EC/KO mice both show a signi

sl

results indicate that endothelial CysLT2R activation mediates vascular hyperpermeability in 

tandem with promoting E-selectin mediated leukocyte slow-rolling.  These two factors most 

likely facilitate increased leukocyte transmigration into the extravascular tissue, and this provid
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an explanation for the steady decrease in rolling leukocyte flux post-LT stimulation observed

mice possessing elevated endothelial CysLT

 in 

g 

rolling 

 be 

 

th 

wer 

t 

lower extravasation as the cells are unable to transmigrate (as observed in WT mice).  If neither 

2R expression.  The steady decrease in rollin

leukocyte flux also provides an explanation for the transient nature of the increase in slow-

leukocyte proportion observed in EC and EC/KO mice.  The extravasating cells would largely

drawn from the slow-rolling cell population, thus reducing the proportion of slow-rolling 

leukocytes present. 

 

Vascular hyperpermeability, leukocyte recruitment, and facilitation of leukocyte-slow rolling 

combine to create a scenario that greatly promotes and facilitates leukocyte extravasation to the 

extravascular milieu.  This elevated leukocyte presence in the injured tissue would then lead to 

exacerbation of pro-inflammatory responses, leading to increased tissue damage and death.  

Indeed, neutrophil depletion (Romson et al., 1983), as well as genetic knockout of P-selectin and

ICAM-1 (Briaud et al., 2001) has been linked to decreased acute myocardial injury.  

Furthermore, neutrophil depletion and inhibition of neutrophil adherence to endothelium bo

resulted in attenuation of I/R-induced vascular permeability (Hernandez et al., 1987).  

 

Based on this model, CysLT2Rs located on the endothelium and elsewhere both play important 

roles in exacerbation of CysLT2R-mediated injury.  If “non-endothelial” receptors are not 

activated, then fewer rolling leukocytes are present in the circulation, resulting in lo

extravasation despite the presence of a hyperpermeability response (as observed in EC/KO) 

mice.  If endothelial CysLT2Rs are not expressed in sufficient quantities, then activation fails to 

yield a hyperpermeability response, resulting in increased vascular leukocyte rolling flux, bu
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CysLT2R subset is activated, then myocardial infarction damage is reduced (as see

mice).  Only when both recept

n in KO 

or subsets are activated - and endothelial CysLT2R is present in 

gnificant quantities - do we observe exacerbation of injury (as seen in EC mice). 

ere is 

ractions, 

sulting in additional local LT production and enhanced CysLT2R activation? 

 

si

 

5.2.4. The CysLT2R picture is far from complete 

 

Several outstanding questions do remain however within this framework.  First, what is the 

source of leukotrienes for CysLT2R activation in either leukocytes or endothelial cells?  Th

evidence for leukotriene release/production during ischemia/reperfusion injury (Carry et al., 

1992; Takase et al., 1996).  However, there is little information regarding the where and the 

when.  Where are leukotrienes being released - in close enough proximity to relevant cells in 

order to exert their effects prior to conversion to LTE4?  When are they being released? Our 

experiments using BayCysLT2 indicate that CysLT2R activation occurs predominantly post-

reperfusion, but the precise timeframe of LT release during and after MI remains unclear.  It is 

also important to investigate cell-cell interactions that may arise prior to or upon CysLT2R 

activation.  Given the prevalence of transcellular LT production, are certain cell-cell interactions 

(i.e. neutrophil-endothelial cell) required for the generation of sufficient quantities of LTs to 

activate CysLT2Rs?  Conversely, could initial CysLT2R activation promote cell-cell inte

re

 

Second, aside from endothelial cells, where is CysLT2R endogenously expressed in the murine 

model?  In humans, CysLT2R is expressed by macrophages, eosinophils, mast cells, monocytes,

and platelets (Hasegawa et al., 2010; Heise et al., 2000; Mellor et al., 2003; Mita et al., 2001), 
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but as previously mentioned, cell-specific localization has been difficult due to absence of a 

commercially available murine-specific antibody, as well as lower endogenous receptor 

expression (Hui et al., 2001).  We generate our hypotheses and models working under the 

assumption that murine and human CysLT2R expression profiles are relatively similar.  D

from when the human and murine receptor sequences were first identified indicate that this is the 

case, at least at the organ-level.  Both human and mouse showed strongest CysLT

ata 

ssion 

 lesser 

t 

y lower 

0; 

tes, 

 

g 

f the 

sLT2R 

 

2R expre

in myeloid cell containing tissues (i.e. spleen, thymus, and lymph nodes), and found

expression in peripheral blood leukocytes, brain, and heart.  The main difference though was tha

relative expression of CysLT2R in the mouse brain, heart, and leukocytes was significantl

versus organs of high expression (i.e. spleen) compared to human equivalents (Heise et al., 200

Hui et al., 2001).  Assuming that mice, like humans, express CysLT R on circulating leukocy

one question is whether CysLT R is expressed on pro-inflammatory leukocytes, or whether the 

receptor is present on anti-inflammatory cells, such as M2 macrophages, Ly-6C monocytes, or

regulatory T cells (

2

2

lo
 

Hofmann et al., 2012; Nahrendorf et al., 2007).   Aside from circulatin

leukocytes, another cell type that is a candidate for CysLT R expression and can modulate 

endothelial function is the pericyte.  Pericytes are mural cells that share a basement membrane 

with endothelial cells and are vital to the regulation of vascular function (

2

Armulik et al., 2005).  

They can interact directly with multiple endothelial cells simultaneously and are present in the  

microvasculature, as well as large arteries and veins.  Pericyte activation regulates 

vasoconstriction and vasodilation in vascular beds, and play a critical role in maintenance o

blood-brain barrier (Bergers and Song, 2005).  Barajas-Espinosa et al. (2012) reported Cy

expression on vascular pericytes in the retina, and given their role in regulation of vascular
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function, it is possible that they may play a role in mediating leukotriene-induced 

hyperpermeability responses. 

 

Third, how does CysLT R activation on peripheral cells result in endothelial CysLT R 

activation?  The most like

2 2

ly hypothesis is that CysLT2R activation results in leukotriene 

roduction by circulating leukocytes.  Whether this occurs due to direct targeting of leukotriene 

tracellular Ca2+ and the formation of a pro-inflammatory environment is unknown.  The 

y platelets 

phy, 

., 

at 

her work is certainly 

quired to pinpoint the specific details of the in vivo mechanism upon ischemic injury.  

g 

 work 

r 

p

production pathway enzymes or occurs indirectly as a by-product of a combination of increased 

in

leukotriene produced would likely be LTA4, which would then lead to cysLT production via 

transcellular biosynthesis.  As outlined in the introduction, cysLTs can be produced b

and endothelial cells in humans using donor LTA4 from other cell types (Maclouf and Mur

1988; Sjostrom et al., 2001).  This phenomenon has also been confirmed in murine models, 

although the exact donor and production cell types are unclear (Zarini et al., 2009).  There is 

evidence that cysteinyl leukotrienes can exert autocrine effects in endothelial cells (Carnini et al

2011), fibrocytes (Vannella et al., 2007), and eosinophils (Lee et al., 2000), so it is possible th

endothelial cell LT production in our model exacerbates vascular permeability through autocrine 

activation of elevated numbers of endothelial CysLT2Rs.  However, furt

re

 

Finally, is CysLT2R activation always deleterious – i.e. will inactivation of CysLT2R signalin

as part of a course of CVD treatment prove to be ultimately detrimental?  The large body of

investigating the pathological implications of CysLT2R activation far overshadows the numbe

of investigations regarding the normal endogenous function of this receptor.  Studies show that 
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IL-4 plays a role in promoting CysLT2R activation, either via receptor upregulation (Lotzer et 

al., 2003) or by priming cells expressing CysLT2R (Mellor et al., 2003).  This may indicate that 

CysLT2R activation is part of host defense, as IL-4 facilitates Th-2 effector cell-mediated 

counter-mechanisms against parasitic worm invasion (Chen et al., 2004a).  Certainly, as 

mentioned in the introductory chapter of this manuscript, CysLT2R activation has been shown t

facilitate upregulation and secretion of IL-8, a potent stimulator of neutrophil chemota

(

o 

xis 

s cell 

versely, there is also evidence that 

ysLT2R may suppress cell proliferation.  High CysLT2R expression, in conjunction with low 

le of 

at 

ay 

Thompson et al., 2008).  The fact that CysLT2R expression in HUVECs is rapidly 

downregulated by pro-inflammatory stimuli (i.e. LPS, TNF-α) (Sjostrom et al., 2003) indicates 

that CysLT2R-mediated inflammatory mechanisms are designed to be transient, and that 

pathology likely arises from uncontrolled increases in either stimuli or an inability to shut off 

inflammatory mechanisms.  Research has also shown that CysLT2R activation promote

proliferation (Huang et al., 2008; Vannella et al., 2007).  Con

C

CysLT1R expression, has been associated with decreased disease severity and improved 

prognosis in colorectal cancer patients, indicating that in this situation, CysLT2R signaling may 

be impeding CysLT1R-mediated cell survival/proliferation pathways (Magnusson et al., 2007).  

However, these studies were conducted in pathological models, which do not clarify the ro

CysLT2R in mediating cell proliferation/differentiation under basal conditions, but do imply th

CysLT2R activation may regulate the cell cycle.  There is also the possibility that CysLT2R m

also serve as a negative regulator of CysLT1R or CysLTER.  Indeed, aside from the above 

mentioned example in colorectal cancer cells, CysLT2R knockdown results in increased 

CysLT1R-mediated mast cell proliferation and the enhancement of cysLT-mediated ERK 

phosphorylation (Jiang et al., 2007).  Furthermore, knockout of CysLT1R and CysLT2R in mice 
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resulted in increased vascular ear edema in response to LTE4 stimulation compared to wild-typ

animals, indicating that the presence of those two receptors served to dampen the pro-

inflammatory activity of the CysLT

e 

g 

ave proposed a putative mechanism for exacerbation of CysLT2R-mediated acute 

yocardial injury, how CysLT2R activation affects long-term cardiac function post-

ed long-term cardiac function 

directly in WT and EC mice following myocardial infarction and surprisingly observed no 

.  

l 

T2R 

 

ER (Kanaoka et al., 2013).  Certainly, further investigation is 

warranted in comparing and contrasting CysLT2R-mediated responses in physiological and 

pathological conditions. 

 

5.3. CysLT2R Antagonism Post-Reperfusion Impedes Long-Term Ventricular Remodelin

 

While we h

m

ischemia/reperfusion injury remains unclear.  We investigat

in

prominent differences between the two groups, despite the disparity in acute myocardial injury

Furthermore, and even more surprisingly, we found that BayCysLT2 treatment in both WT and 

EC mice actually results in decreased cardiac function versus untreated counterparts, despite 

apparently limiting acute myocardial infarction damage based on the significantly greater apica

region ventricular wall thickness observed in BayCysLT2 treated mice. 

  

These findings are certainly puzzling, and yet perhaps not inherently contradictory.  Little is 

known about the role of CysLT2R in inflammatory resolution, so it is possible that CysL

antagonism exerts both beneficial (prevention of elevated inflammatory response) and 

deleterious (inhibition of proper debris clearance and wound healing) effects on the infarcted 

heart.  Certainly, any discrepancy in CysLT2R expression levels between pro-inflammatory (e.g.
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Ly-6Chi monocytes and M1 macrophages) and anti-inflammatory leukocyte subsets (e.g. Ly-6Clo
 

 certain systems, CysLT2R mediates beneficial pathways.  For example,  CysLT2R activation 

icate a role 

heart.  

 

nd 

re 

rences between experimental groups (Arslan et al., 2013; Eguchi et al., 2012; 

oldo et al., 2012), there is a study that rejected animals suffering under 30% infarction size 

under the rationale that they "did not show typical LV remodeling" (Harada et al., 1999).  In 

addition, the literature available would be biased towards cases where I/R induced significant 

changes versus cases where no significant changes were noted, given the difficulty in publishing 

“negative results.”  One possible remedy for this is to use a model of permanent LAD ligation in 

monocytes and M2 macrophages) is worthy of investigation.  Furthermore, there is evidence that 

in

has been shown to negatively regulate CysLT1R-mediated responses in mast cells, and CysLT2R 

knockdown results in increased CysLT1R expression (Jiang et al., 2007).  In addition, elevated 

CysLT2R expression has been associated with cell differentiation in colorectal cancer 

(Magnusson et al., 2007) and positive prognosis in breast cancer (Magnusson et al., 2011) and 

prostate cancer (Matsuyama et al., 2007).  It must be noted that while these studies ind

for CysLT2R as a counter-balance to CysLT1R, we do not believe that CysLT1R plays a 

significant role in myocardial infarction injury, given the paucity of the receptor in the 

However, these examples do serve to illustrate the possibility of a CysLT2R-mediated 

mechanism that is beneficial to cardiac function post-injury. 

 

Another possible explanation for our findings is that our transient ischemia/reperfusion may not

sufficiently damage the myocardium to evoke noticeable cardiac remodeling in our model, a

this is masking CysLT2R-mediated changes to long-term cardiac function.  While the literatu

presents many examples of studies utilizing transient ischemia/reperfusion demonstrating 

significant diffe

T
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order to induce ischemia - certainly, studies that utilize permanent ligation present much more 

tion in the right ventricle, as well as the left post-

2002).  However, this technique is not without its own drawbacks, as it ostensibly bypasses 

activation in long-term cardiac remodeling and function warrants further and more in-depth 

2  activation-mediated mechanisms in the 

2, and 

lism of HAMI3379 or 

e to 

the ability to manipulate genetic expression of targets of investigation, the endogenous CysLT2R 

 

pronounced wall thinning and ventricular dilatation than that observed in our investigation 

(Patten et al., 1998; Song et al., 2012; Zhang et al., 2005).  In addition, studies (albeit those using 

permanent LAD ligation) have also noted dilata

MI, and that was something not investigated in the present study (Patten et al., 1998; Yang et al., 

reperfusion injury and the subsequent inflammatory response.  Certainly, the role of CysLT2R 

attention.  

 

5.4. Potential for the CysLT2R as a Therapeutic Target 

 

While CysLT1R is well-known as a target in the treatment of asthma and other inflammatory 

airway diseases, CysLT2R has only recently gained attention as a potential therapeutic target in 

cardiovascular disease treatment.  Although we have characterized a novel CysLT2R-selective 

antagonist, and firmly established a role for CysLT R

exacerbation of acute myocardial infarction injury, much work remains to be done.  No 

information is currently available regarding the pharmacological properties of BayCysLT

no side effects of systemic administration of the compound have been reported to this date.  In 

addition, very little is known about the bioavailability or metabo

BayCysLT2.  Another important issue is that although murine models are highly useful du

expression profile in the murine cardiovascular system does not fully mimic that in humans.  In
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particular, low endogenous expression of CysLT2R in the heart and coronary vasculature makes 

it difficult to examine CysLT R-specific effects and mechanisms without genetic manipulation.   

cy.  Understanding how leukotriene 

it may also provide a novel approach to 

be a novel 

; 

t 

Allen et al., 1998; Nagy et al., 2011).  While much more 

-

mediated effects makes clarifying the role of CysLT2R in cardiovascular pathogenesis much 

inflammation. 

2

 

In conclusion, while CysLT2R has been investigated for almost 15 years now, our understanding 

of the receptor and its effects is very much still in its infan

stimulation activates and regulates inflammatory responses post-injury is not only vital to 

improving patient outcome post-myocardial infarction, 

treating inflammation, both chronic and acute, caused by other pathologies including 

atherosclerosis and stroke.  Certainly, persistent cysLT receptor antagonism would 

way to treat deleterious gene upregulation present during chronic pathologies (i.e. pro-

inflammatory genes upregulated by leukotriene stimulation (Back et al., 2011; Eaton et al., 2012

Uzonyi et al., 2006) or provide a counter-measure to upregulation of CysLT receptors presen

during atherosclerosis and stenosis (

investigation into the precise mechanisms of CysLT2R activation post-myocardial infarction is 

clearly required, the advent of proper pharmacological tools capable of isolating CysLT2R

easier, and will hopefully lead to treatment strategies targeting cardiovascular disease and 
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Appendix 

 

Formulae Used to Calculate Cardiac Function from Echocardiography Images 

 
Left ventricular volume, diastole (LV Vol;d) 
 

= ((7.0 / (2.4 + LVID;d)) * LVID;dP

3 
 
 
Left ventricular volume, systole (LV Vol;s) 
 

= ((7.0 / (2.4 + LVID;s)) * LVID;sP

3 
 
 
Ejection fraction 
 
 = 100 * ((LV Vol;d – LV Vol;s) / LV Vol;d) 
 
 
Fractional shortening 
 
 = 100 * ((LVID;d – LVID;s) / LVID;d) 
 
 
Stroke volume (SV) 
 
 = LV Vol;d – LV Vol;s 
 
 
Cardiac output 
 
 = SV/HR 
 
 
Left ventricular mass 
 

= 1.053 * ((LVID;d + LVPW;d + IVS;d)P

3
P– LVID;dP

3 

 
 
Abbreviations: LVID; left ventricular internal dimension, LVPW; left ventricular posterior wall, 
IVS; interventricular septum, HR; heart rate, d; diastole, s; systole 
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