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ABSTRACT 

Lysophosphatidylcholine (1-acyl-sn-glycero-3-phosphocholine, LPC) is the most 

abundant glycerol-based lysophospholipid present in cell membranes and oxidized 

lipoproteins.  It has been proposed that LPC contributes to the altered vaso-reactivity 

associated with various cardiovascular diseases in which elevated LPC levels were 

identified.  However, the contribution of LPC in regulating vascular resistance has not 

been completely elucidated, as the majority of previous studies have used either large 

blood vessels or isolated cells.  Therefore, our study aimed to investigate the vasoactive 

effects and the underlying mechanisms of LPC in small arteries/arterioles that are crucial 

in the determination of vascular resistance and the maintenance of organ function. 

The unique finding of our investigation is that LPC possesses biphasic effects on 

both peripheral arterial resistance and coronary circulation, and even ventricular function. 

Specifically, in the isolated perfused rat mesenteric arterial bed, both endothelium-

derived relaxing factors and thromboxane A2 (TxA2, a vasoconstricor) are diminished by 

LPC perfusion.  However, LPC washout stimulates a rebound overproduction of TxA2, 

which results in an enhanced contractile response to α1-adrenoceptor stimulation. 

Our study next found that sustained perfusion of hearts with LPC augmented 

coronary perfusion pressure and reduced left ventricular developed pressure. These 

effects were exaggerated when LPC was removed from the perfusate.  Furthermore, LPC 

selectively potentiated the receptor-coupled vasoconstrictor response of isolated rat septal 

coronary artery to U-46619, a TxA2 mimetic.  Interestingly, when LPC was washed out, 

the potentiation to U-46619 was even more pronounced.  Both the immediate and 

residual effects of LPC were endothelium-dependent. Endothelium-derived 
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hyperpolarizing factor was likely the sole mediator responsible for the direct effects of 

LPC on U-46619-vasoconstriction, whereas the augmented vasoconstrictor responses 

following LPC washout may in part be related to an increase in endothelin-1, and a 

striking reduction in the bioavailability of nitric oxide. 

Our data suggest that simply reducing LPC levels to normal may not be sufficient 

to reverse the adverse consequences of this lysolipid accumulation in vasculature.  

Further understanding of the residual effects of LPC will enable the identification of 

more effective treatment targets for LPC-related diseases. 
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1. INTRODUCTION 

1.1 Physiological and pathophysiological roles of lysophosphatidylcholine 

Lysophosphatidylcholine (1-acyl-sn-glycero-3-phosphocholine, LPC) is the most 

abundant glycerol-based lysophospholipid present in cell membranes and oxidized 

lipoproteins.  Although the cellular content of LPC is difficult to measure, plasma LPC 

levels have been reported to reach up to 20% of total phospholipids (Xu, 2002).  LPC 

plays important physiological and pathophysiological roles in both humans and animals. 

For instance, it is responsible for the delivery of fatty acids and choline to tissues (Croset 

et al., 2000). On the other hand, elevated levels of LPC have been linked to the 

cardiovascular complications associated with atherosclerosis, ischemia, and diabetes 

(Takahara et al., 1997; Shi et al., 1999; Sonoki et al., 2003).  The roles of LPC in 

atherosclerosis and myocardial ischemia are relatively well established. 

1.1.1   Role of LPC in atherosclerosis 

At present, LPC has been recognized as an important cell-signaling molecule that 

initiates and even amplifies several steps in the development of atherosclerosis.  

Atherosclerosis refers to the development of fibrofatty plaques within the arterial intima, 

with inflammation being its essential feature.  The pathophysiological importance of LPC 

was initially noticed based on the finding that LPC is one of the major components of 

oxidized low density lipoprotein (oxLDL), which is abundant in atherosclerotic lesions 

and has been considered highly atherogenic.  The amount of LPC in oxLDL was reported 

to be 40% higher than that in native LDL (Stiko et al., 1996; Chen et al., 1997).   Some of 

the proatherothrombotic effects of oxLDL have been attributed to the multiple 

inflammatory effects that LPC exerts on almost all the cell types involved in 
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atherosclerosis, including endothelial cells (ECs), smooth muscle cells (SMCs), 

monocytes, macrophages, and T-cells (summarized in Table 1.1). These events could 

contribute to all stages of atherosclerosis.  In addition to these in vitro studies, an in vivo 

study also confirmed the critical role of LPC in this pathological process by showing that 

the atherosclerotic lesion progression was significantly inhibited in LPC-receptor 

deficient mice compared to control (Parks et al., 2006).  
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Table 1.1  LPC-mediated biological effects on putative inflammatory cells  

TARGET CELLS EFFECTS 

Neutrophils • ROS generaration: NAD(P)H oxidase activation and 
myeloperosidase release 

• Functional responses: increased chemotaxis, elastase 
release 

Monocytes/Macrophages • Formation of inflammatory mediators: upregulation of 
cytokines (IL-1β, IL-8, VEGF, HB-EGF), Ca2+-
dependent PLA2 enzymes, and arachidonic acid release 

• Functional responses: increased chemotaxis 
• Cytotoxicity: increased apoptosis 

T-lymphocytes • Formation of inflammatory mediators: upregulation of 
cytokines (IL-2, IFN-γ, and ROS) 

• Functional responses: increased chemotaxis 
• Cytotoxicity: increased apoptosis 

Endothelial cells • Homing of inflammatory cells: upregulation of adhesion 
molecules (ICAM-1/VCAM-1), P-selectin, and MCP-1 

• Formation of inflammatory mediators: activation of 
Ca2+-dependent PLA2 enzymes, upregulation of COX-2, 
and arachidonic acid release 

• Functional responses: impaired proliferation/migration 
and reduced NO- and EDHF-mediated vasodilation 

• Cytotoxicity: apoptosis 

Smooth muscle cells • Homing of inflammatory cells: upregulation of MCP-1 
• Oxidative stress: NAD(P)H oxidase activation 
• Functional responses: upregulation of growth factors 

and increased proliferation and migration 
• Cytotoxicity: apoptosis 

 
ROS: reactive oxygen species, IL-1β: interleukin-1 β, IL-8: interleukin-8, VEGF: 

vascular endothelial growth factor, IL-2: interleukin-2, IFN-γ: interferon- γ, ICAM-1: 

intercellular adhesion molecule-1, VCAM-1: vascular cell adhesion molecule-1, MCP-1: 

monocyte chemoattractant protein, COX-2: cyclooxygenase-2, NO: nitric oxide, EDHF: 

endothelium-derived hyperpolarizing factor.  Adapted from Matsumoto et al., 2007.  
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1.1.2 LPC as a biomarker of myocardium ischemia 
 

It is well known that under cardiac ischemic conditions, LPC, a hydrolysis 

product of phospholipid degradation, greatly accumulates in ischemic myocardium in 

different animal species (Sobel et al., 1978; Shaikh and Downar, 1981; Snyder et al., 

1981; Otani et al., 1989) as well as in human hearts (Sedlis et al., 1990; Sedlis et al., 1993; 

Sedlis et al., 1997). Due to the fact that the time course of LPC accumulation parallels the 

time kinetics of early ischemic ventricular arrythmias (Corr and Yamada, 1995; Sedlis et 

al., 1997), considerable efforts have been devoted to testing the hypothesis that LPC 

contributes to cardiac ischemia-reperfusion (I/R) injury. It is now clear that LPC 

possesses arrythmogenic properties (Man, 1988; Corr and Yamada, 1995; Bai et al., 

2007).  However, I/R injury is not limited to cardiomyocytes, but also extends to 

coronary endothelial cells, which have been suggested to be even more vulnerable 

(Schmiedl et al., 2001; Staat et al., 2005). Coronary endothelial dysfunction may be 

responsible for the lowered coronary flow/increased coronary resistance (Mehta et al., 

1989; Hashimoto et al., 1991; Maulik et al., 1996; Tiefenbacher et al., 1996; Toufektsian 

et al., 2001) under I/R conditions (Figure 1.1). Interestingly, although there is no direct 

causal linkage available between LPC and this endothelial dysfunction, exogenous LPC 

has been shown to produce impaired ventricular function and elevated coronary 

resistance in isolated perfused rat hearts (Sargent et al., 1993; Hoque et al., 1997; 

Watanabe and Okada, 2003), and to selectively impair endothelium-dependent relaxation 

(EDR) induced by either nitric oxide (NO) or endothelium-derived hyperpolarizing factor 

(EDHF) (Eizawa et al., 1995; Leung et al., 1997) in isolated porcine large coronary 
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arteries. Collectively, these data suggest that the coronary endothelial dysfunction 

occurring following I/R may be related to the accumulation of LPC during this process. 

 

Figure 1.1 Influence of ischemia and reperfusion on coronary flow in isolated 
perfused rabbit heart. Figure was adapted from Hashimoto et al., 1991.  
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1.2 LPC metabolism 

LPC is not a single homogenous entity but is composed of many molecular 

species with different acyl groups (Poulos et al., 1973) (Figure 1.2).  LPC is a well-

known intermediate in the metabolism of phosphatidylcholine (PC), which is the major 

lipid component of plasma but a minor phospholipid in cells and tissues (Croset et al., 

2000). The major metabolic pathway of LPC is shown in Figure 1.2.  LPC is produced as 

a result of PC hydrolysis by several isoforms of phospholipase A2 (PLA2). During the 

oxidative modification of LDL, there is extensive conversion of PC to LPC by this 

pathway (Sonoki et al., 2003). LPC is also generated in the reaction mediated by lecithin-

cholesterol acyltransferase (LCAT) that transfers the fatty acid residue from PC to 

cholesterol (Subbaiah et al., 1992). Direct hepatic secretion is another important source of 

plasma LPC (Sekas et al., 1985). Once produced, LPC is either converted back to PC or 

further metabolized by the action of lysophospholipase D (LPLD) to form 

lysophosphatidic acid (LPA), which is also a bioactive phopholipid controlling numerous 

cellular responses through the activation of specific G-protein coupled receptors (GPCRs) 

(Tigyi and Parrill, 2003). 

In addition to the LPC that exists in cell plasma, the other LPC physiological 

forms include free LPC, micellar LPC or LPC bound to lipoproteins, albumin, and 

immune complexes.  The total physiological concentrations of LPC in body fluids were 

reported to vary between 5 and 180 μmol/L (Okajima et al., 1998; Sasagawa et al., 1998).  

However, LPC present in plasma is largely reversibly bounded to albumin and 

lipoprotein complexes, and this proportion is incapable of eliciting LPC-dependent 

biological responses (Vuong et al., 2001).  If fact, if all the LPC at physiological 
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concentrations was actively mediating receptor-operated functions, the LPC receptors 

would be saturated and/or downregulated.  The exact concentrations of free LPC, which 

is considered active in regulating the signaling effects of LPC, are unclear.  Although the 

accumulation of LPC during various pathological conditions has been confirmed by a 

number of studies, the magnitude of the increase varies from study to study.  In most 

previous in vitro biological studies, 1 – 30 μmol/L of LPC without carriers were used.  

Higher concentrations of LPC (> 30 μmol/L) may lyse cells due to its detergent-like 

properties (Jalink et al., 1990).  

 

 

Figure 1.2 The major metabolism pathway of lysophosphatidylcholine. PC: 

phosphatidylcholine, LCAT: lecithin-cholesterol acyltransferase, PLA2: phospholipase A2, 

LPA: lysophosphatidic acid, LPLD: lysophospholipase D. 



 8

1.2.1  LPC-generating enzyme: PLA2 

PLA2 controls the initial and rate-limiting step of the biosynthetic cascade from 

membrane phospholipids to lysolipids, arachidonic acid (AA) and the subsequent 

prostanoids (Figure 1.3). LPC is one of the by-products of this cascade.  The other 

products, including prostaglandins, prostacyclin, and thromboxanes, also represent 

precursors of signaling molecules that can exert a variety of biological functions. The 

PLA2 superfamily constitutes a heterogeneous group of enzymes, usually classified into 

four major groups (summarized in Table 1.2): cytosolic PLA2 (cPLA2), Ca2+-dependent 

secretory PLA2 (sPLA2), and Ca2+-independent intracellular PLA2 (iPLA2), and the 

platelet activating factor acetylhydrolases (PAF-AH) (Kougias et al., 2006). Each of these 

groups contains several members. One of the PAF-AH enzymes is GVIIA PLA2, also 

known as lipoprotein-associated PLA2 (Lp-PLA2). 

Given the tight control over these bioactive eicosanoids, PLA2 is considered an 

independent risk factor for cardiovascular diseases, including atherosclerosis and 

coronary artery disease (Chakraborti, 2003).  Among isoforms, cPLA2 plays a central role 

in the agonist stimulated AA liberation, and the following generation of lipid mediators 

(Chakraborti, 2003; Leslie, 2004). On the other hand, sPLA2 and Lp-PLA2 are especially 

important in mediating the proinflammatory properties of LPC. 

Table 1.2   PLA2 classification according to biochemical properties 

Family  Calcium requirement Cellular localization 

sPLA2 Yes Intracellular 

cPLA2 Yes Extracellular 

iPLA2 No Intracellular 

PAF-AH(Lp- PLA2) No Extracellular 
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Figure 1.3  Pathways for the metabolism of arachidonic acid (AA).  Within resting 

cells, AA resides predominantly at the C-2 position of membrane phospholipids and is 

released from there upon the hydrolysis of phospholipase A2 (PLA2) directly, or by 

phospholipase C (PLC) / phospholipase D (PLD) indirectly (Piomelli et al., 2000). PLA2 

- catalyzed reaction is the major source of AA and a rise in intracellular Ca2+ is believed 

to be the initial event leading to activation of PLA2 and liberation of AA. The released 

AA can then be metabolized via several different pathways. In the cyclic pathway, 

initially AA is irreversibly converted to prostaglandin endoperoxide H2 (PGH2) by the 

enzymatic action of cyclooxygenase (COX-1 and COX-2). This is probably the rate-

limiting step under most conditions. The final step is the isomerization of PGH2 to 

various end-products, including TxA2, PGI2 and prostaglandins (PGE2, PGF2α, and PGD2). 

The lipoxygenase pathway synthesize leukotrienes.  AA is also metabolized by 

cytochrome P450 (CYP) to epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic 

acids (HETEs) 
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To date, at least 10 active mammalian sPLA2 have been identified (IB, IIA, IIC, 

IID, IIE, IIF, III, V, X, and XIIA) (Murakami et al., 2001; Kudo and Murakami, 2002). 

Of these, sPLA2-II is expressed in many cell types such as ECs, SMCs, platelets, mast 

cells, neutrophils, macrophages, as well as in normal and atherosclerotic artery specimens 

(Kougias et al., 2006).  Although it is reasonable to assume that sPLA2-II is involved in 

atherosclerosis via LPC production, there has been no direct evidence to support this 

hypothesis.  Instead, sPLA2-II contributes to the pathogenesis of atherosclerosis through 

its non-catalytic functions, such as enhancing 15-lipoxygenase-induced LDL oxidation 

(Neuzil et al., 1998) and activating macrophages(Webb et al., 2003), etc. 

Recently, systemic Lp-PLA2 emerged as an independent biomarker for 

cardiovascular diseases (Lerman and McConnell, 2008). The majority of the circulating 

Lp-PLA2 is found in the LDL lipid fraction and only a small percentage in high density 

lipoprotein (HDL) (Caslake et al., 2000). In fact, in vivo, Lp-PLA2 is almost exclusively 

produced by the macrophages and foam cells from atherosclerotic plaques, and is 

subsequently released into the circulation, where it binds to lipoprotein (Sudhir, 2005). 

Therefore, Lp-PLA2 is particularly engaged in vascular inflammation rather than 

systemic inflammation. Lp-PLA2 specifically hydrolyzes the sn-2 fatty acids of oxidized 

phospholipids, mainly oxLDL (MacPhee et al., 1999).  Macphee, et al. strongly suggested 

that Lp-PLA2 was solely responsible for LPC-accumulation in oxLDL, using a selective 

inhibitor of Lp-PLA2 (Macphee et al., 2005).  This finding was further confirmed in an in 

vivo study showing that atherosclerotic plaque in human coronary arteries was associated 

with higher local coronary production of both Lp-PLA2 and LPC, which was correlated to 

coronary endothelial dysfunction (Lavi et al., 2007).  In summary, Lp-PLA2 plays a 
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crucial role in generating LPC in plasma and stimulating the development of 

atherosclerosis.  

1.2.2   LPC-degrading enzyme: LPLD 

LPLD was found to convert LPC into LPA more than two decades ago, and later 

on, autotaxin (ATX) was revealed to be identical to LPLD (Tokumura et al., 2002; 

Umezu-Goto et al., 2002), and to function as a LPLD (van Meeteren and Moolenaar, 

2007). The importance of LPLD relies more on its role being LPA-generating rather than 

LPC-degrading. LPA is produced and degraded mainly extracellularly through the 

actions of lysoPLD/ATX and lipid phosphatases, respectively (Figure 1.4).  Like LPC, 

LPA refers to a family of lipid metabolites.  As a pluripotent signaling molecule, it 

induces a wide range of cellular responses in multiple tissues and in diverse physiological 

or pathological situations.  In the cardiovascular system, LPA is an activator of platelets 

(Gerrard and Robinson, 1984), a modulator promoting the differentiation, proliferation 

and migration of SMCs that are required for the development of intimal hyperplasia 

(Hayashi et al., 2001), and a bioactive mediator of atherothrombotic disease (Smyth et al., 

2008).  Exogenous administration of LPA results in acute and systemic increases in blood 

pressure in different animal species (Tokumura et al., 1978; Tigyi et al., 1995), 

suggesting a role for LPA in hypertension. The close relationship between circulating 

LPA levels and circulating LPLD levels suggests that LPLD expression, localization, or 

activity may be important in regulating bulk levels of LPA in the blood (Smyth et al., 

2008).   

Some of the effects of LPC have been proposed to be mediated through the 

formation of LPA.  For instance, in rat coronary endothelial cells, the lipoprotein lipase-
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augmenting property of LPC likely requires the formation of LPA (Pulinilkunnil et al., 

2004).  It was also suggested that LPC induces neuropathic pain through the generation 

of LPA and the activation of LPA receptors in a study using mice lacking a LPA receptor 

gene (Inoue et al., 2008).  However, this hypothesis needs to be further investigated.  

Future studies using ATX knock out and transgenic mice or pharmacological inhibition 

of this enzyme would be useful to evaluate the potential relationship between the effects 

of LPC and LPA.  

 

Figure 1.4  Regulation of LPA levels in the extracellular environment. LPA levels are 

determined by the balance between synthesis and degradation. ATX/lysoPLD is the 

major biosynthetic exo-enzyme, while degradation is mediated by lipid phosphatases, 

both membrane-associated and soluble. Figure was adapted from van Meeteran and 

Moolenaar, 2007.  
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1.3 Structure-activity relationship of LPC 

As mentioned above, LPC is composed of many molecular species bearing 

different acyl chains.  It has been realized that it is the length and saturation of these acyl 

chains (R1 in Figure 1.5) that fundamentally determine the biological functions of LPC.  

 

Figure 1.5  Structure of LPC.  R1 represents an acyl chain.  

 It was suggested that only LPC with more than 14 carbon acyl group elicits 

pathological effects (Fukao et al., 1996; Choy et al., 2004).  In hyperlipidemic patients, it 

was found that LPC samples contained a higher proportion of long-chain acyl groups (>= 

C16:0), and it was this fraction of LPC that induced the impaired endothelium-dependent 

relaxation in patients (Chen et al., 1997).  Acyl chain-dependent differences in the effects 

of LPC on neutrophils in vitro was also observed (Ojala et al., 2007).  In this study, 

unsaturated LPC species produced a long-lasting superoxide generation.  In contrast, 

saturated LPC species induced much less superoxide production, but are more potent in 

increasing cytoplasmic calcium and plasma membrane permeability.  In human coronary 

artery smooth muscle cells, long and saturated chain containing LPC was reported to 

induce AA release more pronouncedly than the shorter and unsaturated chain containing 

LPC (Aiyar et al., 2007).  Specifically, LPC (C16:0) produced the optimal stimulation.  
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Similarly, Lee et al. found that 16:0 LPC produced the most dramatic Ca2+ increase in 

HL-60 human leukemia cells compared to 14:0 and 18:0 LPCs (Lee et al., 2004). This is 

interesting as palmitoyl (C16:0) is the most abundant saturated LPC in vivo in humans 

and rats (Vesterqvist et al., 1992; Croset et al., 2000; Cunningham et al., 2008).  More 

importantly, following LDL oxidation, 16:0 LPC was still the prevalent fraction present 

in atherosclerotic aorta compared with normal human aorta (Thukkani et al., 2003) (Table 

1.3).  These data suggest that LPC species containing long and saturated acyl chain 

(especially 16:0) are particularly important under both physiological and pathological 

conditions.  

Regarding the mechanisms of this acyl chain-dependence of the effects of LPC, it 

was suggested that different critical micelle concentrations of the various species can 

barely explain this structure-activity relationship (Ojala et al., 2007).  In another study, it 

was shown that LPC species with longer acyl chain have higher binding affinity for their 

receptor G2A (Kabarowski et al., 2001). However, the physiological significance of this 

selective binding remains to be defined.   
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Table 1.3  Accumulation of LPC molecular species in human atherosclerotic aorta. 
 

Normal Aorta  
 

Atherosclerotic Aorta  
 LPC molecular 

species  Average ± SEM No. of patients Average ± SEM No. of 
patients 

16:0 0.83 ±0.45 3 30.1 ±9.6 10* 

18:0 0.62 ±0.31 3 22.0 ±7.6 10* 

18:2 0.23 ±0.14 4 8.0 ±2.2 10  

20:4 0.22 ±0.15 4 4.4 ±1.1 10  

22:6 ND 4 0.9 ±0.2 10 

Lipids from normal and atherosclerotic human aorta samples (50 mg) were extracted into 

chloroform in the presence of 14:0 lysophosphatidylcholine and quantitatively analyzed 

by ESI-MS for lysophosphatidylcholine molecular species.  Values are expressed as 

picomolar of each lysophosphatidylcholine molecular species per nanomole of inorganic 

phosphate.  ND indicates not detectable. *P<0.01 and P<0.005, respectively, for 

comparisons between normal and atherosclerotic aorta for each molecular species using 

the Student t test. Adapted from (Thukkani et al., 2003). 
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1.4  Endothelium-dependent regulation of vascular tone 

Vascular tone is the major determinant of peripheral vascular resistance.  

Defective vascular tone is an essential feature of cardiovascular diseases such as 

hypertension, coronary heart disease and atherosclerosis.  Vascular tone is regulated by 

various extrinsic and intrinsic factors acting on the blood vessel.  These factors work in 

an integrated way to control systemic vascular resistance/blood pressure, and regulate 

local blood flow within organs.   In general, these factors can be divided into 

vasoconstrictors and vasodilators that competitively determine the vascular tone.  Many 

of these vasoactive factors are derived from the vascular endothelium.   

The endothelium is the single layer of cells that lines the luminal surface of blood 

vessels and plays a primary autocrine/paracrine regulatory role in the regulation of 

cardiovascular homeostasis, including vascular tone control, immune and inflammatory 

responses, cellular adhesion processes, and vascular remodeling (Grover-Paez and 

Zavalza-Gomez, 2009).  The endothelium functions by secreting various vasoconstricting 

and vasodilating factors in response to circulating substances that bind to specific 

endothelial receptors and to mechanical stimuli such as fluid shear stress and pulsatile 

stretch (Schalkwijk and Stehouwer, 2005).   

The healthy endothelium has an intact balance between the release of 

endothelium-derived relaxing factors (EDRF) and endothelium-derived constricting 

factors (EDCF).  Many cardiovascular risk factors, such as smoking, aging, diabetes, 

hypertension, shear stress, and oxidative stress, may trigger the development of 

endothelial dysfunction, resulting in vascular remodeling, loss of antithrombotic factors, 

increase in vasoconstrictor and prothrombotic products, in addition to abnormal 
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vasoreactivity (Figure 1.6) (Hadi et al., 2005).  Importantly, endothelial dysfunction is 

associated with most forms of cardiovascular disease, such as hypertension, 

atherosclerosis, coronary artery disease, chronic heart failure, peripheral artery disease, 

diabetes, and chronic renal failure, and has been identified as a common link for all 

cardiovascular risk factors (Endemann and Schiffrin, 2004).   

Since endothelial functions are multiple and involve a variety of tissues and 

organs, any alterations in endothelial function may influence one or more of them either 

concurrently or separately. In the context of this dissertation, endothelial dysfunction 

specifically refers to potentiated vasoconstriction and/or impaired endothelium-dependent 

relaxation (EDR), as a result of increased EDCF and/or reduced bioavailability of EDRF. 

Figure 1.6  The various factors that affect the endothelium and the consequences of 

endothelial dysfunction (Hadi et al., 2005) 
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1.4.1  Endothelium-derived relaxing factors (EDRF) 

The most important vasodilators released from endothelium are: nitric oxide (NO), 

prostacyclin (PGI2), and endothelium-derived hyperpolarizing factor (EDHF). These 

substances act in a coordinated and interactive manner to maintain normal endothelial 

function and operate as support mechanisms when one pathway malfunctions.  These 

three mediators are not always equally important – NO normally predominates in large 

arteries, whereas EDHF takes over in smaller blood vessels or in large arteries when the 

release of NO is impaired (McGuire et al., 2001). 

NO is the best characterized and probably the most important EDRF. It originates 

from the transformation of the amino acid L-arginine into citrulline in the presence of NO 

synthase (NOS) that is present in endothelial cells (Figure 1.7). NO is produced and 

released either basally or under the influence of agonists, such as acetylcholine, 

bradykinin, substance P, serotonin and others, acting on specific endothelial receptors, 

and by mechanical forces (Luscher et al. 1990).  After release from the endothelial cells, 

NO diffuses into the underlying smooth muscle cells and exerts its action. The 

mechanism is showed in Fig. 1.7.  NO activates soluble guanylyl cyclase (GC), leading to 

the formation of cyclic guanosine monophosphate (cGMP), and the subsequent activation 

of cGMP-dependent protein kinase G (PKG). PKG either inhibits the Ca2+ influx or 

suppresses the sensitivity of contractile proteins to Ca2+, causing the relaxation of smooth 

muscle (Stankevicius et al., 2003). Basal NO-release is known to occur in both conduit 

and resistance vessels. Under physiological conditions, two constitutive forms of NOS, ie.  

endothelial NOS (eNOS) and neuronal NOS (nNOS) play a role in NO production. The 

activation of another isoform of NOS, inducible NOS (iNOS), results in excess NO 
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production and is considered to contribute to many pathological conditions.  In addition, 

NO can also influence the circulatory system through other mechanisms, including 

inhibition of leucocyte adhesion 1, antithrombic activity and as a modulator of growth 

factor signaling (Viljoen, 2008). 

PGI2 is one of the major AA metabolites. Briefly, AA is liberated by PLA2 and 

subsequently converted to intermediates prostaglandin G2 (PGG2) and prostaglandin H2 

(PGH2) by cyclooxygenase (COX) isozymes.  PGG2 and PGH2 are then further 

metabolized by individual synthases to form an array of eicosanoids, specifically, PGI2 

synthase for PGI2 (Figure 1.3).  Recently it was realized that PGI2 is mainly a COX-2 

catalyzed product (Arehart et al., 2007).  PGI2 elicits biological functions by activating its 

specific cell-surface receptors (IP) that are G-protein-coupled to adenylate cyclase (AC) 

and thereby elevate cyclic adenylate monophosphate (cAMP) levels (Figure 1.7).  In 

addition to being a vasodilator, PGI2 is also a potent inhibitor of platelet aggregation 

(Moncada et al., 1976; Moncada et al., 1977), and has been found to prevent 

atherosclerosis and thrombosis (Grosser et al., 2006; Fetalvero et al., 2007).  PGI2 

analogues are currently being used to treat pulmonary hypertension (Humbert et al., 

2004), and are likely to be effective in the management of atherothrombosis  (Arehart et 

al., 2007). 
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Figure 1.7  Relaxation of vascular smooth muscle cells by diffusable vasodilator 

substances from endothelial cells.  Nitric oxide (NO) activates soluble guanylate 

cyclase, yielding increased levels of cyclic GMP (cGMP). Prostacyclin (PGI2) activates 

adenylate cyclase, leading to increased production of cyclic AMP (cAMP).  

Endothelium-derived hyperpolarizing factor (EDHF) causes Ca2+-dependent K+ channels 

in vascular smooth muscle cells to open, leading to their hyperpolarization. AA, 

arachidonic acid; NOS, NO synthase; L-Arg, L-arginine; R, membrane receptor; SR, 

sarcoplasmic reticulum; X, unknown precursor. Aadapted from Vanhoutte, 1998.  
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EDHF refers to the endothelium-derived vasodilator that enables NO/PGI2-

independent relaxation.  Despite its uncertain identity, EDHF has been shown to 

contribute to the regulation of vascular tone in various blood vessels from different 

species (Chen et al., 1988; Feletou and Vanhoutte, 1996; Ge et al., 2000). Based on the 

findings that EDHF is abolished by a combination of apamin and charybdotoxin, 

inhibitors of small- and medium-conductance KCa channels, respectively (Edwards and 

Weston, 1998; Fisslthaler et al., 1999), it is generally believed that the generation of 

EDHF within the ECs relies on an increase in the intracellular Ca2+ concentration, and the 

subsequent activation of Ca2+-sensitive K+ (KCa) channels.  This results in the generation 

of EC hyperpolarization and/or the release of chemical factors, which are then 

transmitted to the SMCs to evoke hyperpolarization and vasodilation.  There is a 

substantial species and tissue variation in the nature of EDHF. Leading candidate 

molecules for EDHF include: 1)  epoxyeicosatrienoic acids (EETs), AA metabolites from 

P450 monooxygenase pathway (Figure 1.3) that hyperpolarizes SMCs by activation of 

large conductance KCa channels (Campbell and Gauthier, 2002; Fleming, 2007); 2) K+ 

ions (McGuire et al., 2001; Bussemaker et al., 2002); 3) electrical communication 

through myoendothelial gap junctions (Chaytor et al., 1997; Fleming, 2000; Sandow and 

Hill, 2000); 4) hydrogen peroxide (H2O2) (Matoba et al., 2000; Miura et al., 2003; 

Shimokawa and Matoba, 2004); 5) C-type natriuretic peptide (CNP) (Ahluwalia and 

Hobbs, 2005). The putative mechanisms of some of these candidates are summarized in 

Figure 1.8. 



 22

Figure 1.8  Proposed mechanisms of smooth muscle cell hyperpolarization. (a) 

Epoxyeicosatrienoic acids (EETs) might act as both intracellular and extracellular 

messengers. EETs affect Ca2+ signalling, the Ca2+ sensitivity of KCa channels and the 

generation of cAMP by AC, as well as gap junctional coupling in the endothelial cells. 

EETs and/or their metabolites can also diffuse to SMCs and activate large-conductance 

KCa channels (BKCa channels). (b) The role of K+ ions. Endothelial cell stimulation by 

various agonists initiates endothelial cell hyperpolarization by activating small- and 

intermediate-conductance KCa channels (SKCa and IKCa channels). Subsequently, K+ ions 

accumulate in the sub-endothelial space in concentrations sufficient to activate inwardly 

rectifying K+ (KIR) channels and/or the Na+--K+ pump. The hyperpolarization of the 

endothelial cells, following KCa channel activation, could also be transmitted along the 

monolayer of endothelial cells or towards the smooth muscle cells through gap junctions. 

Adapted from Busse et al., 2002.  

 



 23

1.4.2  Endothelium-derived constricting factors (EDCF) 

Endothelin-1 (ET-1) secreted by the endothelium is one of the most potent 

vasoconstrictors. The release of ET-1 results in activation of two receptors: ETA and ETB. 

Activation of ETA and ETB receptors on SMCs results in a sustained constrictor action of 

ET-1. The ETB
 receptors on the endothelium mediate the release of the dilators NO and 

PGI2, as well as the rapid uptake of ET-1 (Haynes and Webb, 1998). Therefore, the 

endothelial ETB receptor largely opposes the vascular effect of SMC-located ETA/B 

receptors. In addition to the direct vascular effects, ET-1 induces vascular smooth muscle 

cell proliferation and growth in a dose-dependent manner (Komuro et al., 1988). 

Angiotensin II (Ag II) is one of the major systemic pressor hormones.  Renin, 

originating from the kidney, acts on angiotensinogen to form angiotensin I, which is then 

cleaved by the angiotensin converting enzyme (located primarily in vascular endothelium) 

into Ag II, which binds to its specific receptors on the vascular wall. Two subtypes of the 

Ag II receptor, designated AT1 and AT2, have been identified. The smooth muscle cell-

localized AT1 receptor subtype mediates the predominant action of Ag II: 

vasoconstriction. These vasoactive actions are partly counteracted by the AT2 receptor, 

which causes vasodilatation in some vascular beds from rats and human (Carey et al., 

2001; Dimitropoulou et al., 2001; Batenburg et al., 2004). The renin-angiotensin system 

plays an important role in regulating blood volume and systemic vascular resistance.  

Excess circulating Ag II can cause myocardial infarction (Gavras and Gavras, 2002). 

Thromboxane A2 (TxA2) is produced by thromboxane synthase on PGH2 mainly 

in activated platelets and macrophages where this enzyme is highly expressed (Fig 1.3). 

In addition, the endothelium is also a site of origin (Ally and Horrobin, 1980).  The 
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primary control of TxA2 formation depends largely on the availability of thromboxane 

synthase (TxAS) and PGH2 substrate. No endogenous factors have been shown to 

modulate TxAS activity.  The physiological role of TXA2 is platelet aggregation, 

vasoconstriction and bronchoconstriction (Oates et al., 1988b; Oates et al., 1988a). It is 

well documented that TxA2 receptors (TPs) are able to activate a multitude of different 

signalling cascades depending on the specific organ systems where TPs are expressed. 

They are known to couple to at least nine G proteins, Gαq, Gαi2, Gαs, Gα11, Gα12, Gα13, 

Gα15, Gα16, and Gh (Halushka, 2000), which in turn activate numerous downstream 

effectors, including second messenger systems such as inositol trisphosphate (IP3)/ 

diacylglycerol (DAG), cAMP, small G proteins (Ras, Rho), PI3 kinase, as well as PKC 

and PKA (Huang et al., 2004). Interestingly, as the precursor of TxA2, PGH2 can also act 

as a vasoconstrictor through the same receptors: TPs (Mais et al., 1985; Ogletree et al., 

1985). An overproduction of TxA2 has been detected in a series of diseases, such as 

myocardial infarction, hypertension, thrombosis, atherosclerosis and asthma, whereby 

this prostanoid is assumed to contribute to the underlying pathomechanisms by its potent 

stimulation of platelet aggregation and smooth muscle contraction (Dogne et al., 2004).  

Reactive oxygen species (ROS) include free radicals, hydroxyl radicals (OH·), 

superoxide (O2 
-), peroxynitrite (ONOO -) and nonradical derivatives, such as hydrogen 

peroxide (H2O2) (Figure 1.9). All components of the vascular wall, including ECs, can 

produce ROS.  In VSMCs and ECs, NADH/NADPH oxidases represent the most 

important source of O2
- (Pagano et al., 1995; Griendling et al., 2000). NADPH oxidase 

catalyzes the NADPH-dependent reduction of oxygen to O2 
-, which in turn leads to the 

production of secondary derivatives such as OH· and H2O2.  ROS production is 
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counterbalanced by antioxidant enzymes such as superoxide dismutases (SOD), catalase, 

glutathione peroxidase, thioredoxins, and peroxiredoxins.  Low levels of ROS are 

necessary for normal vascular functions.  Excess accumulation of ROS occurs in 

response to both mechanical and biochemical factors associated with many pathological 

conditions, such as atherosclerosis (Ohara et al., 1993), diabetes (Baynes and Thorpe, 

1999), and cardiac I/R (Becker, 2004).   

Importantly, the enhanced production of ROS in turn leads to multiple 

consequences for endothelial function.   The reaction O2 
- + NO → ONOO - is widely 

considered to be noxious in cardiovascular disease due to the depletion of endogenous 

NO, as well as decreased production of endothelial hyperpolarizing factor H2O2, and thus 

impaired vasodilation (Bauersachs et al., 1996; Wei et al., 1996). In addition, as a potent 

oxidant, ONOO – per se is intrinsically toxic. ROS also directly inhibit the main target of 

NO, soluble GC (Munzel et al., 2005), and inactivate PGI2 synthase (Zou et al., 2004).  

On the other hand, ROS directly participates in vasoconstriction by releasing 

isoprostanes, which are a family of substances produced from AA via a free radical-

catalyzed, and COX-independent mechanism (Patrono et al., 2005), and which are 

recognized as an indicator of oxidative stress (Morrow and Roberts, 1996).  Isoprostanes 

act as partial agonists at the TxA2 receptor and exert numerous biological effects, 

including vasoconstriction and platelet activation (Montuschi et al., 2004).  In addition to 

the noted effects on vasomotor balance, ROS favor macrophage infiltration of the vessel 

wall, and SMC proliferation, migration, and apoptosis (Papaharalambus and Griendling, 

2007).  
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Figure 1.9  Reactive oxygen species in vascular wall. Multiple enzymes may induce 

ROS generation in cardiovascular cells which these include NADH/NADPH oxidase, 

xanthine oxidase, lipoxygenase, cyclooxygenase, P450 monooxygenase, and the enzymes 

of mitochondrial oxidative phosphorylation (O2¯·, superoxide anion radical; H2O2, 

hydrogen peroxide; ·OH, hydroxyl radical; ONOO-, peroxynitrite; SOD, superoxide 

dismutase). Figure was adapted from Yoshizumi et al., 2001.  
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1.5   Effects of LPC on intact blood vessels 

The direct vasoactive effects of LPC have been studied in isolated vessel strips ex 

vivo and in vivo. Within the physiological and pathophysiological concentration range, 

LPC alone has no significant influence on vascular tone.  In addition, LPC does not alter 

the vasoconstriction resulting from K+-induced direct depolarization of vascular smooth 

muscle.  The consensus from the majority of these studies is that LPC potentiates 

receptor-operated vasodilator and vasoconstrictor responsiveness in conduit arteries. For 

instance, in large artery ring preparations (from rats, rabbits, cattle, and pigs), LPC 

impairs EDR (Fukao et al., 1995; Froese et al., 1999; Vuong et al., 2001),  probably by 

inhibiting EDHF and NO (Eizawa et al., 1995; Froese et al., 1999; Makino et al., 2000).  

Some agonist-induced contractions in isolated blood vessels were also potentiated by 

LPC, including contractile responses induced by UK14,304 (5-bromo-N-(2-imidazolin-2-

yl)-6-quinoxalinamine, an α2-adrenoceptor agonist) (Suenaga and Kamata, 2003), and Ag 

II (Galle et al., 2003; Suenaga and Kamata, 2003).   
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1.6   Effects of LPC on ECs nd SMCs 

The effects of LPC in modulating vascular contractility may be partially explained 

by the results of studies in cultured endothelial and vascular smooth muscle cells, where 

LPC was shown to activate protein kinase C (PKC) (Kohno et al., 2001), increase 

intracellular Ca2+ (Terasawa et al., 2002), and activate MAP kinase in rat vascular SMCs 

(Yamakawa et al., 1998) or inhibit MAP kinase in bovine aortic ECs (Rikitake et al., 

2000b).  One of the inactivation mechanisms of vascular smooth muscle myosin 

phosphatase, the RhoA pathway, was reported to be stimulated by LPC and/or oxLDL as 

well (Galle et al., 2003).  In addition, LPC-induced inhibition of the delayed rectifier K+ 

current in coronary SMCs may also be responsible  for the enhanced vascular tone (Yeon 

et al., 2001). 

LPC was found to promote the generation of ROS in intact blood vessels (Ohara 

et al., 1994), ECs (Kugiyama et al., 1999; Takeshita et al., 2000) and SMCs (Yamakawa 

et al., 2002). Interestingly, ROS are known to diminish vasodilation as discussed above, 

and enhance vasoconstrictor mechanisms, including the TxA2 signaling pathway (Wilcox, 

2002). Therefore, it would be reasonable to speculate that the effects of LPC are related 

to increased oxidative stress by LPC. 

Both LPC and AA are the products of PC hydrolysis by PLA2. Depending on the 

tissue, LPC has been shown to stimulate the release of AA and its metabolites by various 

mechanisms, such as increasing [Ca2+]i and activating PKC (Rustenbeck and Lenzen, 

1989; Wong et al., 1998; Golfman et al., 1999). Furthermore, LPC may also interfere 

with the individual production of AA metabolites, such as enhancing or inhibiting the 

synthesis of PGI2 (Zembowicz et al., 1995b; Mahfouz and Kummerow, 2001). 
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1.7   Involvement of LPC receptors in the vasoactive effects of LPC 

In recent years, two G-protein coupled receptors, G2A and GPR4, have been 

identified as the specific receptors for LPC (Kabarowski et al., 2001; Zhu et al., 2001; Xu, 

2002). These receptors mediate intracellular responses to their ligands via heterotrimeric 

G proteins (Kabarowski et al., 2002; Xu, 2002).  They use classic signaling pathways that 

have been examined in a variety of cell types, including: Gq → phopholipase C (PLC) → 

calcium mobilization; G12/13 → Rho → actin rearrangement; Gi → extracellular signal-

related kinase (ERK), phosphoinositide3kinase (PI3) and inhibition of adenylate cyclase 

(AC); Gs → AC → cAMP → protein kinase A (PKA).  Some of the biological effects of 

LPC are suggested to be mediated by G2A and GPR4, but it is still unclear whether the 

vascular tone regulating effects are also through its specific GPCRs. 

G2A and GPR4 were initially cloned in immune and tumor cells (Kabarowski et 

al., 2001; Zhu et al., 2001; Xu, 2002). Subsequently, Rikitake et al. found that G2A was 

expressed in human and murine monocytes/macrophages within atherosclerotic lesions, 

and may play a role in the LPC-initiated development of atherosclerotic lesions (Rikitake 

et al., 2002).  This was further supported by the finding that in G2A-deficient LDL 

receptor knock out mice, the atherosclerotic lesion progression and intimal macrophage 

accumulation were significantly suppressed (Parks et al., 2006).  The other studies in this 

area revealed that G2A is mainly involved in immune regulation (Radu et al., 2004; Ikeno 

et al., 2005; Yang et al., 2005).  

 On the other hand, GPR4, but not G2A, was detected in human microvascular 

endothelial cells (Lum et al., 2003; Kim et al., 2005).  Furthermore, recent publications 

link GPR4 to endothelial function.  It was found that tumor necrosis factor-α and H2O2 
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stimulation increased both GPR4 expression and [3H]LPC binding to endothelial cells.  

Therefore, it was proposed that GPR4 may be responsible for LPC-induced 

proinflammatory activities (Lum et al., 2003).  Subsequently, Lum’s group provided 

strong evidence that LPC-mediated endothelial barrier dysfunction was regulated by 

endogenous GPR4 by showing that GPR4 knock-down prevented the endothelial stress 

fiber formation and RhoA activation in response to LPC (Qiao et al., 2006).   It was also 

shown by another group that GPR4 over-expression in a rat endothelial cell line enhanced 

LPC-induced expression of adhesion molecules (Zou et al., 2007).  The expression of 

GPR4 in smooth muscle cells has been investigated to a much less extent.  To our 

knowledge, the only positive evidence is that the GPR4 mRNA level was found to be 

greater in aortic smooth muscle cells from type II diabetic rats than in those from control 

rats, but there was no direct link between this receptor upregulation and the LPC-induced 

aorta hyper-reactivity (Matsumoto et al., 2006). 

In summary, LPC-specific receptors seem to be at least partially responsible for 

the proinflammatory and proatherogenic properties of LPC.  Other physiological and 

pathophysiological roles of G2A and GPR4 in the vascular system remain unclear.  Given 

that only GPR4 is found in vascular tissues, this subtype is more likely to be involved in 

the observed effects of LPC on vascular tone regulation. Unfortunately, nearly nothing 

has been done in this particular area.  One of the major obstacles in LPC research is a 

lack of selective pharmacological inhibitors of LPC receptors.  Nevertheless, antibodies 

of LPC receptors have been used to effectively block the actions of LPC in isolated 

mouse neutrophils, as well as in vivo in septic mouse models (Yan et al., 2004).  This 

study has bought up a new opportunity to study the effects of LPC in the context of its 



 31

receptors. GPR4-specific antibodies would be a powerful tool to determine the 

contribution of GPR4 to the vasoactive effects of LPC.  In addition, transgenic techniques 

have not been widely used in exploring the role of LPC in regulating vascular tone and 

blood pressure.  In future studies, GPR4-deficient animal models as well as 

overexpression of LPC degrading enzyme PLD would be very valuable to fill in the gap 

in this field. 

1.8   Rationale and hypothesis of the study 

1.8.1   LPC control of vascular tone in isolated rat mesenteric arterial bed 

Based on the current knowledge that LPC produces altered vascular reactivities, 

as well as the fact the LPC levels are elevated tremendously in various cardiovascular 

diseases, it is reasonable to assume that LPC is an important mediator that regulates the 

altered vascular tone that is associated with these diseases.  Although it has been 

extensively studied, the contribution of LPC in regulating vascular resistance has not been 

completely elucidated, as the majority of previous studies have used either large blood 

vessels (aorta and superior mesenteric artery) or isolated cells. The mesenteric arterial bed 

(MAB) is an important effector organ regulating blood pressure, with small structural and 

functional changes eliciting significant alterations in peripheral resistance (Caveney et al., 

1998), and it has never been used in the investigation of LPC.  Therefore, the first stage 

of our study was undertaken to determine the vasoactive effects of LPC in the isolated 

perfused MAB and to investigate the underlying mechanisms of the changes it produced.  

We hypothesized that LPC potentiates vasoconstrictor responses, and impairs 

endothelium-dependent relaxation in resistance vasculature.  

In the isolated perfused MAB, our specific objectives were to determine: 



 32

1) The effect of LPC and its washout on the basal perfusion pressure. 

2) The effect of LPC and its washout on KCL-induced contractile responses.  

3) The effects of LPC and its washout on PE-induced contractile responses and 

Ach-induced relaxant responses. 

4) The involvement of major vasodilating and vasoconstricting factors in the 

effects of LPC. 

5) The effect of LPA on perfused rat MAB, and whether the conversion from 

LPC to LPA is involved in the mechanisms of the effects of LPC. 

1.8.2  LPC control of vascular tone in rat coronary arteries 

It has been realized that coronary vasculature is a major target of cardiac I/R and 

of its treatment. In order to develop more effective clinical agents to prevent the “no-

flow” phenomenon that happens at the microvascular level after coronary artery 

occlusion and reperfusion, studies are needed to investigate the mechanisms responsible 

for this endothelial injury. As mentioned above, prior studies suggest that changes in LPC 

levels during I/R could lead to impaired restoration of spontaneous circulation, and thus 

contribute to myocardial damage due to ischemia and reperfusion. Nevertheless, little 

data is available regarding the effects of LPC on the contractile responsiveness of small 

coronary arteries; and it is still unclear how LPC produces inhibition of coronary vascular 

relaxation. Consequently, how LPC contributes to the increased coronary resistance 

observed in I/R is not understood.  

Our first study of LPC in isolated MAB demonstrated that in addition to its direct 

effect on the rat mesenteric arterial bed, LPC exerts residual effects on vascular reactivity 

long after washout of this lysolipid.  Specifically, there was a robust potentiation of the 
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vasoconstrictor response to phenylephrine. Should this residual effect of LPC in 

modulating responses to vasoconstrictors also be evident in the coronary vasculature, 

cardiac injury would be expected to be accelerated when added onto the prevailing 

cardiomyocyte injury.  Therefore, we next aimed to focus on the vasoactive effects of 

LPC on rat coronary arteries, including the coronary arterial bed in intact rat hearts, 

isolated rat septal coronary arteries, and cultured coronary arterial endothelial cells.  Our 

hypothesis is that in rat coronary arteries, LPC adversely alters both contractile and 

relaxant responses via modulating endothelium-dependent vasoactive factors. 

Our specific objectives were to determine: 

1) The effects of I/R on coronary perfusion pressure and ventricular function in 

isolated perfused rat hearts. 

2) The effects of LPC and its washout on coronary perfusion pressure and 

ventricular function in isolated perfused rat hearts. 

3) The effects of LPC and its washout in isolated rat septal coronary arteries. 

4) The effect of LPA on coronary arteries, and whether the conversion from 

LPC to LPA is involved in the mechanisms of the effects of LPC. 

5) The involvement of endothelium in the observed effects of LPC. 

6) The contribution of individual endothelium-dependent vasoactive factors by 

selective pharmacological inhibitors in intact coronary arteries. 

7) The measurements of individual endothelium-dependent vasoactive factors in 

cultured coronary arterial endothelial cells treated with LPC and its washout. 
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2. MATERIALS AND METHODS 

2.1 Animals 

 Male Wistar rats (300-400 g) used in the experiments were obtained from the 

Animal Care Center, UBC.  Animals were pair-housed under a 12 h light:12 h dark 

regime, and given free access to standard rat chow and water.  The investigation 

conforms to the guidelines for the care and use of laboratory animals published by the US 

NIH and the Canadian Council of Animal Care.   

2.2 Methods 

2.2.1 Isolated perfused rat mesenteric arterial bed 

Male Wistar rats (300–400 g) were anesthetized with sodium pentobarbital (60 

mg/kg i.p.), and the superior mesenteric arterial bed (MAB) was isolated as described 

previously (He and MacLeod, 2002). In brief, the abdominal cavity was opened, and the 

superior mesenteric artery was cannulated through an incision at its confluence with the 

dorsal aorta (Figure 2.1). The whole MAB was then separated by cutting close to the 

intestinal border. The MAB was flushed with heparinized warm Krebs bicarbonate buffer 

of the following composition: 113 m mol/L NaCl, 4.7 mM KCl, 11.5 mM glucose, 1.2 

mM MgSO4, 2.5 mM CaCl2, 1.2 mM KH2PO4, and 25.0 mM NaHCO3. The pH of the 

buffer following saturation with a 95% O2, 5% CO2 gas mixture was 7.4. Subsequent to 

flushing, the MAB was transferred into a jacketed organ chamber and perfused through 

the cannula with Krebs buffer maintained at 37°C and gassed with 95% O2, 5% CO2 

(Figure 2.2). The perfusion rate was kept constant at 3 ml/min using a peristaltic pump 

(Buchler Instruments, Buchler Fort Lee, NJ). The perfusate flowed out through the cut 

ends of the mesenteric arterial bed. Vascular responses were detected as changes in 
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perfusion pressure, and this was continuously measured and recorded using a pressure 

transducer (PD23ID; Gould, Statham, CA) placed between the perfusate and the cannula 

and connected to a Grass polygraph (model 79D; Grass Instruments, Quincy, MA). A 

representative tracing is shown in Figure 2.3 to indicate the changes in perfusion pressure 

in the MAB induced by bolus injections of phenylehrine (PE, 0.9 – 300 nmol).  Each 

injection was given after the perfusion pressure had returned to baseline.  The distance 

from baseline to the peak of the rise in perfusion pressure was measured as the response 

to PE.  The perfused MAB was allowed to stabilize for 40 min before four bolus 

injections of KCl (0.4 mmol), which was used to maximally activate the tissues. 

Perfusion pressure was allowed to return to baseline after each injection of KCl. After 

further equilibration for 40 min, dose-response curves (DRCs) to various agonists were 

performed.  
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Figure 2.1  Ventral view of superior mesenteric arterial bed (MAB).  The superior 

mesenteric artery arises from the anterior surface of the abdominal aorta.  Together with 

its branches, it supplies the intestine from the lower part of the duodenum through two-

thirds of the transverse colon, as well as the pancreas.  The arrow depicts where the 

cannula goes. 
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Figure 2.2  Schematic overview of isolated rat mesenteric arterial bed (MAB) 

perfused under constant flow rate.   Perfusion solution was delivered at a constant flow 

rate to the superior mesenteric artery with the use of peristaltic pump from a water-

jacketed reservoir. The reservoir was provided with oxygen 95% O2, 5% CO2.  Perfusion 

pressure in the MAB was recorded by a pressure transducer placed in the inflow line. 
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Figure 2.3  Representative tracing indicating the changes in perfusion pressure 

induced by bolus injections of phenylephrine (0.9 – 300 nmol) in mesenteric arterial 

bed (MAB).  
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2.2.1.1 Vasoconstrictor Responses 

Palmitoyl-LPC (C 16:0), the most abundant LPC species in humans and rats 

(Vesterqvist et al., 1992; Croset et al., 2000; Cunningham et al., 2008),  was used in all 

our experiments.  To determine the effects of LPC on vasoconstrictor responses of the 

MAB, bolus injections of PE (0.9–300 nmol) or KCl (50–800 µmol) were given. These 

first DRCs to PE or KCl served as controls. Once perfusion pressure returned to baseline, 

palmitoyl-LPC (0.1–10 µmol/L) was added to the perfusion buffer. In preliminary 

experiments, none of these concentrations of LPC per se produced any observable change 

in contraction. In all of the subsequent experiments, 10 µmol/L LPC was used. After 40 

min of perfusion with LPC, the second PE or KCl DRC was constructed in the presence 

of LPC. The tissues were then switched back to normal Krebs buffer and perfused for 1 h 

followed by construction of a third PE or KCl DRC. The 60-min washout was designed to 

test whether the expected effect of LPC was reversible or not. Perfusion pressure was 

allowed to return to baseline between each PE or KCl injection. To test whether the 

vascular responses were affected by time, a control experiment consisting of three 

consecutive DRCs to PE and KCl without the addition of LPC was done.  

To determine the potential contribution of NO and thromboxane A2 (TxA2) to the 

observed modulatory effects of LPC on PE responses, the LPC perfusion and washout 

procedures described above were performed in the presence of a NOS inhibitor, L-

NMMA (NG-monomethyl-L-arginine methyl ester; 300 µmol/L), a COX inhibitor 

(indomethacin; 20 µmol/L), or a TxA2 receptor antagonist, SQ-29548 [[1S-

[1a,2a(Z),3a,4a]]-7-[3-[[2-[(phenylamino)carbonyl]hydrazino]methyl]-7-
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oxabicyclo[2.2.1]-hept-2-yl]-5-heptanoic acid; 0.3 µmol/L]. All inhibitors were added to 

the perfusate after the first DRC and kept present throughout the second and third DRCs.  

In one set of the experiments, the tissues were treated with 10 μM LPA, and 

vasoconstrictor responses to PE were determined following the same protocol.  

2.2.1.2  Vasodilatory Responses 

To assess the effects of LPC on EDR, MABs were precontracted with submaximal 

concentrations of PE (1–3 µmol/L). Subsequently, increasing concentrations of 

acetylcholine (Ach; 3 nmol–0.3 µmol/L) were administered until maximal relaxation was 

attained. MABs were then perfused for 40 min with 10 µmol/L LPC, and the response to 

PE and Ach was repeated. A third Ach response was obtained after washout of LPC for 1 

h. Control experiments consisted of three consecutive Ach-induced responses in the 

absence of LPC.  

2.2.1.3  Enzyme Immunoassay of TxB2 

To measure the content of TxB2, a stable metabolite of TxA2, in the MAB effluent, 

samples were collected for 2 min on six different occasions as follows: before the first 

application of PE, during the first PE-DRC at each PE dose, after the 40-min perfusion 

with LPC, during the second PE-DRC at each PE dose, after the 60-min washout of LPC, 

and during the third PE-DRC at each PE dose. Samples were stored at –70°C until 

assayed.  

The collected perfusates were extracted using Solid-Phase Extraction C-18 

cartridges (Cayman Chemical, Ann Arbor, MI) after cartridge activation by 5 ml of 

methanol and 5 ml of ultrapure water. A 0.5-ml aliquot of each sample was acidified to 

pH 4.0 and loaded onto the cartridge. The cartridge was washed with 5 ml of ultrapure 
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water followed by 5 ml of hexane. The TxB2 fraction was eluted with 5 ml of ethyl 

acetate containing 1% methanol. The eluate was dried under a stream of nitrogen and 

reconstituted with 0.5 ml of enzyme immunoassay buffer. The concentration of TxB2 in 

the eluate was determined by enzyme immunoassay, using a commercially available kit 

(Cayman Chemical, Ann Arbor, MI). 

2.2.2  Isolated superior mesenteric artery 

Male Wistar rats (300–400 g) were anesthetized with sodium pentobarbital (60 

mg/kg i.p.), and the superior mesenteric artery (shown in Figure 2.1) was excised, placed 

in normal Krebs solution  at room temperature and cleaned of fat and connective tissue. 

The artery was then cut into 4 mm segments. In some of the experiments, the 

endothelium was removed from each segment by rubbing the internal lumen of the vessel 

gently against a thin wire. The rings were then suspended in isolated tissue baths using 

triangular hooks (Figure 2.4), one of which was attached to a fixed tissue support, while 

the other was connected to a Grass FT.03 force displacement transducer which in turn 

was attached to a Grass polygraph (Model 7E, Grass Instruments Co., Quincy, MA, 

U.S.A.). The rings were equilibrated for 90 min under 1g resting tension in Krebs 

solution continuously aerated with 95% O2/5% CO2 and maintained at a temperature of 

37°C. In intact or endothelium-denuded artery rings, the endothelial function was first 

confirmed by demonstrating their ability or inability, when precontracted with 3 μmol/L 

PE, to relax in response to 0.1 μmol/L Ach. The tissues were then washed for 60 min and 

cumulative concentration–response curves (CRCs) to PE were obtained before LPC 

addition, after 20-min equilibration and 40-min incubation with 10 µmol/L LPC, and than 

after washout of LPC for 60 min.   



 42

 

Figure 2.4   Schematic representation of an isolated superior mesenteric artery ring 

preparation.   

 

2.2.3 Isolated Langendorff heart 

2.2.3.1  Heart function measurements 

Rats were anesthetized with 65 mg/kg sodium pentobarbital i.p., the thoracic 

cavity opened, and the heart carefully excised.  The heart was immersed in cold (4°C) 

Krebs-Henseleit (KH) solution (pH 7.4).  After the aorta was cannulated and tied below 

the innominate artery, hearts were perfused retrogradely by the nonrecirculating 

Langendorff technique as described previously (Pulinilkunnil and Rodrigues, 2006).  

Perfusion fluid was continuously gassed with 95% O2/5% CO2 in a double-walled, water-

heated chamber maintained at 37°C with a temperature-controlled circulating water bath.  

The flow rate was controlled at 15 ml/min.  Once a stable heart rate (HR) was reached, a 

water-filled plastic-film balloon attached to a metal cannula was inserted into the left 

ventricle, and connected to a pressure transducer.  The heart was paced at a constant rate 

of 300 beats/min.  Left ventricular developed pressure (LVDP) and coronary perfusion 

pressure (CPP) were monitored throughout the perfusion. 

 Following stabilization for 20 min, one set of hearts was subjected to global 

ischemia produced by stopping the perfusion for 32 min.  After this, reperfusion was 

performed by restarting the flow of perfusate for another 60 min.  In another group of 
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hearts, KH solution containing 3 μmol/L LPC was perfused for 40 min, followed by a 

further perfusion for 60 min with normal KH solution (LPC washout).  These periods of 

ischemia and LPC perfusion were selected in preliminary experiments. 

 To determine the possible role of ET-1 in the effects of LPC, in some of the hearts 

perfused with LPC, 3 µmol/L bosentan was applied during the LPC perfusion and the 

following washout procedure. 

2.2.3.2  Enzyme Immunoassay of TxB2 from the coronary effluent 

To measure the content of TxB2, a stable metabolite of TxA2, in the coronary 

effluent, samples were collected in I/R group on the following occasions: before ischemia 

and following reperfusion for 5 min, 10 min, 20 min, 30 min, and 40 min respectively.  

The coronary effluents in the LPC-treated group were collected as follows: before LPC 

addition, and following LPC perfusion for 20 min, and 40 min, and LPC washout for 10 

min, 20 min, and 40 min, respectively.   Samples were stored at –70°C until assayed.  

The concentration of TxB2 in the eluate was determined by enzyme immunoassay, 

using a commercially available kit (Cayman Chemical, Ann Arbor, MI) as described 

above in 2.2.1.3. 
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Figure 2.5  Schematic overview of isolated rat heart perfused at constant flow.  

Perfusion solution was delivered at a constant flow rate to the aorta with the use of a 

roller pump via the aortic cannula from a water-jacketed reservoir. The reservoir was 

provided with 95% O2/5% CO2. Perfusion solution delivery pressure, which reflects 

pressure in the coronary circulation, was recorded by a pressure transducer placed in the 

inflow line. Coronary perfusion pressure (CPP), left ventricular developed pressure 

(LVDP) and heart rate were recorded by pressure transducers connected to the aorta, and 

a small balloon placed in the left ventricle, respectively. Devices were connected to a 

computer which allowed recording and analysis of data.  Adapted from Skrzpiec-Spring 

et al., 2007.  
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2.2.4  Isolated rat coronary septal artery in pressure myograph 

2.2.4.1  Pressurized coronary septal artery 

 Coronary septal arteries were isolated as described previously (Moien-Afshari et 

al., 2004).  Briefly, following careful removal of the right ventricle, the septal artery 

(shown in Figure 2.6) was dissected and cleaned of adherent cardiac muscle tissue.  A 

0.8-1.2 mm segment of the artery (inner diameter 150-200 μm) obtained at the level of 

the superior papillary muscle, was mounted at both ends onto glass cannulae in a pressure 

myograph chamber (Living Systems Instrumentation, Burlington, VT).  As shown in 

Figure 2.7, both ends of the artery were tied using a single strand teased from 4-0 surgical 

silk thread, and the chamber then placed on an inverted microscope stage to measure 

arterial diameter.  Arteries were initially pressurized to an intraluminal pressure of 20 

mmHg (below the threshold for development of myogenic tone) using a pressure servo-

control unit.  The vessels were superfused continuously with aerated normal Krebs 

solution at 37°C.  Arteries were allowed to equilibrate for 60 min before any chemical 

treatment.  Throughout the experiments, lumen diameters were constantly measured 

using a video dimension analyzer, with data recorded on a computer.  At the end of each 

experiment, arteries were superfused with calcium-free Krebs solution containing 2 mM 

EGTA for at least 15 min to obtain passive diameters for the calculation of relative 

contraction and relaxation. 



 46

 
Figure 2.6    Illustration of a heart without the right ventricular wall.  The septal 

coronary artery is located on the interventricular septum, and supplies 75% of the septum.  

The circle depicts the segment with an inner diameter between 150 to 200 μm that was 

used in experiments.  Adapted from Tweddell et al., 1994.  

 
 
 
 
 
 
 
 
 
 
 

D:150-200 µm 
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Figure 2.7  Microscope picture of a rat septal coronary artery mounted in an 

pressure myograph.  The artery was cannulated at either end by glass micropipettes and 

secured by fine nylon strands teased from a nylon suture. The pressure inside the artery 

was regulated and the diameter was recorded by videometric means. 
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2.2.4.2  Vasoconstrictor and vasodilator responses before, during, and after washout 

of intraluminal LPC 

Cumulative concentration response curves (CRCs) to the TxA2 mimetic, U-46619, 

KCl, acetylcholine (Ach), or sodium nitroprusside (SNP) were determined in isolated 

coronary septal arteries in the absence of LPC, in the intraluminal presence of LPC (3 

μmol/L) for 40 min, and after 60-min washout of LPC.  To treat tissues with LPC 

intraluminally, one end of the cannula was opened transiently, and LPC-containing Krebs 

solution was allowed to flow through the arterial lumen using a peristaltic pump.  

Subsequently, the valve of the cannula was closed, and the tissues returned to a no-flow 

condition, after which the responses to various agonists were determined.  To remove 

LPC from the lumen, the same process was repeated with normal Krebs solution 

replacing the LPC-containing buffer, and the responses to various agonists measured 

again.  Where indicated, appropriate inhibitors were added to the perfusate surrounding 

the tissues prior to determination of agonist responses. 

In one set of experiments, the tissues were treated with 3 μM LPA rather than 

LPC, and vasoconstrictor responses to U-46619 were determined following the same 

protocol.  

2.2.4.3  Endothelium denudation 

To examine the role of the endothelium, CRCs to U-46619 were also determined 

in endothelium-denuded septal coronary arteries.  Prior to being mounted on the glass 

cannula, a piece of stainless steel wire (40 μm in diameter) was used to gently rub the 

intimal surface of the vessels.  Functional denudation was confirmed by abolition of the 

dilatory response to Ach (1 µmol/L). 
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2.2.5  Isolated rat coronary septal artery in wire myograph 

2.2.5.1  Isometric force measurements 

 The effects of LPC were also determined in a set of isometric experiments using a 

wire myograph, to compare to those obtained from isobaric experiments (pressure 

myograph).  The septal artery (shown in Figure 2.6) was dissected and cleaned of 

adherent cardiac muscle tissue as described above.  Each arterial ring was cut into 2-mm 

lengths, and threaded on two stainless wires (40 μm diameter), which were then attached 

to tissue holders of a 4-channel wire myograph (JP Trading, Aarhus, Denmark) 

containing Krebs solution  aerated with 95 % O2- 5 % CO2.  As shown in Figure 2.8, one 

of the tissue holders was connected to the lever of a force-displacement transducer to 

record the isometric force developed by the ring. Tissues were allowed to equilibrate for 

60 min at 37 °C, during which time the Krebs solution was replaced at 20-30 min 

intervals. During the equilibration, the resting tension was gradually increased to 3 mN 

and kept at this level for 20-30 min. Each tissue was maximally activated with a solution 

of KCl (80 mM) that was prepared by equimolar substitution of NaCl in Krebs solution.  

2.2.5.2  Vasoconstrictor responses before, during, and after washout of LPC  

 Following the equilibration, U-46619 was added to the wire myograph chamber 

containing 5 ml Krebs solution.  CRCs to U-46619 were determined before, in the 

presence of LPC (3 μmol/L) for 40 min, and after 60-min washout of LPC, respectively.   
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Figure 2.8  Illustration of an arterial ring mounted on a wire myograph. One of the 

stainless steel jaws (right) was driven by a micrometer, the other attached to a sensitive 

force transducer, which was connected to a specially designed myo-interface and thus to 

a chart recorder, allowing the force across the vessel wall to be recorded.  The 2-mm long 

segment of coronary artery was mounted on 40-μm diameter stainless steel wires that 

were secured tight by the screws set into the jaws.  The preparation was bathed in Krebs 

solution that could be extracted using a suction device. The myograph was kept at 37°C 

during the experiments by a built-in heater.  Adapted from Methods in Molecular 

Medicine, Vol. 108: Hypertension: Methods and Protocols (Spiers and Padmanabhan, 

2005). 
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2.2.6 Cultured bovine coronary arterial endothelial cells 

2.2.6.1  Endothelial cell culture 

Primary bovine coronary artery endothelial cells (BCAECs) were obtained from 

Clonetics (Walkersville, Md). BCAECs were recovered from cryopreservation by rapid 

thawing in a 37°C water bath and seeded at 2,000-3,000 cells/cm2 in T-75 flasks.  Cells 

were grown in endothelial growth medium (EGM) supplemented with EGM-MV 

Bulletkit (endothelial cell basic medium, 10 μg/ml hEGF, 1.0 mg/ml hydrocortisone, 50 

mg/ml gentamicin, 50 μg/ml amphotericin-B, 3 mg/ml BBE, 2% v/v FBS) in a 

humidified atmosphere of 5% CO2 at 37°C for 5-7 days, during which time fresh EGM 

was added every other day. Cells were then subcultured by exposure to 0.025% trypsin-

0.01% EDTA and were seeded onto six-well plates (Falcon, Becton Dickinson, Lincoln 

Park, NJ, USA) at passage 5-6 (100,000 cells/well).  

2.2.6.2  LPC incubation and washout 

Once BCAEC growth reached 80% to 90% confluence, they were co-cultured 

with Dulbecco's Modified Eagles Medium (DMEM, phenol red-free) containing 3 

µmol/L LPC or with plain DMEM for 40 min. Supernatants were then collected and 

stored at -70°C.  Cells were rinsed with DMEM 3 times, and then incubated with normal 

DMEM for another 60 min.  Subsequently, the supernatants were harvested and all 

samples were stored at -70°C until assayed. 

2.2.6.3  Enzyme Immunoassay of ET-1  

The concentrations of ET-1 released from the cells to medium supernatant were 

determined by enzyme immunoassay, using a commercially available kit (Cayman 

Chemical, Ann Arbor, MI).  Each kit consisted of a polystyrene 96-well immunoplate 
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pre-coated with a peptide antibody. Aliquots of the media samples were loaded in 

duplicate onto the wells, and the assay was carried out according to the manufacturer's 

protocol. Absorbance was measured at 405 nm in an automated plate reader.  A standard 

curve was used to calculate ET-1 concentrations (pg ET-1/ml medium). 

2.3 Drugs and chemicals 

L-NMMA (NG-monomethyl-L-arginine methyl ester), SQ-29548, and U-46619 

were purchased from BIOMOL (Plymouth Meetings, PA).  NS-398 (N-(2-

Cyclohexyloxy-4-nitrophenyl)methanesulfonamide) was purchased from Calbiochem (La 

Jolla, CA).  Bosentan was a generous gift from Actelion Ltd., Allschwil, Switzerland.  L-

NAME (N -nitro-L-arginine methyl ester) and all other chemicals were obtained from 

Sigma Chemical Co. (St. Louis, MO) unless otherwise stated. 

Stock solutions of PE (0.01 mol/L), LPC (0.01 mol/L), and L-NMMA (0.1 mol/L) 

were prepared in distilled water. Indomethacin and SQ-29548 were dissolved in 100% 

ethanol and prepared as stock solutions of 0.1 mol/L and 0.1 mmol/L, respectively.  

Solutions of PE and indomethacin were made fresh. LPC and all of the inhibitors were 

further diluted to the required concentration in the perfusate reservoir. The final ethanol 

concentrations (0.03–0.3%, v/v) were without effect on contractile responses.  Krebs 

buffer had the following composition (mmol/L): 113 NaCl, 4.7 KCl, 11.5 glucose, 1.2 

MgSO4, 2.5 CaCl2, 1.2 KH2PO4, and 25.0 NaHCO3.  Krebs-Henseleit solution contained 

(mmol/L): 117.4 NaCl, 4.7 KCl, 1.8 CaCl2, 1.2 MgSO4, 1.3 KH2PO4, 11.0 glucose, 25.0 

NaHCO3, and 0.5 EDTA. 
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2.4 Statistical analyses 

All of the data are presented as mean ± S.E.M.  In the MAB experiments, KCl-

induced vasoconstrictor responses were expressed as the absolute increase in perfusion 

pressure. PE responses were expressed as a percentage of the maximal response of the 

first PE-DRC. The negative log of the PE concentration producing 50% of maximum 

response (pD2) was obtained by nonlinear regression analysis of individual DRCs using 

GraphPad Prism, version 4.0 (GraphPad Software, Inc., San Diego, CA).  Data were 

analyzed for significant differences using Number Cruncher Statistical Systems. Student's 

unpaired t test was used for comparisons between two means. One-way ANOVA 

followed by the Newman-Keuls test was used for comparison of more than two means. 

Two-way ANOVA, using the general linear model approach (repeated measures) 

followed by Newman-Keuls test, was used for comparisons between PE-DRCs and KCl-

DRCs. 

For the isolated septal coronary arteries, percent constriction was calculated using 

the equation 100%×(Db-Dd)/Db, whereas percent relaxation was calculated using the 

equation 100%×((Dd-Db)/(DCa-free-Db)), where D is the diameter at baseline (b), upon 

stabilization after drug (d) addition, or following Ca2+ free solution.  One vessel segment 

was obtained from each animal.  The CRCs to U-46619 and Ach were analyzed by 

nonlinear regression using GraphPad Prism version 4.0 for calculation of pD2 (-log EC50) 

values and maximum responses (Rmax). Statistical evaluation was done using analysis of 

variance (ANOVA) with multiple comparisons, and Bonferroni’s test when appropriate.  

When CRCs were conducted using pharmacological inhibitors, the change in the shape of 

CRCs precluded the acquiring of Rmax.  In this circumstance, data were analyzed for 
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significant differences using two-way ANOVA and the general linear model approach 

(repeated measurements) followed by Newman–Keul’s test for comparisons between 

CRCs.  A P<0.05 was considered statistically significant in all analyses.  
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3. RESULTS 

3.1 LPC potentiates phenylephrine responses in rat mesenteric arterial bed through 

modulation of thromboxane A2 

3.1.1 Effect of LPC on basal perfusion pressure 

To examine the effect of LPC on basal perfusion pressure, isolated MABs were 

incubated with varying concentrations of LPC (0.1–10 µmol/L). Perfusion pressure was 

measured during a 40 min perfusion with LPC or 1 h after washout. In Figure 3.1(left), 

the effects of 10 µmol/L LPC on basal perfusion pressure are shown. LPC had no 

significant effect on perfusion pressure, either during incubation or following washout, 

suggesting that this lysophospholipid has no direct effect on the contractility of MAB. 

Basal MAB perfusion pressure in untreated control tissues remained unchanged 

throughout the experimental period (Figure 3.1, right). 

3.1.2 KCL-induced contractile responses following LPC 

Pressor responses of the MAB to bolus injections of KCl (50–800 µmol) were not 

significantly altered, either during perfusion with 10 µmol/L LPC or after LPC washout 

(Figure 3.2A). In untreated control tissues, KCl-DRCs remained constant over time 

(Figure 3.2B). 

3.1.3 Effects of LPC on PE-induced contractile responses.  

Bolus injections of PE (0.9–300 nmol) produced a concentration-dependent 

increase in perfusion pressure that did not significantly change over time (Figure 3.3B). 

The response to PE was unaffected by prior perfusion with LPC for either 40 (Figure 

3.3A) or 150 min (Figure 3.3A inset).  The PE CRC was even slightly but not 

significantly depressed following 150-min LPC perfusion.  Interestingly, after washout of 
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LPC for 1 h, the PE response was markedly enhanced (Figure 3.3A). The maximal 

response to PE increased to 199 ± 24% of control (P < 0.001) after LPC washout, whereas 

the PE pD2 value increased from 7.50 ± 0.04 to 8.13 ± 0.15 (P < 0.001). Further 

increasing the dose of PE above 90 nmol resulted in a decline in the contractile response. 

3.1.4 Involvement of NO and TxA2 in mediating the direct effects of LPC perfusion. 

Before LPC perfusion, Ach (0.1–0.3 µmol) produced a maximal relaxation of 93 

± 5% of the response to PE (Figure 3.4, left). The Ach response remained unchanged over 

time (Figure 3.4, right). LPC perfusion almost completely abrogated the response to Ach, 

reducing the maximal relaxation to 7 ± 4% (Figure 3.4, left).  In a separate experiment, 

we tested the effects of L-NMMA on PE responses. L-NMMA is a cell permeable and 

non-selective inhibitor of all three isoforms of NOS (Ki = 650 n mol/L for nNOS; Ki = 

700 n mol/L for eNOS; Ki = 3.9 µ mol/L for iNOS) (Reif and McCreedy, 1995; O’kane 

et al., 1994).  In vitro, it was shown to inhibit the relaxation of rat aortic rings induced by 

Ach (IC50=9.5 μmol/L) (Sakuma et al., 1988).  As expected, pretreatment with L-NMMA 

significantly enhanced the PE response (Figure 3.5), with both an increase in the maximal 

response and pD2 value (control, 7.03 ± 0.45; L-NMMA, 7.49 ± 0.17; P < 0.001) being 

apparent. However, in the presence of LPC, the enhancement of the PE response by L-

NMMA was prevented (Figure 3.5). These data suggest that, in addition to suppressing 

NO, LPC may be exerting other actions to limit vasoconstrictor release or responsiveness 

to PE. 

TxA2 is a major vasoconstrictor prostanoid implicated in the regulation of 

vascular tone in response to α1-adrenoceptor stimulation in the MAB. To investigate the 

involvement of TxA2 in mediating PE responses, we measured levels of TxB2, the stable 
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metabolite of TxA2. Basal release of TxB2 was stable over time. In untreated MAB, only 

the highest dose of PE tested (300 nmol) produced an increase in TxA2 production 

(Figure 3.7).  LPC perfusion for 40 min had no effect on basal levels of TxB2 but 

suppressed its enhancement by PE (Figure 3.7), suggesting that LPC prevents the ability 

of PE to increase TxA2 production. 

3.1.5 Involvement of NO and TxA2 in mediating the indirect effects (after washout) 

of LPC. 

Washout of LPC induced partial recovery of the Ach response (Figure 3.4). 

Despite this fractional recovery, contractile responses to PE were augmented (Figure 

3.3A), suggesting that amplification of vasoconstrictor pathways, in addition to reduction 

of vasodilators such as NO, may be responsible for this effect. To investigate this 

possibility, after washout of LPC, a DRC to PE was performed in the presence of L-

NMMA (Figure 3.6). Interestingly, even in the presence of the NOS inhibitor, the 

response to PE was shifted to the left after LPC washout (pD2 value in the presence of L-

NMMA alone, 7.54 ± 0.07; following LPC washout and in the presence of L-NMMA, 

8.16 ± 2.05; P < 0.05). These data suggest that the enhancement of the PE response after 

LPC washout is mediated by mechanisms in addition to NO inhibition.  

To further investigate mechanisms facilitating the enhanced PE response after 

LPC washout, TxB2 levels in the perfusion medium were measured. Interestingly, TxB2 

levels only increased after LPC washout (Figure 3.7), suggesting a role for this 

vasoconstrictor in the magnified response to PE. MABs were then pretreated with either 

indomethacin or SQ-29548. Indomethacin is a non-selective COX inhibitor (IC50=740 

nmol/L for COX-1 and IC50=970 nmol/L for COX-2) (Stevenson and Lumbers, 1992; 
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Kalgutkar et al., 2000). SQ-29548 is a selective TxA2 receptor antagonist with IC50=12 

nmol/L for inhibition of human platelet aggregation (Ogletree et al., 1985) and Ki=7.9 

nmol/L for inhibition of U-46619 binding to human platelet membranes (Kattelman et al., 

1986).  Both indomethacin (pD2 value after LPC washout, 8.24 ± 0.07; LPC washout plus 

indomethacin, 7.74 ± 0.25; P < 0.05) and SQ-29548 (pD2 value after LPC washout, 8.24 

± 0.07; LPC washout plus SQ-29548, 7.73 ± 0.10; P < 0.05) completely prevented the 

enhancement of the PE DRC after LPC washout (Figure 3.8). Neither indomethacin nor 

SQ-29548 significantly changed PE-induced vasoconstriction by themselves (Figure 3.8 

inset).   

3.1.6  Exclusion of LPA in the indirect effects of LPC 

To test if LPA, one of the metabolic products of LPC, mediates the delayed 

responses induced by LPC in the MAB, the responses of MAB to 10 µmol/L LPA 

perfusion and its washout were determined.  However, neither LPA itself nor the 

following washout significantly modified the vasoconstriction to PE (Figure 3.9), 

suggesting that LPA is not involved in the effects of LPC.  



 59

 

 

Figure 3.1  Effects of LPC on basal perfusion pressure in MAB. Basal perfusion 

pressure before, after 40-min perfusion with 10 µmol/L LPC, and after washout of LPC 

for 60 min (n=25, left). The right panel depicts basal perfusion pressure in untreated 

control tissues (n=7) at the same fixed time intervals. Data represent the mean ± S.E.M. 

Statistical evaluation was done using one-way ANOVA followed by Newman-Keuls test 

when appropriate. 
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Figure 3.2  Effects of LPC on KCL response in MAB. A, dose-response curves of 

MABs to KCl before, after 40-min perfusion with 10 µmol/L LPC, and after washout of 

LPC for 60 min (n=6). B, dose-response curves to KCl in untreated control MABs (n=4) 

at the same fixed time intervals. Data represent the mean ± S.E.M. Data were analyzed 

for significant differences using NCSS. Two-way ANOVA using the general linear 

model approach (repeated measurements) followed by Newman–Keul’s test was used 
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Figure 3.3 Effects of LPC on PE response in MAB. A, dose-response curves of MABs 

to PE before, after 40-min perfusion with 10 µmol/L LPC, and after washout of LPC for 

60 min (n = 20). The inset depicts the effect of LPC perfusion for 150min (n = 3).  B, 

dose-response curves to PE in untreated control MABs (n=11) at the same fixed time 

intervals. All data represent the mean ± S.E.M. **, P < 0.01 versus all other responses at 

the same dose (two-way ANOVA followed by Newman-Keuls test).  
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Figure 3.4  Effects of LPC on Ach responses in MAB.  Maximal Ach-induced 

relaxation of perfused MABs precontracted with PE (1–3 µmol/L) before, after 40-min 

perfusion with 10 µmol/L LPC, and after washout of LPC for 60 min (n = 5, left). The 

right panel depicts maximal Ach-induced relaxation in untreated control tissues (n=5) at 

the same fixed time intervals. Data represent the mean ± S.E.M. Statistical evaluation 

was done using one-way ANOVA followed by Bonferroni’s test when appropriate. *, P < 

0.05 versus "before LPC" and "after LPC washout." #, P < 0.05 versus "before LPC" and 

"LPC 10 µmol/L" (one-way ANOVA followed by Newman-Keuls test). 
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Figure 3.5  Effects of L-NMMA on PE responses in LPC-treated MAB. Dose-

response curves to PE in untreated MAB, in MAB treated with 300 µmol/L L-NMMA 

alone for 40 min, and in MAB treated with 10 µmol/L LPC plus 300 µmol/L L-NMMA 

for 40 min. Data represent the mean ± S.E.M. n=7-11. *, P < 0.05 versus all other 

responses at the same dose (two-way ANOVA followed by Newman-Keuls test).  
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Figure 3.6  Effects of L-NMMA on PE responses in MAB following LPC washout. 

Dose-response curves to PE in untreated MAB and in MAB pretreated with 300 µmol/L 

L-NMMA alone for 140 min, after the washout of LPC for 60 min, and after the washout 

of LPC in the presence of 300 µmol/L L-NMMA. Data represent the mean ± S.E.M. n=7-

11. #, P < 0.05 versus all other responses at the same dose except "after LPC washout + 

L-NMMA" @, P < 0.05 versus all other responses at the same dose (two-way ANOVA 

followed by Newman-Keuls test). 
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Figure 3.7  TxB2 release from MAB. TxB2 release from MAB in response to PE before, 

after 40-min perfusion with 10 µmol/L LPC, and after washout of LPC for 60 min (n = 8). 

Data represent the mean ± S.E.M. #, P < 0.05 versus all other PE doses in "before LPC" 

(one-way ANOVA followed by Newman-Keuls test). *, P < 0.05 versus all of the other 

groups at the same dose (two-way ANOVA followed by Newman-Keuls test). 
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Figure 3.8  Effects of indomethacin and SQ-29548 on the potentiated PE response 

induced by LPC washout.  Dose-response curves to PE in untreated MABs and in MAB 

after the washout of LPC for 60 min in the absence (n=12) and presence (n=4) of 

inhibitors (20 µmol/L indomethacin or 0.3 µmol/L SQ-29548.  The insets depict the 

effects of indomethacin alone (left, n=3) and SQ-29548 alone (right, n=3).  Data 

represent the mean ± S.E.M.  *, P < 0.05 versus all other responses at the same dose 

(two-way ANOVA followed by Newman-Keuls test). 
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Figure 3.9  Effects of LPA on PE responses in MAB.  Dose-response curves of MABs 

to PE before, after 40-min perfusion with 10 µmol/L LPA, and after washout of LPA for 

60 min (n = 4).  All data represent the mean ± S.E.M. There were no significant 

differences (two-way ANOVA followed by Newman-Keuls test). 
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3.2 Effects of LPC on phenylephrine responses in isolated rat superior mesenteric 

artery  

It has been consistently observed in our laboratory that PE-induced contractile 

responses in superior mesenteric arteries tended to increase over time, as shown in Figure 

3.10B (endothelium-intact) and Figure 3.11B (endothelium-removed).  In the 

endothelium-denuded tissues, the increase in the third PE-Rmax was significant (Figure 

3.12B).  When 10 μmol/L LPC was added to the Krebs solution and kept there for 40 min, 

CRCs to PE were unchanged in either preparation (Figure 3.10A, Figure 3.11A). 

Following the LPC washout for 60 min, there was a slight enhancement of the PE 

response in the endothelium-intact tissues (Figure 3.10A), with significantly increased 

Rmax (Figure 3.12A) but unchanged pD2 values (Figure 3.12C).  However, this 

potentiation was completely abolished in the endothelium-denuded tissues (Figure 3.11A, 

Figure 3.12B), indicating an endothelium-dependent mechanism. In summary, LPC 

washout potentiated the PE induced contractile responses in superior mesenteric arteries, 

but to a much smaller magnitude than in the MAB. 
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Figure 3.10  Effects of LPC on PE responses in endothelium-intact superior 

mesenteric arteries. A, cumulative concentration-response curves of endothelium-intact 

superior mesenteric arteries to PE before, after 40-min incubation with 10 µmol/L LPC, 

and after washout of LPC for 60 min (n = 4).  B, cumulative concentration-response 

curves of untreated endothelium-intact superior mesenteric arteries to PE at the same 

fixed time intervals. (n = 4). All data represent the mean ± S.E.M. +e: endothelium-intact. 

 
 



 70

 
 
Figure 3.11 Effects of LPC on PE responses in endothelium-denuded superior 

mesenteric arteries. A, cumulative concentration-response curves of endothelium-

denuded superior mesenteric arteries to PE before, after 40-min incubation with 10 

µmol/L LPC, and after washout of LPC for 60 min (n = 4).  B, cumulative concentration-

response curves of untreated endothelium-denuded superior mesenteric arteries to PE at 

the same fixed time intervals. (n = 4). All data represent the mean ± S.E.M. -e: 

endothelium-denuded. 
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Figure 3.12  PE Rmax and pD2 values in superior mesenteric arteries.  A, PE Rmax 

values in LPC-treated or untreated endothelium-intact superior mesenteric arteries.  B, PE 

Rmax values in LPC-treated or untreated endothelium-denuded superior mesenteric 

arteries.  C, PE pD2 values in LPC-treated or untreated endothelium-intact superior 

mesenteric arteries.  D, PE pD2 values in LPC-treated or untreated endothelium-denuded 

superior mesenteric arteries. +e: endothelium-intact, -e: endothelium-denuded.   All data 

represent the mean ± S.E.M. n=4. *, P < 0.05 versus "before LPC (+e)" and "LPC 10 

µmol/L." #, P < 0.05 versus "Control-1 (-e)" (one-way ANOVA followed by Newman-

Keuls test).  
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3.3 LPC endothelium-dependently modulates rat coronary arterial tone 

3.3.1  LPC mimics the effects of I/R on coronary perfusion pressure and ventricular 

function in isolated perfused Langendorff hearts 

 In isolated hearts, ischemia followed by reperfusion produced a significant 

increase in CPP (Figure 3.13A).  In addition, during reperfusion, heart function (LVDP) 

was not restored to pre-ischemic values, and demonstrated significant impairment (Figure 

3.13B).  On the other hand, sustained perfusion of isolated hearts with 3 μmol/L LPC for 

40 min (minimal concentration that produced significant changes) tended to augment 

CPP (Figure 3.14A) and reduce LVDP (Figure 3.14B).  More interestingly, these changes 

in CPP and LVDP were exaggerated when LPC was removed from the perfusate, 

suggesting that the detrimental effects of LPC are not only irreversible, but also enhanced 

following its removal.  Thus, our data confirm the previously reported influence of LPC 

on coronary vascular resistance, but more importantly, illustrate a novel residual effect 

following washout of this lysolipid. 

3.3.2  Effects of LPC on coronary resistance and heart function are not likely to be 

dependent on TxA2 or ET-1. 

 To investigate the involvement of TxA2 in the effects of LPC, TxB2 contents in 

the coronary effluent during I/R and LPC-treatment were measured.  In the I/R hearts, a 

significant increase in TxB2 levels was only observed around the first 5 min of 

reperfusion (Figure 3.15A). This burst in TxA2 release could be a consequence of the 

various mechanisms activated during the 32-min period of ischemia, possibly including 

the excess generation of LPC.  However, during the following reperfusion period, TxA2 

production recovered to the basal level (Figure 3.15A), despite the concurrent increase in 
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coronary resistance (Figure 3.13).  Similarly, in those hearts subjected to LPC perfusion 

and its following washout, TxA2 release was only markedly enhanced at the end of 40-

min LPC perfusion (Figure 3.15B), not the subsequent washout period.  The discrepancy 

between the release of TxA2 and effects of LPC on heart function suggests that TxA2 is 

not likely to be responsible for the vasoconstricting effects of LPC. 

 To examine the possible role of ET-1 in mediating the direct and washout effects 

of LPC, bosentan (3 µmol/L), a dual endothelin receptor antagonist, was used during the 

LPC perfusion and washout procedure.  However, neither the potentiation in CPP nor the 

deterioration in LVDP was prevented by this ET-1 blocker (Figure 3.16).  Thus, ET-1 is 

unlikely to be the mediator that produces the effects of LPC in isolated hearts. 
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Figure 3.13  Ischemia/reperfusion alters isolated heart function.  Langendorff-

perfused rat hearts were subjected to 32 min global ischemia by arresting the flow of 

buffer solution.  This was followed by 60 min of reperfusion.  At the indicated times, 

coronary perfusion pressure (CPP, A) and left ventricular developed pressure (LVDP, B) 

were determined. Values are means ± SE, n=8-9.  Statistical analysis was performed 

using one-way ANOVA.  *Significantly different from pre-treatment, P<0.05.  
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Figure 3.14  LPC alters isolated heart function.  Isolated rat hearts were perfused with 

Krebs-Henseleit buffer containing LPC (3 µmol/L) for 40 min in the nonrecirculating 

Langendorff mode.  Subsequently, the buffer solution was changed to normal Krebs-

Henseleit buffer, and the perfusion maintained for another 60 min.  Changes in coronary 

perfusion pressure (CPP, A) and left ventricular developed pressure (LVDP, B) were 

determined at the indicated times.  Values are means ± SE, n=8-9.  Statistical analysis 

was performed using one-way ANOVA.  *Significantly different from pre-treatment, 

P<0.05.  
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Figure 3.15  TxB2 release from Langendorff hearts subjected to 

ischemia/reperfusion (A), or 3 µmol/L LPC perfusion (B) at the indicated times.  

Data represent the mean ± S.E.M. n=3. *, P < 0.05 versus the pretreatment level (one-

way ANOVA followed by Newman-Keuls test).  
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Figure 3.16  Bosentan in LPC-treated isolated perfused hearts.  Isolated rat hearts 

were perfused with Krebs-Henseleit buffer containing LPC (3 µmol/L) for 40 min in 

nonrecirculating Langendorff mode.  Subsequently, the buffer solution was changed to 

normal Krebs-Henseleit buffer, and the perfusion maintained for another 60 min.  

Bosentan (3 µmol/L) were added to the buffer during the indicated period.  Changes in 

CPP (A) and LVDP (B) were determined. Values are means ± S.E.M, n=4.  Statistical 

analysis between bosentan –treated and –untreated was performed using two-way 

ANOVA with the general linear model approach (repeated measurements) followed by 

Newman–Keul’s test. Bosentan group was not significantly different from untreated 

group. 
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3.3.3 Effects of LPC on the vasoconstrictor responses to U-46619 in isolated 

coronary septal arteries using the pressure myograph 

Unlike the isolated heart, intraluminal LPC had no direct contractile effect on 

isolated pressurized coronary arteries (Figure 3.17).  The contractile responses to KCl 

were not significantly affected by LPC or its washout either (Figure 3.18). Nevertheless, 

LPC selectively altered the receptor-coupled vasoconstrictor response of this artery to U-

46619, which is a TxA2 mimetic, mediates vascular smooth muscle contraction through a 

signaling cascade that involves phosphatidylinositol turnover, activation of the small 

GTPase Rho, Rho kinase, myosin light chain kinase, and PKC (Fu et al., 1998; Sakurada 

et al., 2001; Nobe et al., 2004). As shown in Figure 3.19A, LPC significantly shifted the 

U-46619 CRC to the left (pD2 value increased from 6.72 ± 0.15 to 7.41 ± 0.17, P<0.05, 

Figure 3.19, inset).  Interestingly, when LPC was washed out and replaced with control 

Krebs buffer, the leftward shift was even more pronounced (pD2 value increased to 7.81 

± 0.22, P<0.05, Figure 3.19, inset).  The observation that this potentiating effect to U-

46619 was only apparent after washout of LPC was confirmed by prolonged incubation 

with LPC (100 min, Figure 3.20).  Under this condition and in the protracted presence of 

LPC, the potentiation to U-46619 (pD2 7.43 ± 0.22) was similar to that found after 40 

min incubation (pD2 7.41 ± 0.17).  However, LPC-washout following this prolonged 

incubation was able to generate the additional potentiation (pD2 value increased to 7.95 ± 

0.25, P<0.05).  Appropriate time control experiments were also conducted for U-46619, 

and the three consecutive CRCs remained unchanged over the duration of the experiment 

(Figure 3.21, pD2 values: 6.85 ± 0.17, 6.84 ± 0.20, 7.07 ± 0.22, P>0.05).    Overall, these 

results in the coronary septal arteries are consistent with those obtained in the isolated 
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perfused hearts which showed continued augmentation of coronary resistance even upon 

removal of LPC. 

To test if LPA mediates the delayed responses induced by LPC in the coronary 

artery, the U-46619 responses to 3 µmol/L LPA present intraluminally were determined.  

Similar to what was found in the MAB, LPA did not significantly modify the 

vasoconstriction to U-46619 (Figure 3.22), suggesting that LPA may not be involved in 

the effects of LPC.  

It is important to note that in the wire myograph, using the same protocol, 3 

μmol/L LPC did not produce significant changes to the vasoconstrictor responses to U-

46619 (Figure 3.23). Taken together, these results imply that even the different ways in 

which blood vessels develop tension, as well as the location where the stimuli occur may 

markedly influence the behavior of the same kind of tissues.  

3.3.4  Involvement of endothelium in affecting the response to U-46619 after LPC 

When the CRCs to U-46619 were performed using endothelium-denuded 

coronary arteries (Figure 3.19B), a leftward shift was observed compared to endothelium-

intact vessels (Figure 3.19A), suggesting that under normal conditions, U-46619-induced 

contraction is partly regulated by the endothelium.  Interestingly, in these denuded 

arteries, no effect of LPC was observed, either during LPC perfusion or after LPC 

washout (Figure 3.19B), indicating that both the immediate and residual effects of LPC 

are endothelium-dependent. 

3.3.5  LPC washout impairs the vasodilator response to Ach 

The endothelium-dependent vasodilator responses to Ach were stable in isolated 

coronary septal arteries over time (Figure 3.24A).  It is known that Ach-induced 
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relaxation is generally mediated by three components: NO, PGI2 and EDHF.  However, 

as shown in Figure 3.24B, compared to control, pre-treatment with L-NAME almost 

completely attenuated the relaxant response of coronary artery to Ach. This result 

suggests that in Wistar rat septal coronary arteries, NO is the predominant mediator of 

Ach-induced vasorelaxation. 

In the presence of LPC, there was no impairment in the Ach-induced vasodilator 

responses (Figure 3.25).  Remarkably, following LPC removal from the lumen, there was 

a robust inhibition of the CRC to Ach (Figure 3.25), with significant reduction in both the 

pD2 value (Figure 3.25, left inset) and Rmax (Figure 3.25, right inset), suggesting that 

decreased release of endothelium-dependent relaxing factor (EDRF), mainly NO, is likely 

to be involved in the residual effects of LPC.  Thus, it appears that compared to the direct 

effects of LPC, its washout recruits additional or even completely different mechanisms 

to alter the vasoconstrictor response to U-46619.  It should be noted that CRCs to SNP 

were not impaired during LPC or after its washout (Figure 3.26), further confirming the 

selective involvement of endothelium in the effects of LPC. 

To test if the impaired endothelial function is related to ROS, TEMPOL, a stable 

membrane-permeable superoxide scavenger, was applied during LPC incubation and its 

washout.  TEMPOL has been shown to attenuate the inflammation induced by superoxide 

and peroxynitrite (Sayed-Ahmed et al., 2001) and lower blood pressure in a variety of 

models (Xu et al., 2004). However, in our study, 100 μmol/L TEMPOL did not improve 

the impaired Ach-relaxation following LPC washout (Figure 3.27), implying that 

superoxide is not likely to be responsible for the residual effects of LPC.   
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3.3.6  Involvement of ET-1 in mediating the residual effects of LPC 

To examine the possible role of ET-1 in mediating the direct and washout effects 

of LPC, bosentan (1 µmol/L) was used during the LPC perfusion and washout procedure.  

Bosentan is a dual endothelin receptor antagonist, with a Ki of 4.7 nmol/L on human ETA 

receptors and a Ki of 95 nmol/L on ETB receptors (Clozel et al., 1994), and is used in the 

treatment of pulmonary arterial hypertension.  The direct potentiating effect of U-46619 

in the presence of LPC was unchanged by bosentan (Figure 3.28A).  Interestingly, the 

additional potentiation to U-46619 following LPC washout was prevented by bosentan 

(Figure 3.28B).  Bosentan exerted no significant effect on the responses to U-46619 alone 

(Figure 3.28 right inset).  These data suggest that the augmented vasoconstrictor 

responses following LPC washout are related to an increase in ET-1. 

3.3.7  The direct effects of LPC are dependent on EDRFs 

To elucidate the underlying mechanism of the immediate effects of LPC on U-

46619 induced vasoconstriction, an inhibitor cocktail (ACIL) consisting of 0.5 µmol/L 

apamin and 25 µmol/L charybdotoxin (to block endothelium-derived hyperpolarizing 

factor, EDHF), 10 µmol/L indomethacin (to block prostacyclin, PGI2), and 10 µmol/L L-

NAME (to block NOS) was used during the intraluminal LPC perfusion.  ACIL was used 

to exclude the involvement of EDRFs in rat coronary artery previously (Gustafsson et al., 

1992). Among these inhibitors, the combination of apamin and charybdotoxin has been 

commonly employed to achieve a complete block of EDHF-mediated relaxation in 

various blood vessels by inhibiting small-conductance and large-conductance Ca2+-

activated potassium channels (Murphy and Brayden, 1995; Corriu et al., 1996; Waldron 

and Cole, 1999). Although the individual perfusion with ACIL or LPC significantly 
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potentiated the vasoconstrictor responses (Figure 3.29), the combined effects of LPC and 

ACIL were not greater than that of ACIL alone (Figure 3.29).  These data suggest that the 

direct effects of LPC on U-46619-responses are dependent on one or more of the 

following EDRFs: EDHF, PGI2 and/or NO. 

3.3.8  EDHF is the major contributor to the direct effects of LPC 

In order to investigate which EDRFs might contribute to the direct effects of LPC, 

inhibitors of NO (10 µmol/L L-NAME), PGI2 (10 µmol/L NS-398) and EDHF (0.5 

µmol/L apamin + 25 µmol/L charybdotoxin) were applied individually during the 

intraluminal LPC perfusion. NS-398 is a cell-permeable and selective inhibitor of COX-2 

over COX-1 (Gierse et al., 1995), and was successfully utilized as a selective PGI2 

synthesis inhibitor in arterial tissues previousely (Guo, 2005; Qi et al., 2007; Santhanam 

et al., 2007; Meziani et al., 2008). The vasoconstriction to U-46619 was significantly 

potentiated by each of these inhibitors as well as 3 µmol/L LPC alone (Figure 3.30-32).  

The co-incubation with LPC and L-NAME had an additive effect in enhancing the 

responses to U-46619 (Figure 3.30), suggesting that the direct potentiation induced by 

LPC is independent of NO.   Similarly, when NS-398 was combined with LPC, an 

additive effect was also observed at higher concentrations of U-46619 (Figure 3.31), 

which implies that PGI2 is not likely involved in the direct effects of LPC.  However, the 

combination of LPC with apamin and charybdotoxin did not exhibit any additional 

enhancement to U-46619 responses compared to apamin and charybdotoxin alone (Figure 

3.32), suggesting that the immediate effects of LPC are dependent on attenuated release 

of EDHF.  In summary, EDHF is likely the sole mediator responsible for the direct 

effects of LPC. 
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3.4  ET-1 levels in cultured bovine coronary arterial endothelial cells 

In order to further investigate the role of ET-1 as one of the mediators 

contributing to the residual effects of LPC, ET-1 release from BCAECs treated with 3 

µmol/L LPC and the following washout was measured. Figure 3.33 demonstrates the ET-

1 release in response to U-46619 in cultured BCAECs treated with 3 µmol/L LPC for 40 

min followed by washout for 60 min.  Under basal conditions, BCAECs produced ET-1 

and released it into the media at 41 ± 5 pg/ml.  U-46619 (0.1 and 1 µmol/L) alone did not 

significantly elevate this basal level.  In those cells incubated with 3 µmol/L LPC, only 

the ET-1 production stimulated by 0.1 µmol/L U-46619 was increased to 79 ± 20 pg/ml.  

However, following LPC washout, this level declined to 36 ± 5 pg/ml.  Therefore, 

although LPC increased the production induced by 0.1 µmol/L U-46619, this effect was 

not sustained after LPC washout, which is different from the residual effect we observed 

in the intact coronary arteries.   
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Figure 3.17  Resting internal diameter of isolated rat septal coronary arteries exposed to 

LPC perfusion for 40 min and the following 60-min washout (left), and under control 

conditions (right) using a pressure myograph.  Values are means ± S.E.M.   n=6-8. 

Statistical evaluation was done using one-way ANOVA followed by Bonferroni’s test 

when appropriate. 
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Figure 3.18  Effects of LPC on contractile responses to KCl (2-50 m mol/L) in isolated 

intact rat septal coronary arteries using a pressure myograph.  The responses to KCl were 

determined in the absence, presence (40 min), and following washout (60 min) of LPC (3 

µ mol/L) that was delivered intraluminally.  Values are means ± S.E.M. n=4. Data were 

analyzed for significant differences using NCSS.  Two-way ANOVA using the general 

linear model approach (repeated measurements) followed by Newman–Keul’s test was 

used for comparisons between CRCs.   
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Figure 3.19  Effects of LPC on cumulative concentration-response curves (CRCs) to U-

46619 in isolated intact and endothelium-denuded (-e) rat septal coronary arteries using a 

pressure myograph.  The responses to U-46619 were determined in the absence, presence 

(40 min), and following washout (60 min) of LPC (3 µ mol/L) that was delivered 

intraluminally in intact (A) (n=13) and endothelium-denuded coronary arteries (B) (n=7).  

The inset depicts U-46619 pD2 values in rat septal coronary arteries exposed to LPC.  

Values are means ± S.E.M.   CRCs to U-46619 were analyzed by nonlinear regression for 

calculation of pD2 (-log EC50) values and maximum responses (Rmax).  Statistical 

evaluation was done using one-way ANOVA followed by Bonferroni’s test when 

appropriate. *Significantly different from control, #Significantly different from all other 

groups, P<0.05. 



 87

 

 
Figure 3.20  Effects of prolonged incubation with LPC on cumulative concentration-

response curves (CRCs) to U-46619 in isolated intact rat septal coronary arteries using a 

pressure myograph.  The responses to U-46619 were determined in the absence, presence 

(40 and 100 min), and following washout (60 min) of LPC (3 µ mol/L) that was delivered 

intraluminally in intact coronary arteries (n=6-13).  The inset depicts U-46619 pD2 values 

in rat septal coronary arteries exposed to LPC.  Values are means ± S.E.M.  CRCs to U-

46619 were analyzed by nonlinear regression for calculation of pD2 (-log EC50) values 

and maximum responses (Rmax).  Statistical evaluation was done using one-way ANOVA 

followed by Bonferroni’s test when appropriate. *Significantly different from control, 

#Significantly different from all other groups, P<0.05. 



 88

 

Figure 3.21  Cumulative concentration-response curves (CRCs) to U-46619 in untreated 

intact rat septal coronary arteries using a pressure myograph.  The responses to U-46619 

were determined at the same fixed time intervals as those in LPC-treated tissues.  Values 

are means ± S.E.M. n=6. CRCs to U-46619 were analyzed by nonlinear regression for 

calculation of pD2 (-log EC50) values and maximum responses (Rmax).  Statistical 

evaluation was done using one-way ANOVA followed by Bonferroni’s test when 

appropriate.  There were no significant differences found between pD2 or Rmax values.   



 89

 

Figure 3.22  Effects of LPA on cumulative concentration-response curves (CRCs) to U-

46619 in isolated intact rat septal coronary arteries using a pressure myograph.  The 

responses to U-46619 were determined in the absence and presence (40 min) of LPA (3 

µmol/L) that was delivered intraluminally.  Values are means ± S.E.M.  n=3. CRCs to U-

46619 were analyzed by nonlinear regression for calculation of pD2 (-log EC50) values 

and maximum responses (Rmax).  Statistical evaluation was done using one-way ANOVA 

followed by Bonferroni’s test when appropriate. There was no significant difference 

found between pD2 or Rmax values. 
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Figure 3.23  Effects of LPC on cumulative concentration-response curves (CRCs) to U-

46619 in isolated intact rat septal coronary arteries using a wire myograph.  The 

responses to U-46619 were determined in the absence, presence (40 min), and following 

washout (60 min) of LPC (3 µ mol/L) (n=4).  The insets depict U-46619 pD2 (left) and 

Rmax values (right) in intact rat septal coronary arteries exposed to LPC.  Values are 

means ± S.E.M.  CRCs to U-46619 were analyzed by nonlinear regression for calculation 

of pD2 (-log EC50) values and maximum responses (Rmax).  Statistical evaluation was 

done using one-way ANOVA followed by Bonferroni’s test when appropriate.  There 

were no significant differences between pD2 or Rmax values 
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Figure 3.24  A, cumulative concentration-response curves (CRCs) to Ach in untreated 

isolated intact rat septal coronary arteries using a pressure myograph.  The responses to 

Ach were determined at the same fixed time intervals as those in LPC-treated tissues.  

Values are means ± S.E.M. n=3. CRCs to Ach were analyzed by nonlinear regression for 

calculation of pD2 (-log EC50) values and maximum responses (Rmax).  Statistical 

evaluation was done using one-way ANOVA followed by Bonferroni’s test when 

appropriate. There were no significant differences between pD2 or Rmax values. B,  

representative recording shows the inhibitory action of L-NAME (100 μ mol/L) on the 

dilation evoked by Ach (1 nmol/L–10 μmol/L) after pre-constriction with U-46619 (0.1 μ 

mol/L) using a pressure myograph. In the presence of L-NAME, Ach-induced 

vasodilation was greatly attenuated. Maximal vasodilation occurred with SNP (1 μ 

mol/L), a directly acting vasodilator that is an NO donor. 
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Figure 3.25  Effects of LPC on cumulative concentration-response curves (CRCs) to Ach 

in isolated intact rat septal coronary arteries using a pressure myograph.  The responses to 

SNP were determined in the absence, presence (40 min), and following washout (60 min) 

of LPC (3 µmol/L) that was delivered intraluminally (n=6).  The insets depict Ach pD2 

(left) and Rmax values (right) in intact rat septal coronary arteries exposed to LPC.  Values 

are means ± S.E.M.  CRCs to Ach were analyzed by nonlinear regression for calculation 

of pD2 (-log EC50) values and maximum responses (Rmax).  Statistical evaluation was 

done using one-way ANOVA followed by Bonferroni’s test when appropriate. 

*Significantly different from control, P<0.05. 
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Figure 3.26  Effects of LPC on cumulative concentration-response curves (CRCs) to 

SNP in isolated intact rat septal coronary arteries using a pressure myograph.  The 

responses to SNP were determined in the absence, presence (40 min), and following 

washout (60 min) of LPC (3 µmol/L) that was delivered intraluminally.  Values are 

means ± S.E.M. n=3.  CRCs to SNP were analyzed by nonlinear regression for 

calculation of pD2 (-log EC50) values and maximum responses (Rmax).  Statistical 

evaluation was done using one-way ANOVA followed by Bonferroni’s test when 

appropriate. There were no significant differences between pD2 or Rmax values. 
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Figure 3.27  The effects of TEMPOL (100 µmol/L) to the impaired Ach-response 

following LPC washout using a pressure myograph.    Values are means ± S.E.M.  n=4.  

CRCs to Ach were analyzed by nonlinear regression for calculation of pD2 (-log EC50) 

values and maximum responses (Rmax).  Statistical evaluation was done using one-way 

ANOVA followed by Bonferroni’s test when appropriate. There was no significant 

difference between the CRCs to “LPC washout” and “LPC washout+TEMPOL” 
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Figure 3.28  Bosentan moderates LPC-induced potentiation in cumulative concentration-

response curves (CRCs) to U-46619 in isolated intact rat septal coronary arteries using a 

pressure myograph.  The responses to U-46619 were determined in the absence and 

presence (40 min) of LPC (3 µmol/L) that was delivered intraluminally with or without 1 

µmol/L bosentan (A, n=6).  The responses to U-46619 were also determined after 

washout of LPC for 60 min in the absence or presence of 1 µmol/L bosentan (B, n=6).  

The left inset depicts U-46619 pD2 values in intact rat septal coronary arteries. The right 

inset shows the effects of 1 µmol/L bosentan alone on U-46619-CRC (n=6).  Values are 

means ± S.E.M.  CRCs to U-46619 were analyzed by nonlinear regression for calculation 

of pD2 (-log EC50) values and maximum responses (Rmax).  Statistical evaluation was 

done using one-way ANOVA followed by Bonferroni’s test when appropriate. 
*Significantly different from control, #Significantly different from all other groups, 

P<0.05. 
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Figure 3.29  Endothelium-dependent relaxing factors are involved in the direct effects of 

LPC on cumulative concentration-response curves (CRCs) to U-46619 in isolated intact 

rat septal coronary arteries using a pressure myograph.  The responses to U-46619 were 

determined in the absence, presence of LPC or the vasodilator inhibitor cocktail (ACIL, 

40 min) that were delivered intraluminally.  ACIL=apamin (0.5 µmol/L), charybdotoxin 

(25 µmol/L), indomethacin (10 µmol/L), and L-NAME (10 µmol/L).  Values are means ± 

S.E.M. n=5-7.  Data were analyzed for significant differences using NCSS.  Two-way 

ANOVA using the general linear model approach (repeated measurements) followed by 

Newman–Keul’s test was used for comparisons between CRCs.  *Significantly different 

from control, #Significantly different from both control and LPC groups, P<0.05. 
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Figure 3.30  Involvement of NO in the direct effects of LPC on cumulative 

concentration-response curves (CRCs) to U-46619 in isolated intact rat septal coronary 

arteries using a pressure myograph.  The responses to U-46619 were determined in the 

absence or presence of LPC, or LPC with 10 µmol/L L-NAME, Values are means ± 

S.E.M.  n=3-7. Data were analyzed for significant differences using NCSS. Two-way 

ANOVA using the general linear model approach (repeated measurements) followed by 

Newman–Keul’s test was used for comparisons between CRCs.  *Significantly different 

from control, #Significantly different from both control and LPC groups, P<0.05. 
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Figure 3.31  Involvement of PGI2 in the direct effects of LPC on cumulative 

concentration-response curves (CRCs) to U-46619 in isolated intact rat septal coronary 

arteries using a pressure myograph.  The responses to U-46619 were determined in the 

absence or presence of LPC, or LPC with 10 µmol/L NS-398.  Values are means ± S.E.M. 

n=5-7. Data were analyzed for significant differences using NCSS. Two-way ANOVA 

using the general linear model approach (repeated measurements) followed by Newman–

Keul’s test was used for comparisons between CRCs.  *Significantly different from 

control, #Significantly different from both control and LPC groups, P<0.05. 
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Figure 3.32  Involvement of EDHF in the direct effects of LPC on cumulative 

concentration-response curves (CRCs) to U-46619 in isolated intact rat septal coronary 

arteries using a pressure myograph.  The responses to U-46619 were determined in the 

absence or presence of LPC, or LPC with 0.5 µmol/L apamin + 25 µmol/L charybdotoxin.  

Values are means ± S.E.M.  n=4-7.  Data were analyzed for significant differences using 

NCSS. Two-way ANOVA using the general linear model approach (repeated 

measurements) followed by Newman–Keul’s test was used for comparisons between 

CRCs.  *Significantly different from control, #Significantly different from both control 

and LPC groups, P<0.05. 
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Figure 3.33 ET-1 release from BCAECs in response to U-46619 before, after 40-min 

incubation with 3 µmol/L LPC, and after washout of LPC for 60 min. Data represent the 

mean ± S.E.M. n = 4. Data were analyzed for significant differences using NCSS. Two-

way ANOVA using the general linear model approach (repeated measurements) followed 

by Newman–Keul’s test was used for comparisons between CRCs.  No significant 

difference was observed.  
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4. DISCUSSION 

4.1  Importance of using small arteries and arterioles  

Ever since its proatherogenic role was recognized, LPC has been extensively 

investigated in the cardiovascular system. However, the evidence in terms of its role in 

modulating vascular tone is still limited, largely due to the fact most previous studies 

utilized large conduit arteries, such as aorta and superior mesenteric arteries. In vivo 

studies are even more rare.  Using blood vessel preparations consisting of small arteries 

and/or arterioles enabled us to obtain intriguing and novel findings about LPC in relation 

to its ability to control vascular reactivity. 

It is well known that there are numerous structural and functional distinctions 

exist between large conduit arteries and small arteries/arterioles.  Compared to large 

elastic arteries, small arteries (diameter of 100 μm –500 μm) and arterioles (diameter < 

100 μm) are characterized by a larger ratio of vascular wall to lumen size with more 

smooth muscle and less elastic material (Mulvany and Aalkjaer, 1990). These muscular 

arteries are the primary site of vascular resistance.  Even a small change in internal 

diameter causes a large change in vascular resistance to blood flow.  They adapt their 

diameter actively by constriction and dilation of vascular SMCs, thereby actively 

regulating blood flow to the individual demands of the organ that they supply. In addition, 

small arteries/ arterioles also contribute to the regulation of arterial blood pressure (mean 

arterial blood pressure = cardiac output × total peripheral resistance). Thus, they are 

important for the maintenance of organ function, the development of organ diseases, and 

pathological conditions related to vascular resistance, such as hypertension.   
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Conduit arteries and small arteries respond to pathological stimuli differently. For 

instance, the pharmacological properties of small pulmonary arteries (100-300 μm) and 

the left main pulmonary arteries (1-2 mm) from normal rats were compared in vitro 

(Leach et al., 1992).  It was shown that noradrenaline was a potent vasoconstrictor in 

large but not small pulmonary arteries.  Ach-induced EDR was remarkably more evident 

in large arteries (88%) than in the smaller arteries (25%) even with the endothelium intact 

(Priest et al., 1997).  In a separate study, maximum responses of conduit (~ 500 μm), but 

not resistance pulmonary arteries (< 250 μm) from rats with streptozotocin-induced 

diabetes to PE and serotonin were significantly reduced (Gurney and Howarth, 2009). 

The underlying mechanisms for this greater resistance of the smaller pulmonary arteries 

to streptozotocin-induced chronic diabetes, however, remains unknown. More 

interestingly, ischemia followed by reperfusion markedly and selectively impaired EDR 

in coronary microvessels (110-220 µm) but not in large conduit coronary vessels from 

dogs (Quillen et al., 1990). 

Indeed, our results demonstrate that contractile responses to PE were dramatically 

changed in the whole MAB that contains larger arteries as well as first-, second-, and 

third-generation arterioles, but only slightly affected by LPC in the single superior 

mesenteric artery.  In addition to structural differences, other factor such as the manner 

by which tissues develop tension and the location in which LPC is present, may also 

account for the observed distinct pharmacological behaviors in these two preparations.   

Among the small arteries/arterioles, resistance arteries are defined as “precapillary 

vessels that contribute significantly both passively to the resting resistance and actively to 

the blood flow control during altered demands” (Christensen and Mulvany, 2001). Rat 
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MAB is believed to be truly a group of resistance arteries (Christensen and Mulvany, 

2001), receiving one fifth of the total cardiac output (Caveney et al., 1998), thus largely 

determining the arterial blood pressure.  Whether or not the rat coronary septal artery (< 

200 μm) is a true resistance artery is still controversial. Nevertheless, this artery supplies 

approximately 75% of the inter-ventricular septum (Blair, 1961). Consequently, the 

dysfunction of septal coronary artery could have a great impact on coronary flow and 

contribute to ischemic heart disease.  

Regional heterogeneity of vasoregulation is also evident in different vascular beds 

consisting of small arteries/arterioles. Therefore, it is not surprising to find that the 

vasoactive properties of LPC are not exactly the same in the two different preparations 

we used. Nevertheless, the unique finding of our investigation is that LPC possesses 

biphasic effects on the contractile and relaxant responses of these small arteries/arterioles, 

which has never been reported before.  

4.2  LPC potentiates PE responses in rat MAB through modulation of TxA2 

To our knowledge, our study is the first to investigate the effects of LPC on the 

reactivity of a perfused resistance artery bed. As reported previously in conduit blood 

vessels, LPC perfusion of MAB caused impairment in Ach-induced maximum relaxation. 

The novel finding in the present study was the potentiation of PE-induced contractile 

responses after washout of LPC, an effect likely related to increased production of TxA2.  

4.2.1  Direct effects of LPC in isolated perfused rat MAB 

The balance between vasodilators (NO, EDHF, and PGI2) and vasoconstrictors 

(TxA2 and ET-1) is pivotal in the regulation of vascular tone. Because most of these 

vasoactive factors originate from vascular endothelium, we examined the effects of LPC 
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on endothelial function. Measurement of EDR supported the established view that LPC 

inhibits EDR, probably through inactivation of NO and EDHF (Cowan and Steffen, 1995; 

Froese et al., 1999; Rikitake et al., 2000a). Impaired EDR is normally linked to 

potentiated vasoconstrictor responses. However, the impaired Ach-induced EDR caused 

by LPC perfusion was not accompanied by an increased response to PE. Other studies 

using aortic rings from normal rats have also demonstrated similar effects of LPC, i.e., 

reduced EDR with no significant change in PE responses (Ceylan et al., 2004). These data 

suggest that, even in the presence of NO/EDHF inhibition by LPC, vasoconstrictor 

responsiveness or release may also be inhibited by LPC, thus preventing augmentation in 

responses to PE. This possibility is supported by the observation that LPC prevented 

amplification of PE responses in the presence of L-NMMA and reduced the PE-induced 

production of TxA2.  

4.2.2  Residual effects of LPC in isolated perfused rat MAB 

Unexpectedly, the response to PE was dramatically potentiated only after the 

removal of LPC. A time-dependent mechanism can be ruled out, as prolonged perfusion 

with LPC (150 min) did not produce any potentiation of PE responses. The enhancement 

of the PE response could be blocked by both indomethacin and SQ-29548, suggesting an 

important contribution of vasoconstrictor prostanoids, which was confirmed by the 

finding of potentiation of PE-induced TxA2 production. At present, the mechanism for 

this rebound production of excessive TxA2 is not known.  

The contribution of time in producing the potentiated contractile responses and 

TxA2 production in response to PE can be ruled out, as these were stable over time in the 
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absence of LPC. These effects were unlikely to be due solely to continued endothelial 

impairment, because Ach-induced relaxation had partially recovered.  

As a potent inducer of platelet aggregation, vasoconstriction, and 

bronchoconstriction, TxA2 has been implicated in vascular pathogenesis (Dogne et al., 

2004). Although the major source of TxA2 is platelets, this vasoconstrictor can also be 

produced within the vascular walls by both endothelial (Ally and Horrobin, 1980) and 

smooth muscle cells (Shiokoshi et al., 2002). The mechanism of TxA2 synthesis includes 

phospholipid hydrolysis by PLA2, release of arachidonic acid, and metabolism to TxA2
 by 

the COX-TxA2 synthase pathway. α1-Receptor activation initiates phospholipid 

hydrolysis and release of TxA2 (Terzic et al., 1993; Nishio et al., 1996; Ruan et al., 1998; 

Bolla et al., 2002; Parmentier et al., 2004). To our knowledge, an effect of LPC on α1-

adrenoceptor-mediated TxA2 production in the vasculature has not previously been 

reported. However, our observation that LPC abrogated the increase in TxA2 production 

produced by PE in the MAB is consistent with a previous study in platelets, in which an 

inhibitory effect of LPC on agonist-induced TxA2
 production was observed (Yuan et al., 

1996). Although we are not aware of any studies showing potentiation of TxA2 

production by LPC, an interaction between these two agents has previously been 

suggested. For instance, LPC was found to enhance the ability of TxA2 to increase 

vascular smooth muscle cell proliferation (Koba et al., 2000). Taken together, these 

findings strongly suggest that LPC is able to alter the biosynthesis of TxA2, as well as its 

downstream signaling. Details of the mechanism of these modulatory effects need to be 

further investigated. Irrespective of the mechanism(s), the increased release of TxA2
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could be a major contributor toward hypertensive (Seeger et al., 1989), thrombotic, and 

ischemic diseases (Ally and Horrobin, 1980; Muller, 1991).  

It is tempting to speculate that conditions that evoke an increase in LPC levels 

initially trigger compensatory mechanisms to neutralize its injurious effects. Thus, the 

suppression of PE-induced TxA2
 production could compensate for the endothelium 

dysfunction. Wu and co-workers (Zembowicz et al., 1995a; Zembowicz et al., 1995b) 

have also suggested that LPC is a two-faced molecule, which possesses both 

vasoprotective and proatherogenic properties. An additional caveat is the suggestion that 

residual effects of LPC after washout could arise from its metabolism to LPA (Tokumura, 

2004).  However, the same concentration of LPA had no effect on the vasoconstrictor 

response of the MAB to PE, suggesting that LPA is not likely mediating the effects of 

LPC in this preparation.  

In conclusion, LPC modulates the vascular tone of the rat resistance arterial bed, 

even after washout. The modifications include potentiated PE responses and enhanced 

TxA2 production. Thus, when evaluating the effects of LPC in the vasculature, both its 

immediate and residual effects need to be considered.  Especially in situations where LPC 

release increases acutely and then falls, such as during cardiac I/R, the observed 

immediate and residual effects of LPC on the vasculature could contribute to the 

pathogenesis of this disease. 
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4.3  LPC endothelium-dependently modulates rat coronary arterial tone 

Following I/R, accumulation of LPC may increase coronary vascular resistance 

(Maulik et al., 1996; Tiefenbacher et al., 1996; Toufektsian et al., 2001). This was 

confirmed by our finding that LPC directly induced a persistent enhancement in CPP in 

isolated perfused hearts. In addition, exposure of isolated coronary septal arteries to LPC 

augmented the vasoconstriction to U-46619 as well. More importantly, these deleterious 

modulations of coronary vascular contractility by LPC persisted and even increased long 

after the lysolipid was removed.  Our results further imply that the mechanisms 

responsible for the direct and residual effects of LPC in modulating vascular tone are 

distinct, and are dependent on reduced EDHF, and increased ET-1/decreased NO 

respectively.   

In various isolated blood vessels, LPC has been consistently shown to selectively 

alter the agonist-mediated vasoconstrictor and vasodilator responses (Galle et al., 2003; 

Suenaga and Kamata, 2003).  Resting vascular tone and the K+-induced smooth muscle 

cell depolarization were not significantly affected by LPC in most cases.  Our results 

obtained from isolated rat coronary artery are in agreement with all these findings. 

Intriguingly, we also found that in intact perfused heart, LPC exhibited a direct 

vasoconstricting effect in the absence of any agonist.  Furthermore, bosentan failed to 

block the potentiating effect of LPC and its washout on CPP in isolated perfused hearts, 

whereas it successfully prevented the additional enhancement in U-46619 response in 

isolated pressurized coronary artery.  All these inconsistencies suggest that although LPC 

provoked increased vascular resistance in both perfused hearts and isolated coronary 

arteries, the underlying mechanisms are not identical. 
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There is currently no direct evidence to explain these inter-tissue variations.  

Nonetheless, we speculate that one of the mechanisms could be the complex cross-talk 

between coronary vasculature and cardiac myocytes via multiple chemical and 

mechanical mechanisms, which has been comprehensively discussed in a recent review 

article (Westerhof et al., 2006).  As a specific example, Chilian and colleagues found that 

cardiac myocytes have a requisite role in the constriction of coronary resistance vessels to 

α1-adrenergic stimuli, which may be mediated by ET-1 and other unidentified myocyte-

derived vasoconstrictors (Tiefenbacher et al., 1998).  Therefore, it is very possible that in 

our study, LPC perfusion of isolated hearts stimulates certain mechanism(s) other than 

ET-1 outside the coronary lumen, which in turn act on coronary vasculature and enhance 

coronary resistance. 

4.3.1  Direct effects of LPC in isolated pressurized rat coronary septal arteries 

TxA2 has been suggested to participate in the pathogenesis of ischemic heart 

disease (Tokumura, 2004).  The other reason that we chose to study the vasoconstrictor 

response of coronary artery to U-46619, a TxA2 mimetic, is that we and other researchers 

(Tune et al., 2002) found that the α1-adrenoceptor agonist PE does not produce 

vasoconstriction in all sections of coronary arteries.  Particularly, our preliminary 

experiments showed that in Wistar rat coronary arteries, α-1 adrenoceptor mediated 

vasoconstriction seemed to be confined to vessels larger than 200 μm.  A possible 

explanation is that α-1 adrenoceptors are unevenly distributed along the coronary artery 

trees (Chilian, 1991).  In contrast, a stable TxA2 mimetic, U-46619, produces potent and 

consistent vasoconstriction throughout rat coronary arteries. 
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Given the observation that the U-46619-induced contractile responses were 

markedly potentiated in endothelium-denuded rat coronary septal arteries, our data 

suggest that EDRFs also contribute to regulating the overall vasoconstriction observed to 

this TxA2 mimetic.  More importantly, as endothelium-removal completely abolished the 

direct and exaggerated responses to U-46619 following LPC washout, our data suggest 

that the potentiating effects of LPC on contractile responses to U-46619 are entirely 

endothelium-dependent. Consequently, we examined the endothelium-derived vasoactive 

factors that could participate in mediating the direct responses to LPC.  Interestingly, in 

the presence of LPC, the relaxant response to Ach, which has been shown result primarily 

from the  release of NO in rat coronary arteries by our as well as other studies (Tschudi et 

al., 1994; Parker et al., 1997), remained unchanged, suggesting that LPC has limited 

direct influence on NO.  This was corroborated using the NO-blocker, L-NAME, which 

induced an additive potentiation with LPC of U-46619 responses.  In the absence of any 

involvement of NO in these direct effects of LPC, we tested the contribution of EDHF 

using blockers that inhibit endothelial potassium conductance.  Our data suggest that in 

the presence of LPC, the direct potentiation of contractile responses to U-46619 is likely 

dependent on reduced release of EDHF (Figure 4.1).  EDHF, as one of the vasodilators 

that contribute to EDR, has been reported to be inhibited by LPC previously (Cowan and 

Steffen, 1995; Eizawa et al., 1995; Fukao et al., 1995; Froese et al., 1999). In these in 

vitro artery ring preparations, EDHF was considered to be K+ ions, but the further 

inhibitory mechanisms of LPC on EDHF have not been explored.  It is interesting to find 

that in our study, EDHF is present in the isolated rat coronary artery as a mediator 



 110

regulating the contractile response to U-46619, but not a major contributor to the Ach 

response.  

The observation that LPC did not immediately impaire EDR in the isolated 

pressurized coronary artery is different from those obtained using isometric tension 

measurements, in which exogenous LPC exhibited direct inhibition of EDR in coronary 

arteries (VanBenthuysen et al., 1987; Quillen et al., 1990; Tiefenbacher et al., 1996).  

This discrepancy may arise from different experimental methodologies including species, 

type of coronary arteries used, and methods for measuring vascular reactivity.  

Particularly, several lines of evidence have suggested that pressurized and wire-mounted 

preparations, the most common in vitro techniques employed in small artery studies, 

could exhibit substantially different results even when using the same kind of tissue. For 

instance, the same small arteries under isobaric condition (pressurized) were either more 

sensitive or less sensitive to the same vasoconstrictor than those under isometric 

condition (wire myograph) (Dunn et al., 1994; Falloon et al., 1995; Schubert et al., 1996).  

The underlying mechanisms are still obscure. However, one of the possible explanations 

is the less negative resting membrane potential of isobaric preparation (Schubert et al., 

1996).  More importantly, it is generally believed that pressure myograph has the 

advantage of closely mimicking in vivo physiology due to the intraluminal pressure it 

provides (Schubert et al., 1996).  In our study, the U-46619-response per se was not 

compared between pressure and wire myograph.  Nevertheless, the responses of coronary 

arteries mounted on a wire myograph to U-46619 were not significantly influenced by 

LPC at the same concentration used in the pressure myograph. It is important to note that 

in addition to the different vessel wall tension and membrane potential, the ways by 
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which LPC interacts with the tissues may also contribute to this discrepancy.  Specifically, 

in the pressure myograph, LPC was present only in the arterial lumen and was 

surrounded by endothelial cells under no-flow conditions.  Whereas, the LPC added in 

the wire myograph was communicating with not only the endothelium, but also the SMCs.  

Considering the possible coronary origin of LPC accumulated during I/R (Sedlis et al., 

1990; Sedlis et al., 1993; Sedlis et al., 1997), LPC is unlikely to directly interact with 

SMCs in the in vivo situation.  Taken together, we believe that the results obtained from 

the pressure myograph are more likely to reflect the pathophysiological role of LPC.  

4.3.2 Residual effects of LPC in isolated pressurized rat coronary septal arteries 

Residual effects of LPC were also observed following its washout, including a 

reduction in response to Ach, and a further potentiation of the vasoconstrictor effects of 

U-46619.  These residual effects were different from those seen in the presence of LPC, 

and appear to include multiple mechanisms, one of them being an increase in the release 

of ET-1 (Figure 4.1).  Interestingly, it was previously reported that LPC enhanced rabbit 

cerebral arterial myogenic tone by stimulating the production of ET-1, although this was 

a direct effect of LPC (Xie and Bevan, 1999).   In addition, based on a recent theory that 

there is a negative cross-talk between ET-1 and NO (Marasciulo et al., 2006), it is 

reasonable to speculate that the enhanced release of ET-1 might be associated with 

impaired production and/or activity of NO.  This speculation is supported by our 

observation that after LPC washout, there was a striking attenuation in the relaxant 

response to Ach.  The underlying mechanisms of this inhibited biovailability of NO 

remained unclear.  However, superoxide anion is unlikely to be involved, as the 

superoxide scavenger did not improve the diminished Ach response by LPC. 
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LPC did not elicit a residual effect on ET-1 generation in cultured BCAECs, 

which implies that the unique effects of LPC detected in intact coronary arteries need the 

integral layer of endothelium cells, and even the participation of the underlying vascular 

smooth muscle.  Alternatively, species differences could be another reason that LPC 

produced different effects in cultured BCAECs.  Whatever the explanation, the data 

obtained from BCAECs cannot be used to explain the mechanisms occurring in intact 

arteries in our study.   

It is generally accepted that excessive LPC is a proatherogenic and 

proinflammatory mediator that contributes to the pathogenesis of diabetes (Shi et al., 

1999), atherosclerosis (Matsumoto et al., 2007), and cardiac I/R (Hashizume and Abiko, 

1999).  It does so largely by inducing coronary endothelial dysfunction (Eizawa et al., 

1995; Leung et al., 1997).  Our study for the first time reports that this endothelial 

dysfunction with LPC, in the form of an enhancement in coronary tone and delayed 

attenuation in EDR, is evident long after its elimination from the perfusate.  As the latter 

effect is consistent with previous reports that EDR was only attenuated following I/R , 

and not ischemia alone (Lefer et al., 1991), when the elevated level of LPC returned to 

normal, our data suggest that this delayed coronary effect of LPC, when added on to the 

immediate noxious effects of this lysolipid, could exacerbate heart dysfunction following 

I/R.  The involvement of the endothelium in these delayed effects supports the suggestion 

that the coronary endothelium may be a drug target for minimizing I/R injury (Laude et 

al., 2004).  
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Figure 4.1   Proposed mechanism illustrating the direct and residual effects of LPC 

on endothelium-dependent vasoactive factors and regulation of smooth muscle 

contractility.  EDHF is the likely contributor for the direct effects of LPC (middle panel), 

whereas a balance between increased ET-1 and decreased NO produces the residual 

effects of LPC (right panel).  EC = endothelial cell; EDCFs = endothelium-dependent 

contracting factors; EDRFs = endothelium-dependent relaxing factors; EDHF = 

endothelium-derived hyperpolarizing factor; ET-1 = endothelin-1; NO = nitric oxide; 

SMCs = smooth muscle cells. 
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4.4  Limitations of present study and direction of future studies 

At present, the mechanism(s) underlying the residual effects of LPC are unclear.  

We tested LPA, an important vasoactive compound and a key metabolite derived from 

LPC, in both MAB and the pressure myograph using the same protocol.  As LPA had no 

significant influence on vasoconstriction to PE and U-46619, it is likely that these effects 

of LPC are direct, and unrelated to its metabolic by-products.   

Due to the nature of the isolated rat coronary septal arteries, our study using this 

preparation only relied on the use of pharmacological tools.  Each of these artery 

segments was only 1-2 mm long, with diameters less than 200 μm, and surrounded with 

relatively large volume (30 ml) of buffer solution.  It is not technically feasible to 

measure the expression and regulation of the possible moderators (such as iNOS and ET-

1) in them.  Neither is it possible to detect the concentrations of vasoactive compounds 

released from these tissues. Alternative means could be the direct measurement of ET-1 

production from LPC-treated endothelial cells and/or isolated perfused hearts.  

Unfortunately, it turned out that LPC either did not produce the same effects or acts via 

different mechanisms (as discussed above) in these tissues.  On the other hand, these 

limitations also reflect the strict tissue-dependence of the effects of LPC, and it is wise to 

be cautious when using evidence obtained from related but different tissues to explain the 

phenomena occurred in intact blood vessels. 

It is unknown whether the observed effects of LPC in our study are dependent on 

LPC-specific receptors (G2A and GPR4) or not.  As a matter of fact, this is a gap that 

needs to be filled in LPC research (as addressed in the Introduction).  The majority of 

previous work has been focused on G2A and its involvement in LPC-induced 
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proinflammatory and proatherogenic activities.  So far, it appears that GPR4 is more 

likely to be involved in the effects of LPC in regulating vascular tone.  It would be useful 

to selectively block GPR4 and then examine the changes in response to LPC.  

Unfortunately, the only available selective blockers to LPC, LPC receptor antibodies, are 

problematic when applied to the pressure myograph apparatus due to their affinity for the 

plastic tubing.  In future studies, the development of selective pharmacological 

antagonists of GPR4, GPR4-deficient animal models, as well as small interfering RNAs 

techniques could possibly lead to a breakthrough in LPC research. 

Another limitation that exists in LPC research is that all the current studies have 

been conducted using exogenous LPC, making it difficult to draw conclusions on the role 

of endogenous LPC sources in the homoeostatic regulation of vascular tone.  The 

improvement in this area will depend on the availability of more selective and effective 

modulators of the LPC-generating enzyme (PLA2) and LPC-degrading enzyme (LPLD). 
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5.  SUMMARY AND CONCLUSION 

Our findings imply that when evaluating the regulation of vascular tone, small 

arteries (including resistance arteries) and conduit arteries can present discrete or even 

contradictory results, and the former is a much more reliable tool considering their role in 

determining peripheral resistance in vivo.  

Our results for the first time demonstrate that the detrimental effects of LPC in 

both rat MAB and coronary septal arteries are evident in the presence and even after 

washout of the lysolipid.  However, distinct mediators are responsible for the biphasic 

consequences of LPC in the two discrete preparations.   

In rat mesenteric resistance arterial bed, both EDRFs and TxA2 are diminished, 

resulting in an overall unchanged vasoconstrictor response to α1-adrenoceptor stimulation. 

LPC washout stimulates a rebound overproduction of TxA2, which is the major 

contributor to the enhanced contractile response to PE. 

In rat coronary septal arteries, reduced release of EDHF is the likely contributor to 

the direct effects of LPC in potentiating the response to U-46619, whereas increased ET-

1 associated with a decrease in NO bioavailability appear to be responsible for the 

residual effects of LPC, including the further enhancement in vasoconstrictor response 

and remarkable impairment in endothelium-dependent relaxation (Figure 4.1).   

In conclusion, LPC exerts substantial influence on both peripheral arterial 

resistance regulation and coronary circulation, and even ventricular function.  Particularly, 

our data suggest that in addition to reducing the accumulation of LPC, efforts targeting an 

improvement in endothelium-dependent regulation of vascular tone together with the 
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development of specific LPC-inhibitors would be required to limit the vascular and 

cardiac damage induced by LPC and its residual consequences. 



 118

BIBLIOGRAPHY 
 
Ahluwalia A and Hobbs AJ (2005) Endothelium-derived C-type natriuretic peptide: more 

than just a hyperpolarizing factor. Trends Pharmacol Sci 26:162-167. 

Aiyar N, Disa J, Ao Z, Ju H, Nerurkar S, Willette RN, Macphee CH, Johns DG and 

Douglas SA (2007) Lysophosphatidylcholine induces inflammatory activation of 

human coronary artery smooth muscle cells. Mol Cell Biochem 295:113-120. 

Ally AI and Horrobin DF (1980) Thromboxane A2 in blood vessel walls and its 

physiological significance: relevance to thrombosis and hypertension. 

Prostaglandins Med 4:431-438. 

Arehart E, Gleim S, Kasza Z, Fetalvero KM, Martin KA and Hwa J (2007) Prostacyclin, 

atherothrombosis, and cardiovascular disease. Curr Med Chem 14:2161-2169. 

Bai Y, Wang J, Lu Y, Shan H, Yang B and Wang Z (2007) Phospholipid 

lysophosphatidylcholine as a metabolic trigger and HERG as an ionic pathway for 

extracellular K accumulation and "short QT syndrome" in acute myocardial 

ischemia. Cell Physiol Biochem 20:417-428. 

Batenburg WW, Popp R, Fleming I, de Vries R, Garrelds IM, Saxena PR and Danser AH 

(2004) Bradykinin-induced relaxation of coronary microarteries: S-nitrosothiols 

as EDHF? Br J Pharmacol 142:125-135. 

Bauersachs J, Popp R, Hecker M, Sauer E, Fleming I and Busse R (1996) Nitric oxide 

attenuates the release of endothelium-derived hyperpolarizing factor. Circulation 

94:3341-3347. 

Baynes JW and Thorpe SR (1999) Role of oxidative stress in diabetic complications: a 

new perspective on an old paradigm. Diabetes 48:1-9. 



 119

Becker LB (2004) New concepts in reactive oxygen species and cardiovascular 

reperfusion physiology. Cardiovasc Res 61:461-470. 

Bolla M, Matrougui K, Loufrani L, Maclouf J, Levy B, Levy-Toledano S, Habib A and 

Henrion D (2002) p38 mitogen-activated protein kinase activation is required for 

thromboxane- induced contraction in perfused and pressurized rat mesenteric 

resistance arteries. J Vasc Res 39:353-360. 

Busse R, Edwards G, Feletou M, Fleming I, Vanhoutte PM and Weston AH (2002) 

EDHF: bringing the concepts together. Trends Pharmacol Sci 23:374-380. 

Bussemaker E, Wallner C, Fisslthaler B and Fleming I (2002) The Na-K-ATPase is a 

target for an EDHF displaying characteristics similar to potassium ions in the 

porcine renal interlobar artery. Br J Pharmacol 137:647-654. 

Campbell WB and Gauthier KM (2002) What is new in endothelium-derived 

hyperpolarizing factors? Curr Opin Nephrol Hypertens 11:177-183. 

Carey RM, Howell NL, Jin XH and Siragy HM (2001) Angiotensin type 2 receptor-

mediated hypotension in angiotensin type-1 receptor-blocked rats. Hypertension 

38:1272-1277. 

Caslake MJ, Packard CJ, Suckling KE, Holmes SD, Chamberlain P and Macphee CH 

(2000) Lipoprotein-associated phospholipase A(2), platelet-activating factor 

acetylhydrolase: a potential new risk factor for coronary artery disease. 

Atherosclerosis 150:413-419. 

Caveney SW, Culhane JM, Taylor DA and Fleming WW (1998) Preparation and 

application of an isolated superior mesenteric arterial vascular preparation. J 

Cardiovasc Pharmacol 32:721-727. 



 120

Ceylan A, Karasu C, Aktan F and Ozansoy G (2004) Simvastatin treatment restores 

vasoconstriction and the inhibitory effect of LPC on endothelial relaxation via 

affecting oxidizing metabolism in diabetic rats. Diabetes Nutr Metab 17:203-210. 

Chakraborti S (2003) Phospholipase A(2) isoforms: a perspective. Cell Signal 15:637-

665. 

Chaytor AT, Evans WH and Griffith TM (1997) Peptides homologous to extracellular 

loop motifs of connexin 43 reversibly abolish rhythmic contractile activity in 

rabbit arteries. J Physiol 503 ( Pt 1):99-110. 

Chen G, Suzuki H and Weston AH (1988) Acetylcholine releases endothelium-derived 

hyperpolarizing factor and EDRF from rat blood vessels. Br J Pharmacol 

95:1165-1174. 

Chen L, Liang B, Froese DE, Liu S, Wong JT, Tran K, Hatch GM, Mymin D, Kroeger 

EA, Man RY and Choy PC (1997) Oxidative modification of low density 

lipoprotein in normal and hyperlipidemic patients: effect of 

lysophosphatidylcholine composition on vascular relaxation. J Lipid Res 38:546-

553. 

Chilian WM (1991) Functional distribution of alpha 1- and alpha 2-adrenergic receptors 

in the coronary microcirculation. Circulation 84:2108-2122. 

Choy PC, Siow YL, Mymin D and O K (2004) Lipids and atherosclerosis. Biochem Cell 

Biol 82:212-224. 

Christensen KL and Mulvany MJ (2001) Location of resistance arteries. J Vasc Res 38:1-

12. 



 121

Clozel M, Breu V, Gray GA, Kalina B, Löffler BM, Burri K, Cassal JM, Hirth G, Müller 

M, Neidhart W, et al. (1994) Pharmacological characterization of bosentan, a new 

potent orally active nonpeptide endothelin receptor antagonist. J Pharmacol Exp 

Ther. 270:228-35. 

Corr PB and Yamada KA (1995) Selected metabolic alterations in the ischemic heart and 

their contributions to arrhythmogenesis. Herz 20:156-168. 

Corriu C, Feletou M, Canet E and Vanhoutte PM (1996) Endothelium-derived factors and 

hyperpolarization of the carotid artery of the guinea-pig. Br J Pharmacol 

119:959-964. 

Cowan CL and Steffen RP (1995) Lysophosphatidylcholine inhibits relaxation of rabbit 

abdominal aorta mediated by endothelium-derived nitric oxide and endothelium-

derived hyperpolarizing factor independent of protein kinase C activation. 

Arterioscler Thromb Vasc Biol 15:2290-2297. 

Croset M, Brossard N, Polette A and Lagarde M (2000) Characterization of plasma 

unsaturated lysophosphatidylcholines in human and rat. Biochem J 345 Pt 1:61-

67. 

Cunningham TJ, Yao L and Lucena A (2008) Product inhibition of secreted 

phospholipase A2 may explain lysophosphatidylcholines' unexpected therapeutic 

properties. J Inflamm (Lond) 5:17. 

Dimitropoulou C, White RE, Fuchs L, Zhang H, Catravas JD and Carrier GO (2001) 

Angiotensin II relaxes microvessels via the AT(2) receptor and Ca(2+)-activated 

K(+) (BK(Ca)) channels. Hypertension 37:301-307. 



 122

Dogne JM, Hanson J, de Leval X, Masereel B, Kolh P and Pirotte B (2004) New 

developments on thromboxane modulators. Mini Rev Med Chem 4:649-657. 

Dunn WR, Wellman GC and Bevan JA (1994) Enhanced resistance artery sensitivity to 

agonists under isobaric compared with isometric conditions. Am J Physiol 

266:H147-155. 

Edwards G and Weston AH (1998) Endothelium-derived hyperpolarizing factor--a 

critical appraisal. Prog Drug Res 50:107-133. 

Eizawa H, Yui Y, Inoue R, Kosuga K, Hattori R, Aoyama T and Sasayama S (1995) 

Lysophosphatidylcholine inhibits endothelium-dependent hyperpolarization and 

N omega-nitro-L-arginine/indomethacin-resistant endothelium-dependent 

relaxation in the porcine coronary artery. Circulation 92:3520-3526. 

Endemann DH and Schiffrin EL (2004) Endothelial dysfunction. J Am Soc Nephrol 

15:1983-1992. 

Falloon BJ, Stephens N, Tulip JR and Heagerty AM (1995) Comparison of small artery 

sensitivity and morphology in pressurized and wire-mounted preparations. Am J 

Physiol 268:H670-678. 

Feletou M and Vanhoutte PM (1996) Endothelium-derived hyperpolarizing factor. Clin 

Exp Pharmacol Physiol 23:1082-1090. 

Fetalvero KM, Martin KA and Hwa J (2007) Cardioprotective prostacyclin signaling in 

vascular smooth muscle. Prostaglandins Other Lipid Mediat 82:109-118. 

Fisslthaler B, Popp R, Kiss L, Potente M, Harder DR, Fleming I and Busse R (1999) 

Cytochrome P450 2C is an EDHF synthase in coronary arteries. Nature 401:493-

497. 



 123

Fleming I (2000) Cytochrome P450 2C is an EDHF synthase in coronary arteries. Trends 

Cardiovasc Med 10:166-170. 

Fleming I (2007) Epoxyeicosatrienoic acids, cell signaling and angiogenesis. 

Prostaglandins Other Lipid Mediat 82:60-67. 

Froese DE, McMaster J, Man RY, Choy PC and Kroeger EA (1999) Inhibition of 

endothelium-dependent vascular relaxation by lysophosphatidylcholine: impact of 

lysophosphatidylcholine on mechanisms involving endothelium-derived nitric 

oxide and endothelium derived hyperpolarizing factor. Mol Cell Biochem 197:1-6. 

Fu X, Gong MC, Jia T, Somlyo AV and Somlyo AP (1998) The effects of the Rho-kinase 

inhibitor Y-27632 on arachidonic acid-, GTPgammaS-, and phorbol ester-induced 

Ca2+-sensitization of smooth muscle. FEBS Lett 440:183-187. 

Fukao M, Hattori Y, Kanno M, Sakuma I and Kitabatake A (1995) Evidence for selective 

inhibition by lysophosphatidylcholine of acetylcholine-induced endothelium-

dependent hyperpolarization and relaxation in rat mesenteric artery. Br J 

Pharmacol 116:1541-1543. 

Fukao M, Hattori Y, Kanno M, Sakuma I and Kitabatake A (1996) Structural differences 

in the ability of lysophospholipids to inhibit endothelium-dependent 

hyperpolarization by acetylcholine in rat mesenteric arteries. Biochem Biophys 

Res Commun 227:479-483. 

Galle J, Mameghani A, Bolz SS, Gambaryan S, Gorg M, Quaschning T, Raff U, Barth H, 

Seibold S, Wanner C and Pohl U (2003) Oxidized LDL and its compound 

lysophosphatidylcholine potentiate AngII-induced vasoconstriction by stimulation 

of RhoA. J Am Soc Nephrol 14:1471-1479. 



 124

Gavras I and Gavras H (2002) Angiotensin II as a cardiovascular risk factor. J Hum 

Hypertens 16 Suppl 2:S2-6. 

Ge ZD, Zhang XH, Fung PC and He GW (2000) Endothelium-dependent 

hyperpolarization and relaxation resistance to N(G)-nitro-L-arginine and 

indomethacin in coronary circulation. Cardiovasc Res 46:547-556. 

Gerrard JM and Robinson P (1984) Lysophosphatidic acid can activate platelets without 

increasing 32P-labelling of phosphatidic acid. Biochim Biophys Acta 795:487-492. 

Gierse JK, Hauser SD, Creely DP, Koboldt C, Rangwala SH, Isakson PC and Seibert K 

(1995) Expression and selective inhibition of the constitutive and inducible forms 

of human cyclo-oxygenase. Biochem J 305 ( Pt 2):479-484. 

Golfman LS, Haughey NJ, Wong JT, Jiang JY, Lee D, Geiger JD and Choy PC (1999) 

Lysophosphatidylcholine induces arachidonic acid release and calcium overload 

in cardiac myoblastic H9c2 cells. J Lipid Res 40:1818-1826. 

Griendling KK, Sorescu D and Ushio-Fukai M (2000) NAD(P)H oxidase: role in 

cardiovascular biology and disease. Circ Res 86:494-501. 

Grosser T, Fries S and FitzGerald GA (2006) Biological basis for the cardiovascular 

consequences of COX-2 inhibition: therapeutic challenges and opportunities. J 

Clin Invest 116:4-15. 

Grover-Paez F and Zavalza-Gomez AB (2009) Endothelial dysfunction and 

cardiovascular risk factors. Diabetes Res Clin Pract. 

Guo ZR (2005) [Innovation of anti-inflammatory drugs--inhibition of cyclooxygenases]. 

Yao Xue Xue Bao 40:967-969. 



 125

Gurney AM and Howarth FC (2009) Effects of streptozotocin-induced diabetes on the 

pharmacology of rat conduit and resistance intrapulmonary arteries. Cardiovasc 

Diabetol 8:4. 

Gustafsson D, Elg M, Hedner T, Johnsson E, Sohtell M, Svensson L and Fyhrquist F 

(1992) Raised plasma concentrations of endothelin-1 and -3 in marmosets with 

acute aortic stenosis: no relation to the renin-angiotensin system. Blood Press 

1:50-56. 

Hadi HA, Carr CS and Al Suwaidi J (2005) Endothelial dysfunction: cardiovascular risk 

factors, therapy, and outcome. Vasc Health Risk Manag 1:183-198. 

Halushka PV (2000) Thromboxane A(2) receptors: where have you gone? Prostaglandins 

Other Lipid Mediat 60:175-189. 

Hashimoto K, Pearson PJ, Schaff HV and Cartier R (1991) Endothelial cell dysfunction 

after ischemic arrest and reperfusion: a possible mechanism of myocardial injury 

during reflow. J Thorac Cardiovasc Surg 102:688-694. 

Hashizume H and Abiko Y (1999) [Cardiac cell injury induced by 

lysophosphatidylcholine]. Nippon Yakurigaku Zasshi 114:287-293. 

Hayashi Y, Sawa Y, Ohtake S, Fukuyama N, Nakazawa H and Matsuda H (2001) 

Peroxynitrite formation from human myocardium after ischemia-reperfusion 

during open heart operation. Ann Thorac Surg 72:571-576. 

Haynes WG and Webb DJ (1998) Endothelin as a regulator of cardiovascular function in 

health and disease. J Hypertens 16:1081-1098. 

Hoque AN, Haist JV and Karmazyn M (1997) Na(+)-H+ exchange inhibition protects 

against mechanical, ultrastructural, and biochemical impairment induced by low 



 126

concentrations of lysophosphatidylcholine in isolated rat hearts. Circ Res 80:95-

102. 

Huang JS, Ramamurthy SK, Lin X and Le Breton GC (2004) Cell signalling through 

thromboxane A2 receptors. Cell Signal 16:521-533. 

Humbert M, Sitbon O and Simonneau G (2004) Treatment of pulmonary arterial 

hypertension. N Engl J Med 351:1425-1436. 

Ikeno Y, Konno N, Cheon SH, Bolchi A, Ottonello S, Kitamoto K and Arioka M (2005) 

Secretory phospholipases A2 induce neurite outgrowth in PC12 cells through 

lysophosphatidylcholine generation and activation of G2A receptor. J Biol Chem 

280:28044-28052. 

Inoue M, Ma L, Aoki J, Chun J and Ueda H (2008) Autotaxin, a synthetic enzyme of 

lysophosphatidic acid (LPA), mediates the induction of nerve-injured neuropathic 

pain. Mol Pain 4:6. 

Jalink K, van Corven EJ and Moolenaar WH (1990) Lysophosphatidic acid, but not 

phosphatidic acid, is a potent Ca2(+)-mobilizing stimulus for fibroblasts. 

Evidence for an extracellular site of action. J Biol Chem 265:12232-12239. 

Kabarowski JH, Xu Y and Witte ON (2002) Lysophosphatidylcholine as a ligand for 

immunoregulation. Biochem Pharmacol 64:161-167. 

Kabarowski JH, Zhu K, Le LQ, Witte ON and Xu Y (2001) Lysophosphatidylcholine as 

a ligand for the immunoregulatory receptor G2A. Science 293:702-705. 

Kalgutkar AS, Marnett AB, Crews BC, Remmel RP and Marnett LJ (2000) Ester and 

amide derivatives of the nonsteroidal antiinflammatory drug, indomethacin, as 

selective cyclooxygenase-2 inhibitors. J Med Chem 43:2860-2870. 



 127

Kattelman EJ, Venton DL and Le Breton GC (1986) Characterization of U46619 binding 

in unactivated, intact human platelets and determination of binding site affinities 

of four TXA2/PGH2 receptor antagonists (13-APA, BM 13.177, ONO 3708 and 

SQ 29,548). Thromb Res 41:471-481. 

Kim KS, Ren J, Jiang Y, Ebrahem Q, Tipps R, Cristina K, Xiao YJ, Qiao J, Taylor KL, 

Lum H, Anand-Apte B and Xu Y (2005) GPR4 plays a critical role in endothelial 

cell function and mediates the effects of sphingosylphosphorylcholine. Faseb J 

19:819-821. 

Koba S, Pakala R, Watanabe T, Katagiri T and Benedict CR (2000) Synergistic 

interaction between thromboxane A2 and mildly oxidized low density 

lipoproteins on vascular smooth muscle cell proliferation. Prostaglandins Leukot 

Essent Fatty Acids 63:329-335. 

Kohno M, Ohmori K, Wada Y, Kondo I, Noma T, Fujita N, Mizushige K and Mandal 

AK (2001) Inhibition by eicosapentaenoic acid of oxidized-LDL- and 

lysophosphatidylcholine-induced human coronary artery smooth muscle cell 

production of endothelin. J Vasc Res 38:379-388. 

Komuro I, Kurihara H, Sugiyama T, Yoshizumi M, Takaku F and Yazaki Y (1988) 

Endothelin stimulates c-fos and c-myc expression and proliferation of vascular 

smooth muscle cells. FEBS Lett 238:249-252. 

Kougias P, Chai H, Lin PH, Lumsden AB, Yao Q and Chen C (2006) 

Lysophosphatidylcholine and secretory phospholipase A2 in vascular disease: 

mediators of endothelial dysfunction and atherosclerosis. Med Sci Monit 12:RA5-

16. 



 128

Kudo I and Murakami M (2002) Phospholipase A2 enzymes. Prostaglandins Other Lipid 

Mediat 68-69:3-58. 

Kugiyama K, Sugiyama S, Ogata N, Oka H, Doi H, Ota Y and Yasue H (1999) Burst 

production of superoxide anion in human endothelial cells by 

lysophosphatidylcholine. Atherosclerosis 143:201-204. 

Laude K, Richard V and Thuillez C (2004) Coronary endothelial cells: a target of 

ischemia reperfusion and its treatment? Arch Mal Coeur Vaiss 97:250-254. 

Lavi S, McConnell JP, Rihal CS, Prasad A, Mathew V, Lerman LO and Lerman A (2007) 

Local production of lipoprotein-associated phospholipase A2 and 

lysophosphatidylcholine in the coronary circulation: association with early 

coronary atherosclerosis and endothelial dysfunction in humans. Circulation 

115:2715-2721. 

Leach RM, Twort CH, Cameron IR and Ward JP (1992) A comparison of the 

pharmacological and mechanical properties in vitro of large and small pulmonary 

arteries of the rat. Clin Sci (Lond) 82:55-62. 

Lee EH, Yun MR, Wang WH, Jung JH and Im DS (2004) Structure-activity relationship 

of lysophosphatidylcholines in HL-60 human leukemia cells. Acta Pharmacol Sin 

25:1521-1524. 

Lefer AM, Johnson G, 3rd, Ma XL, Tsao PS and Thomas GR (1991) Cardioprotective 

and endothelial protective effects of [Ala-IL8]77 in a rabbit model of myocardial 

ischaemia and reperfusion. Br J Pharmacol 103:1153-1159. 

Lerman A and McConnell JP (2008) Lipoprotein-associated phospholipase A2: a risk 

marker or a risk factor? Am J Cardiol 101:11F-22F. 



 129

Leslie CC (2004) Regulation of the specific release of arachidonic acid by cytosolic 

phospholipase A2. Prostaglandins Leukot Essent Fatty Acids 70:373-376. 

Leung SW, Teoh H, Quan A and Man RY (1997) Endothelial dysfunction exacerbates 

the impairment of relaxation by lysophosphatidylcholine in porcine coronary 

artery. Clin Exp Pharmacol Physiol 24:984-986. 

Lum H, Qiao J, Walter RJ, Huang F, Subbaiah PV, Kim KS and Holian O (2003) 

Inflammatory stress increases receptor for lysophosphatidylcholine in human 

microvascular endothelial cells. Am J Physiol Heart Circ Physiol 285:H1786-

1789. 

MacPhee CH, Moores KE, Boyd HF, Dhanak D, Ife RJ, Leach CA, Leake DS, Milliner 

KJ, Patterson RA, Suckling KE, Tew DG and Hickey DM (1999) Lipoprotein-

associated phospholipase A2, platelet-activating factor acetylhydrolase, generates 

two bioactive products during the oxidation of low-density lipoprotein: use of a 

novel inhibitor. Biochem J 338 ( Pt 2):479-487. 

Macphee CH, Nelson JJ and Zalewski A (2005) Lipoprotein-associated phospholipase 

A2 as a target of therapy. Curr Opin Lipidol 16:442-446. 

Mahfouz M and Kummerow F (2001) Oxidized low density lipoprotein inhibits 

prostacyclin generation by rat aorta in vitro: a key role of lysolecithin. 

Prostaglandins Other Lipid Mediat 66:283-304. 

Mais DE, Burch RM, Saussy DL, Jr., Kochel PJ and Halushka PV (1985) Binding of a 

thromboxane A2/prostaglandin H2 receptor antagonist to washed human platelets. 

J Pharmacol Exp Ther 235:729-734. 



 130

Makino A, Ohuchi K and Kamata K (2000) Mechanisms underlying the attenuation of 

endothelium-dependent vasodilatation in the mesenteric arterial bed of the 

streptozotocin-induced diabetic rat. Br J Pharmacol 130:549-556. 

Man RY (1988) Lysophosphatidylcholine-induced arrhythmias and its accumulation in 

the rat perfused heart. Br J Pharmacol 93:412-416. 

Marasciulo FL, Montagnani M and Potenza MA (2006) Endothelin-1: the yin and yang 

on vascular function. Curr Med Chem 13:1655-1665. 

Matoba T, Shimokawa H, Nakashima M, Hirakawa Y, Mukai Y, Hirano K, Kanaide H 

and Takeshita A (2000) Hydrogen peroxide is an endothelium-derived 

hyperpolarizing factor in mice. J Clin Invest 106:1521-1530. 

Matsumoto T, Kobayashi T and Kamata K (2006) Mechanisms underlying 

lysophosphatidylcholine-induced potentiation of vascular contractions in the 

Otsuka Long-Evans Tokushima Fatty (OLETF) rat aorta. Br J Pharmacol 

149:931-941. 

Matsumoto T, Kobayashi T and Kamata K (2007) Role of lysophosphatidylcholine (LPC) 

in atherosclerosis. Curr Med Chem 14:3209-3220. 

Maulik N, Watanabe M, Zu YL, Huang CK, Cordis GA, Schley JA and Das DK (1996) 

Ischemic preconditioning triggers the activation of MAP kinases and MAPKAP 

kinase 2 in rat hearts. FEBS Lett 396:233-237. 

McGuire JJ, Ding H and Triggle CR (2001) Endothelium-derived relaxing factors: a 

focus on endothelium-derived hyperpolarizing factor(s). Can J Physiol 

Pharmacol 79:443-470. 



 131

Mehta JL, Lawson DL and Nichols WW (1989) Attenuated coronary relaxation after 

reperfusion: effects of superoxide dismutase and TxA2 inhibitor U 63557A. Am J 

Physiol 257:H1240-1246. 

Meziani F, Tesse A, Welsch S, Kremer H, Barthelmebs M, Andriantsitohaina R, 

Schneider F and Gairard A (2008) Expression and biological activity of 

parathyroid hormone-related peptide in pregnant rat uterine artery: any role for 8-

iso-prostaglandin F2alpha? Endocrinology 149:626-633. 

Miura H, Bosnjak JJ, Ning G, Saito T, Miura M and Gutterman DD (2003) Role for 

hydrogen peroxide in flow-induced dilation of human coronary arterioles. Circ 

Res 92:e31-40. 

Moien-Afshari F, Skarsgard PL, McManus BM and Laher I (2004) Cardiac 

transplantation and resistance artery myogenic tone. Can J Physiol Pharmacol 

82:840-848. 

Moncada S, Gryglewski R, Bunting S and Vane JR (1976) An enzyme isolated from 

arteries transforms prostaglandin endoperoxides to an unstable substance that 

inhibits platelet aggregation. Nature 263:663-665. 

Moncada S, Herman AG, Higgs EA and Vane JR (1977) Differential formation of 

prostacyclin (PGX or PGI2) by layers of the arterial wall. An explanation for the 

anti-thrombotic properties of vascular endothelium. Thromb Res 11:323-344. 

Montuschi P, Barnes PJ and Roberts LJ, 2nd (2004) Isoprostanes: markers and mediators 

of oxidative stress. Faseb J 18:1791-1800. 

Morrow JD and Roberts LJ, 2nd (1996) The isoprostanes. Current knowledge and 

directions for future research. Biochem Pharmacol 51:1-9. 



 132

Muller B (1991) Pharmacology of thromboxane A2, prostacyclin and other eicosanoids in 

the cardiovascular system. Therapie 46:217-221. 

Mulvany MJ and Aalkjaer C (1990) Structure and function of small arteries. Physiol Rev 

70:921-961. 

Munzel T, Daiber A, Ullrich V and Mulsch A (2005) Vascular consequences of 

endothelial nitric oxide synthase uncoupling for the activity and expression of the 

soluble guanylyl cyclase and the cGMP-dependent protein kinase. Arterioscler 

Thromb Vasc Biol 25:1551-1557. 

Murakami M, Koduri RS, Enomoto A, Shimbara S, Seki M, Yoshihara K, Singer A, 

Valentin E, Ghomashchi F, Lambeau G, Gelb MH and Kudo I (2001) Distinct 

arachidonate-releasing functions of mammalian secreted phospholipase A2s in 

human embryonic kidney 293 and rat mastocytoma RBL-2H3 cells through 

heparan sulfate shuttling and external plasma membrane mechanisms. J Biol 

Chem 276:10083-10096. 

Murphy ME and Brayden JE (1995) Apamin-sensitive K+ channels mediate an 

endothelium-dependent hyperpolarization in rabbit mesenteric arteries. J Physiol 

489 ( Pt 3):723-734. 

Neuzil J, Upston JM, Witting PK, Scott KF and Stocker R (1998) Secretory 

phospholipase A2 and lipoprotein lipase enhance 15-lipoxygenase-induced 

enzymic and nonenzymic lipid peroxidation in low-density lipoproteins. 

Biochemistry 37:9203-9210. 

Nishio E, Nakata H, Arimura S and Watanabe Y (1996) alpha-1-Adrenergic receptor 

stimulation causes arachidonic acid release through pertussis toxin-sensitive GTP-



 133

binding protein and JNK activation in rabbit aortic smooth muscle cells. Biochem 

Biophys Res Commun 219:277-282. 

Nobe K, Suzuki H, Sakai Y, Nobe H, Paul RJ and Momose K (2004) Glucose-dependent 

enhancement of spontaneous phasic contraction is suppressed in diabetic mouse 

portal vein: association with diacylglycerol-protein kinase C pathway. J 

Pharmacol Exp Ther 309:1263-1272. 

Oates JA, FitzGerald GA, Branch RA, Jackson EK, Knapp HR and Roberts LJ, 2nd 

(1988a) Clinical implications of prostaglandin and thromboxane A2 formation (1). 

N Engl J Med 319:689-698. 

Oates JA, FitzGerald GA, Branch RA, Jackson EK, Knapp HR and Roberts LJ, 2nd 

(1988b) Clinical implications of prostaglandin and thromboxane A2 formation (2). 

N Engl J Med 319:761-767. 

Ogletree ML, Harris DN, Greenberg R, Haslanger MF and Nakane M (1985) 

Pharmacological actions of SQ 29,548, a novel selective thromboxane antagonist. 

J Pharmacol Exp Ther 234:435-441. 

Ohara Y, Peterson TE and Harrison DG (1993) Hypercholesterolemia increases 

endothelial superoxide anion production. J Clin Invest 91:2546-2551. 

Ohara Y, Peterson TE, Zheng B, Kuo JF and Harrison DG (1994) 

Lysophosphatidylcholine increases vascular superoxide anion production via 

protein kinase C activation. Arterioscler Thromb 14:1007-1013. 

Ojala PJ, Hirvonen TE, Hermansson M, Somerharju P and Parkkinen J (2007) Acyl 

chain-dependent effect of lysophosphatidylcholine on human neutrophils. J 

Leukoc Biol 82:1501-1509. 



 134

Okajima F, Sato K, Tomura H, Kuwabara A, Nochi H, Tamoto K, Kondo Y, Tokumitsu 

Y and Ui M (1998) Stimulatory and inhibitory actions of lysophosphatidylcholine, 

depending on its fatty acid residue, on the phospholipase C/Ca2+ system in HL-

60 leukaemia cells. Biochem J 336 ( Pt 2):491-500. 

O'Kane KP, Webb DJ, Collier JG, Vallance PJ. (1994) Local L-NG-monomethyl-

arginine attenuates the vasodilator action of bradykinin in the human forearm. Br 

J Clin Pharmacol. 38:311-315. 

Otani H, Prasad MR, Jones RM and Das DK (1989) Mechanism of membrane 

phospholipid degradation in ischemic-reperfused rat hearts. Am J Physiol 

257:H252-258. 

Pagano PJ, Ito Y, Tornheim K, Gallop PM, Tauber AI and Cohen RA (1995) An NADPH 

oxidase superoxide-generating system in the rabbit aorta. Am J Physiol 

268:H2274-2280. 

Papaharalambus CA and Griendling KK (2007) Basic mechanisms of oxidative stress and 

reactive oxygen species in cardiovascular injury. Trends Cardiovasc Med 17:48-

54. 

Parker JL, Mattox ML and Laughlin MH (1997) Contractile responsiveness of coronary 

arteries from exercise-trained rats. J Appl Physiol 83:434-443. 

Parks BW, Lusis AJ and Kabarowski JH (2006) Loss of the lysophosphatidylcholine 

effector, G2A, ameliorates aortic atherosclerosis in low-density lipoprotein 

receptor knockout mice. Arterioscler Thromb Vasc Biol 26:2703-2709. 



 135

Parmentier JH, Gandhi GK, Wiggins MT, Saeed AE, Bourgoin SG and Malik KU (2004) 

Protein kinase Czeta regulates phospholipase D activity in rat-1 fibroblasts 

expressing the alpha1A adrenergic receptor. BMC Cell Biol 5:4. 

Patrono C, Falco A and Davi G (2005) Isoprostane formation and inhibition in 

atherothrombosis. Curr Opin Pharmacol 5:198-203. 

Piomelli D, Giuffrida A, Calignano A and Rodriguez de Fonseca F (2000) The 

endocannabinoid system as a target for therapeutic drugs. Trends Pharmacol Sci 

21:218-224. 

Poulos A, Voglmayr JK and White IG (1973) Phospholipid changes in spermatozoa 

during passage through the genital tract of the bull. Biochim Biophys Acta 

306:194-202. 

Priest RM, Hucks D and Ward JP (1997) Noradrenaline, beta-adrenoceptor mediated 

vasorelaxation and nitric oxide in large and small pulmonary arteries of the rat. Br 

J Pharmacol 122:1375-1384. 

Pulinilkunnil T, An D, Yip P, Chan N, Qi D, Ghosh S, Abrahani A and Rodrigues B 

(2004) Palmitoyl lysophosphatidylcholine mediated mobilization of LPL to the 

coronary luminal surface requires PKC activation. J Mol Cell Cardiol 37:931-938. 

Pulinilkunnil T and Rodrigues B (2006) Cardiac lipoprotein lipase: metabolic basis for 

diabetic heart disease. Cardiovasc Res 69:329-340. 

Qi W, Wei JX, Dorairaj I, Mahajan RP and Wilson VG (2007) Evidence that a prostanoid 

produced by cyclo-oxygenase-2 enhances contractile responses of the porcine 

isolated coronary artery following exposure to lipopolysaccharide. Br J Anaesth 

98:323-330. 



 136

Qiao J, Huang F, Naikawadi RP, Kim KS, Said T and Lum H (2006) 

Lysophosphatidylcholine impairs endothelial barrier function through the G 

protein-coupled receptor GPR4. Am J Physiol Lung Cell Mol Physiol 291:L91-

101. 

Quillen JE, Sellke FW, Brooks LA and Harrison DG (1990) Ischemia-reperfusion 

impairs endothelium-dependent relaxation of coronary microvessels but does not 

affect large arteries. Circulation 82:586-594. 

Radu CG, Yang LV, Riedinger M, Au M and Witte ON (2004) T cell chemotaxis to 

lysophosphatidylcholine through the G2A receptor. Proc Natl Acad Sci U S A 

101:245-250. 

Reif DW and McCreedy SA (1995) N-nitro-L-arginine and N-monomethyl-L-arginine 

exhibit a different pattern of inactivation toward the three nitric oxide synthases. 

Arch Biochem Biophys. 320:170-176. 

Rikitake Y, Hirata K, Kawashima S, Inoue N, Akita H, Kawai Y, Nakagawa Y and 

Yokoyama M (2000a) Inhibition of endothelium-dependent arterial relaxation by 

oxidized phosphatidylcholine. Atherosclerosis 152:79-87. 

Rikitake Y, Hirata K, Yamashita T, Iwai K, Kobayashi S, Itoh H, Ozaki M, Ejiri J, 

Shiomi M, Inoue N, Kawashima S and Yokoyama M (2002) Expression of G2A, 

a receptor for lysophosphatidylcholine, by macrophages in murine, rabbit, and 

human atherosclerotic plaques. Arterioscler Thromb Vasc Biol 22:2049-2053. 

Rikitake Y, Kawashima S, Yamashita T, Ueyama T, Ishido S, Hotta H, Hirata K and 

Yokoyama M (2000b) Lysophosphatidylcholine inhibits endothelial cell 



 137

migration and proliferation via inhibition of the extracellular signal-regulated 

kinase pathway. Arterioscler Thromb Vasc Biol 20:1006-1012. 

Ruan Y, Kan H, Parmentier JH, Fatima S, Allen LF and Malik KU (1998) Alpha-1A 

adrenergic receptor stimulation with phenylephrine promotes arachidonic acid 

release by activation of phospholipase D in rat-1 fibroblasts: inhibition by protein 

kinase A. J Pharmacol Exp Ther 284:576-585. 

Rustenbeck I and Lenzen S (1989) Effects of lysophosphatidylcholine and arachidonic 

acid on the regulation of intracellular Ca2+ transport. Naunyn Schmiedebergs 

Arch Pharmacol 339:37-41. 

Sakuma I, Stuehr DJ, Gross SS, Nathan C and Levi R (1988) Identification of arginine as 

a precursor of endothelium-derived relaxing factor. Proc Natl Acad Sci U S A 

85:8664-8667. 

Sakurada S, Okamoto H, Takuwa N, Sugimoto N and Takuwa Y (2001) Rho activation in 

excitatory agonist-stimulated vascular smooth muscle. Am J Physiol Cell Physiol 

281:C571-578. 

Sandow SL and Hill CE (2000) Incidence of myoendothelial gap junctions in the 

proximal and distal mesenteric arteries of the rat is suggestive of a role in 

endothelium-derived hyperpolarizing factor-mediated responses. Circ Res 86:341-

346. 

Santhanam AV, Smith LA, He T, Nath KA and Katusic ZS (2007) Endothelial progenitor 

cells stimulate cerebrovascular production of prostacyclin by paracrine activation 

of cyclooxygenase-2. Circ Res 100:1379-1388. 



 138

Sargent CA, Vesterqvist O, Ogletree ML and Grover GJ (1993) Effects of endogenous 

and exogenous lysophosphatidylcholine in isolated perfused rat hearts. J Mol Cell 

Cardiol 25:905-913. 

Sasagawa T, Suzuki K, Shiota T, Kondo T and Okita M (1998) The significance of 

plasma lysophospholipids in patients with renal failure on hemodialysis. J Nutr 

Sci Vitaminol (Tokyo) 44:809-818. 

Sayed-Ahmed MM, Khattab MM, Gad MZ and Osman AM (2001) Increased plasma 

endothelin-1 and cardiac nitric oxide during doxorubicin-induced cardiomyopathy. 

Pharmacol Toxicol 89:140-144. 

Schalkwijk CG and Stehouwer CD (2005) Vascular complications in diabetes mellitus: 

the role of endothelial dysfunction. Clin Sci (Lond) 109:143-159. 

Schmiedl A, Schnabel PA, Kausch Blecken von Schmeling H, Marten K and Richter J 

(2001) Swelling of capillary endothelial cells and cardiomyocytes in the 

ischaemic myocardium of artificially arrested canine hearts. J Electron Microsc 

(Tokyo) 50:349-357. 

Schubert R, Wesselman JP, Nilsson H and Mulvany MJ (1996) Noradrenaline-induced 

depolarization is smaller in isobaric compared to isometric preparations of rat 

mesenteric small arteries. Pflugers Arch 431:794-796. 

Sedlis SP, Hom M, Sequeira JM and Esposito R (1993) Lysophosphatidylcholine 

accumulation in ischemic human myocardium. J Lab Clin Med 121:111-117. 

Sedlis SP, Hom M, Sequeira JM, Tritel M, Gindea A, Ladenson JH, Jaffe AS and 

Esposito R (1997) Time course of lysophosphatidylcholine release from ischemic 



 139

human myocardium parallels the time course of early ischemic ventricular 

arrhythmia. Coron Artery Dis 8:19-27. 

Sedlis SP, Sequeira JM and Altszuler HM (1990) Potentiation of the depressant effects of 

lysophosphatidylcholine on contractile properties of cultured cardiac myocytes by 

acidosis and superoxide radical. J Lab Clin Med 115:203-216. 

Seeger W, Walter H, Suttorp N, Muhly M and Bhakdi S (1989) Thromboxane-mediated 

hypertension and vascular leakage evoked by low doses of Escherichia coli 

hemolysin in rabbit lungs. J Clin Invest 84:220-227. 

Sekas G, Patton GM, Lincoln EC and Robins SJ (1985) Origin of plasma 

lysophosphatidylcholine: evidence for direct hepatic secretion in the rat. J Lab 

Clin Med 105:190-194. 

Shaikh NA and Downar E (1981) Time course of changes in porcine myocardial 

phospholipid levels during ischemia. A reassessment of the lysolipid hypothesis. 

Circ Res 49:316-325. 

Shi AH, Yoshinari M, Wakisaka M, Iwase M and Fujishima M (1999) 

Lysophosphatidylcholine molecular species in low density lipoprotein of type 2 

diabetes. Horm Metab Res 31:283-286. 

Shimokawa H and Matoba T (2004) Hydrogen peroxide as an endothelium-derived 

hyperpolarizing factor. Pharmacol Res 49:543-549. 

Shiokoshi T, Ohsaki Y, Kawabe J, Fujino T and Kikuchi K (2002) Downregulation of 

nitric oxide accumulation by cyclooxygenase-2 induction and thromboxane A2 

production in interleukin-1beta-stimulated rat aortic smooth muscle cells. J 

Hypertens 20:455-461. 



 140

Skrzypiec-Spring M, Grotthus B, Szelag A and Schulz R (2007) Isolated heart perfusion 

according to Langendorff---still viable in the new millennium. J Pharmacol 

Toxicol Methods 55:113-126. 

Smyth SS, Cheng HY, Miriyala S, Panchatcharam M and Morris AJ (2008) Roles of 

lysophosphatidic acid in cardiovascular physiology and disease. Biochim Biophys 

Acta 1781:563-570. 

Snyder DW, Crafford WA, Jr., Glashow JL, Rankin D, Sobel BE and Corr PB (1981) 

Lysophosphoglycerides in ischemic myocardium effluents and potentiation of 

their arrhythmogenic effects. Am J Physiol 241:H700-707. 

Sobel BE, Corr PB, Robison AK, Goldstein RA, Witkowski FX and Klein MS (1978) 

Accumulation of lysophosphoglycerides with arrhythmogenic properties in 

ischemic myocardium. J Clin Invest 62:546-553. 

Sonoki K, Iwase M, Iino K, Ichikawa K, Ohdo S, Higuchi S, Yoshinari M and Iida M 

(2003) Atherogenic role of lysophosphatidylcholine in low-density lipoprotein 

modified by phospholipase A2 and in diabetic patients: protection by nitric oxide 

donor. Metabolism 52:308-314. 

Staat P, Rioufol G, Piot C, Cottin Y, Cung TT, L'Huillier I, Aupetit JF, Bonnefoy E, 

Finet G, Andre-Fouet X and Ovize M (2005) Postconditioning the human heart. 

Circulation 112:2143-2148. 

Stankevicius E, Kevelaitis E, Vainorius E and Simonsen U (2003) [Role of nitric oxide 

and other endothelium-derived factors]. Medicina (Kaunas) 39:333-341. 



 141

Stevenson KM and Lumbers ER (1992) Effects of indomethacin on fetal renal function, 

renal and umbilicoplacental blood flow and lung liquid production. J Dev Physiol 

17:257-264. 

Stiko A, Regnstrom J, Shah PK, Cercek B and Nilsson J (1996) Active oxygen species 

and lysophosphatidylcholine are involved in oxidized low density lipoprotein 

activation of smooth muscle cell DNA synthesis. Arterioscler Thromb Vasc Biol 

16:194-200. 

Subbaiah PV, Liu M, Bolan PJ and Paltauf F (1992) Altered positional specificity of 

human plasma lecithin-cholesterol acyltransferase in the presence of sn-2 

arachidonoyl phosphatidyl cholines. Mechanism of formation of saturated 

cholesteryl esters. Biochim Biophys Acta 1128:83-92. 

Sudhir K (2005) Clinical review: Lipoprotein-associated phospholipase A2, a novel 

inflammatory biomarker and independent risk predictor for cardiovascular disease. 

J Clin Endocrinol Metab 90:3100-3105. 

Suenaga H and Kamata K (2003) Lysophosphatidylcholine activates extracellular-signal-

regulated protein kinase and potentiates vascular contractile responses in rat aorta. 

J Pharmacol Sci 92:348-358. 

Takahara N, Kashiwagi A, Nishio Y, Harada N, Kojima H, Maegawa H, Hidaka H and 

Kikkawa R (1997) Oxidized lipoproteins found in patients with NIDDM stimulate 

radical-induced monocyte chemoattractant protein-1 mRNA expression in 

cultured human endothelial cells. Diabetologia 40:662-670. 

Takeshita S, Inoue N, Gao D, Rikitake Y, Kawashima S, Tawa R, Sakurai H and 

Yokoyama M (2000) Lysophosphatidylcholine enhances superoxide anions 



 142

production via endothelial NADH/NADPH oxidase. J Atheroscler Thromb 7:238-

246. 

Terasawa K, Nakajima T, Iida H, Iwasawa K, Oonuma H, Jo T, Morita T, Nakamura F, 

Fujimori Y, Toyo-oka T and Nagai R (2002) Nonselective cation currents regulate 

membrane potential of rabbit coronary arterial cell: modulation by 

lysophosphatidylcholine. Circulation 106:3111-3119. 

Terzic A, Puceat M, Vassort G and Vogel SM (1993) Cardiac alpha 1-adrenoceptors: an 

overview. Pharmacol Rev 45:147-175. 

Thukkani AK, McHowat J, Hsu FF, Brennan ML, Hazen SL and Ford DA (2003) 

Identification of alpha-chloro fatty aldehydes and unsaturated 

lysophosphatidylcholine molecular species in human atherosclerotic lesions. 

Circulation 108:3128-3133. 

Tiefenbacher CP, Chilian WM, Mitchell M and DeFily DV (1996) Restoration of 

endothelium-dependent vasodilation after reperfusion injury by 

tetrahydrobiopterin. Circulation 94:1423-1429. 

Tiefenbacher CP, DeFily DV and Chilian WM (1998) Requisite role of cardiac myocytes 

in coronary alpha1-adrenergic constriction. Circulation 98:9-12. 

Tigyi G, Hong L, Yakubu M, Parfenova H, Shibata M and Leffler CW (1995) 

Lysophosphatidic acid alters cerebrovascular reactivity in piglets. Am J Physiol 

268:H2048-2055. 

Tigyi G and Parrill AL (2003) Molecular mechanisms of lysophosphatidic acid action. 

Prog Lipid Res 42:498-526. 



 143

Tokumura A (2004) Metabolic pathways and physiological and pathological 

significances of lysolipid phosphate mediators. J Cell Biochem 92:869-881. 

Tokumura A, Fukuzawa K and Tsukatani H (1978) Effects of synthetic and natural 

lysophosphatidic acids on the arterial blood pressure of different animal species. 

Lipids 13:572-574. 

Tokumura A, Majima E, Kariya Y, Tominaga K, Kogure K, Yasuda K and Fukuzawa K 

(2002) Identification of human plasma lysophospholipase D, a lysophosphatidic 

acid-producing enzyme, as autotaxin, a multifunctional phosphodiesterase. J Biol 

Chem 277:39436-39442. 

Toufektsian MC, Boucher FR, Tanguy S, Morel S and de Leiris JG (2001) Cardiac 

toxicity of singlet oxygen: implication in reperfusion injury. Antioxid Redox 

Signal 3:63-69. 

Tschudi MR, Criscione L, Novosel D, Pfeiffer K and Luscher TF (1994) 

Antihypertensive therapy augments endothelium-dependent relaxations in 

coronary arteries of spontaneously hypertensive rats. Circulation 89:2212-2218. 

Tune JD, Richmond KN, Gorman MW and Feigl EO (2002) Control of coronary blood 

flow during exercise. Exp Biol Med (Maywood) 227:238-250. 

Tweddell JS, Rokkas CK, Harada A, Pirolo JS, Branham BH, Schuessler RB, Boineau JP 

and Cox JL (1994) Anterior septal coronary artery infarction in the canine: a 

model of ventricular tachycardia with a subendocardial origin. Ablation and 

activation sequence mapping. Circulation 90:2982-2992. 

Umezu-Goto M, Kishi Y, Taira A, Hama K, Dohmae N, Takio K, Yamori T, Mills GB, 

Inoue K, Aoki J and Arai H (2002) Autotaxin has lysophospholipase D activity 



 144

leading to tumor cell growth and motility by lysophosphatidic acid production. J 

Cell Biol 158:227-233. 

van Meeteren LA and Moolenaar WH (2007) Regulation and biological activities of the 

autotaxin-LPA axis. Prog Lipid Res 46:145-160. 

VanBenthuysen KM, McMurtry IF and Horwitz LD (1987) Reperfusion after acute 

coronary occlusion in dogs impairs endothelium-dependent relaxation to 

acetylcholine and augments contractile reactivity in vitro. J Clin Invest 79:265-

274. 

Vanhoutte PM (1998) Endothelial dysfunction and vascular disease. Verh K Acad 

Geneeskd Belg 60:251-266. 

Vesterqvist O, Sargent CA, Taylor SC, Newburger J, Tymiak AA, Grover GJ and 

Ogletree ML (1992) Quantitation of lysophosphatidylcholine molecular species in 

rat cardiac tissue. Anal Biochem 204:72-78. 

Viljoen A (2008) New approaches in the diagnosis of atherosclerosis and treatment of 

cardiovascular disease. Recent Pat Cardiovasc Drug Discov 3:84-91. 

Vuong TD, de Kimpe S, de Roos R, Rabelink TJ, Koomans HA and Joles JA (2001) 

Albumin restores lysophosphatidylcholine-induced inhibition of vasodilation in 

rat aorta. Kidney Int 60:1088-1096. 

Waldron GJ and Cole WC (1999) Activation of vascular smooth muscle K+ channels by 

endothelium-derived relaxing factors. Clin Exp Pharmacol Physiol 26:180-184. 

Watanabe M and Okada T (2003) Lysophosphatidylcholine-induced myocardial damage 

is inhibited by pretreatment with poloxamer 188 in isolated rat heart. Mol Cell 

Biochem 248:209-215. 



 145

Webb NR, Bostrom MA, Szilvassy SJ, van der Westhuyzen DR, Daugherty A and de 

Beer FC (2003) Macrophage-expressed group IIA secretory phospholipase A2 

increases atherosclerotic lesion formation in LDL receptor-deficient mice. 

Arterioscler Thromb Vasc Biol 23:263-268. 

Wei EP, Kontos HA and Beckman JS (1996) Mechanisms of cerebral vasodilation by 

superoxide, hydrogen peroxide, and peroxynitrite. Am J Physiol 271:H1262-1266. 

Westerhof N, Boer C, Lamberts RR and Sipkema P (2006) Cross-talk between cardiac 

muscle and coronary vasculature. Physiol Rev 86:1263-1308. 

Wilcox CS (2002) Reactive oxygen species: roles in blood pressure and kidney function. 

Curr Hypertens Rep 4:160-166. 

Wong JT, Tran K, Pierce GN, Chan AC, O K and Choy PC (1998) 

Lysophosphatidylcholine stimulates the release of arachidonic acid in human 

endothelial cells. J Biol Chem 273:6830-6836. 

Xie H and Bevan JA (1999) Oxidized low-density lipoprotein enhances myogenic tone in 

the rabbit posterior cerebral artery through the release of endothelin-1. Stroke 

30:2423-2429; discussion 2429-2430. 

Xu H, Fink GD and Galligan JJ (2004) Tempol lowers blood pressure and sympathetic 

nerve activity but not vascular O2- in DOCA-salt rats. Hypertension 43:329-334. 

Xu Y (2002) Sphingosylphosphorylcholine and lysophosphatidylcholine: G protein-

coupled receptors and receptor-mediated signal transduction. Biochim Biophys 

Acta 1582:81-88. 



 146

Yamakawa T, Eguchi S, Yamakawa Y, Motley ED, Numaguchi K, Utsunomiya H and 

Inagami T (1998) Lysophosphatidylcholine stimulates MAP kinase activity in rat 

vascular smooth muscle cells. Hypertension 31:248-253. 

Yamakawa T, Tanaka S, Yamakawa Y, Kamei J, Numaguchi K, Motley ED, Inagami T 

and Eguchi S (2002) Lysophosphatidylcholine activates extracellular signal-

regulated kinases 1/2 through reactive oxygen species in rat vascular smooth 

muscle cells. Arterioscler Thromb Vasc Biol 22:752-758. 

Yan JJ, Jung JS, Lee JE, Lee J, Huh SO, Kim HS, Jung KC, Cho JY, Nam JS, Suh HW, 

Kim YH and Song DK (2004) Therapeutic effects of lysophosphatidylcholine in 

experimental sepsis. Nat Med 10:161-167. 

Yang LV, Radu CG, Wang L, Riedinger M and Witte ON (2005) Gi-independent 

macrophage chemotaxis to lysophosphatidylcholine via the immunoregulatory 

GPCR G2A. Blood 105:1127-1134. 

Yeon D, Kwon S, Nam T and Ahn D (2001) Lysophosphatidylcholine decreases delayed 

rectifier K+ current in rabbit coronary smooth muscle cells. J Vet Med Sci 63:395-

399. 

Yoshizumi M, Tsuchiya K and Tamaki T (2001) Signal transduction of reactive oxygen 

species and mitogen-activated protein kinases in cardiovascular disease. J Med 

Invest 48:11-24. 

Yuan Y, Schoenwaelder SM, Salem HH and Jackson SP (1996) The bioactive 

phospholipid, lysophosphatidylcholine, induces cellular effects via G-protein-

dependent activation of adenylyl cyclase. J Biol Chem 271:27090-27098. 



 147

Zembowicz A, Jones SL and Wu KK (1995a) Induction of cyclooxygenase-2 in human 

umbilical vein endothelial cells by lysophosphatidylcholine. J Clin Invest 

96:1688-1692. 

Zembowicz A, Tang JL and Wu KK (1995b) Transcriptional induction of endothelial 

nitric oxide synthase type III by lysophosphatidylcholine. J Biol Chem 

270:17006-17010. 

Zhu K, Baudhuin LM, Hong G, Williams FS, Cristina KL, Kabarowski JH, Witte ON and 

Xu Y (2001) Sphingosylphosphorylcholine and lysophosphatidylcholine are 

ligands for the G protein-coupled receptor GPR4. J Biol Chem 276:41325-41335. 

Zou MH, Cohen R and Ullrich V (2004) Peroxynitrite and vascular endothelial 

dysfunction in diabetes mellitus. Endothelium 11:89-97. 

Zou Y, Kim CH, Chung JH, Kim JY, Chung SW, Kim MK, Im DS, Lee J, Yu BP and 

Chung HY (2007) Upregulation of endothelial adhesion molecules by 

lysophosphatidylcholine. Involvement of G protein-coupled receptor GPR4. Febs 

J 274:2573-2584. 

 



 148

   
  

THE UNIVERSITY OF BRITISH COLUMBIA  

ANIMAL CARE CERTIFICATE  

Application Number: A08-0763  

Investigator or Course Director: Brian B. Rodrigues  

Department: Pharmaceutical Sciences 

Animals:   

Rats Wistar 300 

  

Start Date:   July 1, 2007  Approval 
Date:  January 12, 2009  

Funding Sources: 

Funding 
Agency:   Heart and Stroke Foundation of British Columbia and Yukon 

Funding 
Title:   High fat induced changes in cardiac metabolism and its consequences 

  
    
  Unfunded 
title:    N/A  
 

The Animal Care Committee has examined and approved the use of animals for the 
above experimental project. 

This certificate is valid for one year from the above start or approval date (whichever is later) 
provided there is no change in the experimental procedures.  Annual review is required by the 
CCAC and some granting agencies. 

A copy of this certificate must be displayed in your animal facility.  

Office of Research Services and Administration 
102, 6190 Agronomy Road, Vancouver, BC V6T 1Z3 

Phone: 604-827-5111 Fax: 604-822-5093 


