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ABSTRACT  
 

 
 

EFFECTS OF ENDOTHELIN IN INTEGRATED VENOUS FUNCTION IN 

HEALTH AND DISEASE 
 

 
 

Afarh Mansoor Al-Najeer                                              Advisor: Dr. Ron Johnson 

University of Guelph, 2014                               CO advisor Dr. Jonathan LaMarre 

 

 

The endothelin system and integrated venous function are both under the 

influence of sex steroids. However, there is limited understanding of the influence of 

gender and acute deprivation of steroid hormones on venoconstrictor responses to ET-

1. Unpressurized mesenteric vessels of gonadally intact, or neutered male and female 

rats were used to assess vascular responses to (Endothelin) ET-1 or the selective 

endothelin B receptor (ETBR) agonist, sarafotoxin 6c (S6c) in presence and absence 

of the selective endothelin A receptor (ETAR) antagonist (BQ-610) and/or and the 

selective ETBR antagonist (BQ-788). There were no differences in ET-1 contractile 

responses between intact male and female rats. However, S6c produced significantly 

greater responses in the veins of intact male compared to intact female. In intact rats, 

blockade of ETARs revealed gender related differences in ETAR mediated 

venoconstriction, whereas blockade of both ETARs and ETBRs eliminated these 

differences. Ovariectomy enhanced the contractile responses to S6c in veins. 

Blockade of ETARs by BQ-610 was reduced in veins following ovariectomy and 

castration.  These results suggest that intact male veins produce greater ETBR 

mediated contractions, estrogen can modulate ETBR mediated contractions, and 

ETARs are under the influence of both sex steroid hormones.  

HF is associated with elevated plasma ET-1 levels and an increase in cardiac 

preload due to venoconstriction. The role of elevated plasma ET-1 levels in altered 



 

 

venous functions in HF has not been evaluated yet. Therefore we aimed to identify the 

changes in ET-1 vascular contractile responses and concomitant alterations in the ET-

1 receptors mediated vascular contractile responses together with changes in receptors 

mRNA and protein expression levels in mesenteric veins. At 4, 8 and 16 weeks post 

sham operation or Myocardial infarction (MI), venoconstrictor responses were 

recorded using a pressure myograph. RT-qPCR and Western blotting were used to 

quantify mRNA and protein expression of receptors. In Mesenteric veins, 

vasoconstrictor responses to ET-1 and S6c were progressively reduced in the period 

following MI. BQ-788 significantly reduced ET-1 responses in 4 and 16wk sham but 

not HF mice. BQ-610 abolished ET-1 responses in 4wk HF and sham mice, whereas 

in 16 wk mice, BQ-610 caused greater inhibition in ET-1 responses in HF than sham 

mice and co-application of BQ-788/BQ-610 completely inhibited ET-1 responses in 

sham and HF mice. ETBR but not ETAR mRNA and protein expression was decreased 

in HF mesenteric veins compared to those of sham mice. In conclusion, a reduced 

venoconstrictor response to ET-1 in HF is associated with the functional and 

molecular down regulation of venous ETBR post-MI.  
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INTRODUCTION 

1.0 Venous System 

1.1 Venous Physiology 

 

The most important functions of the venous system are to return blood from the 

periphery to the heart and serve as an adjustable blood reservoir to maintain cardiac 

filling (Gelman 2008). The venous system is highly compliant holding about 70% of 

the total blood volume compared to only 18% in large arteries, and only 3% in small 

arteries and arterioles (Rothe 1983; Levick 2003). This reservoir capacity of the 

venous system facilitates cardiovascular homeostasis by accommodating rapid 

volume shifts between the heart and peripheral circulation. Venules and small veins 

are the most important blood reservoirs within the circulatory system in both humans 

and rodents, holding approximately 75% of the total venous blood volume (Pang 

2001). Compliance represents ability of the veins to distend and is defined as ―a 

change in volume of blood within a vein (or venous system) associated with a change 

in intravenous distending pressure‖ (Gelman 2008). Venous compliance is 

approximately 30 times greater than arterial compliance, largely due to the thinner 

walls of veins, which compose mainly from elastin and collagen, and thinner layers of 

vascular smooth muscles (Schmitt et al., 2002). This unique structural property 

enables veins to act as an adjustable blood reservoir, quickly altering their blood 

volume to adjust cardiac filling. Because venous compliance is high, veins can accept 

relatively large volumes of blood without altering cardiac output (CO) and blood 

pressure (BP). 

The splanchnic bed is one of the most important venous vascular beds, holding 

about 30% of the total blood volume and receiving about 25% of CO at rest (Gelman 

2008). Veins and venules within the splanchnic bed are densely innervated by the 
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sympathetic nervous system (Dhawan et al., 2005). This contrasts with veins in the 

extremities, which have relatively poor sympathetic innervation and the cutaneous 

veins that possess low compliance and being controlled primarily by temperature. 

Therefore, altering the splanchnic veins through venoconstriction has great 

consequences for mobilization of blood throughout the body (Gelman 2008). 

Active vasoconstriction of small veins versus passive mobilization of systemic 

blood from large venous capacitance beds are two basic physiological mechanisms by 

which the venous system can contribute to the regulation of CO and BP (Gyselaers 

2010; Gelman, 2008; Boulpaep et al., 2005; Berne et al., 2001). The importance of 

active venoconstriction in large capacitance beds is especially significant under some 

physiological and pathophysiological situations in which CO is limited. In most 

physiological situations, such as blood loss, orthostasis or exercise, venoconstriction 

serves as a compensatory mechanism to maintain adequate CO by reducing venous 

volume and enhancing the magnitude of venous return (Schmitt et al., 2002). On the 

other hand, under pathophysiological situations, such as heart failure (HF), an 

exaggerated increase in venoconstriction contributes to increased ventricular preload. 

Therefore, venous capacity and active venoconstriction are important determinants of 

venous return (left ventricle preloading conditions) and CO.  

 
1.2 Mechanisms Controlling Venous Tone   

Venous tone refers to the prevailing contractile state of vascular smooth muscle 

in the wall of venules and veins. An increase in venous tone reduces venous 

capacitance, thereby increasing venous return. A number of factors or contributors are 

involved in the control of venous tone. Firstly, neural control of venous tone; in 

general, mesenteric veins receive neural input from both the sympathetic nervous 

system and spinal sensory nerves (Kreulen 2003). Sympathetic stimulation results in 
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vasoconstriction through norepinephrine (NE) release from sympathetic nerves. NE 

causes venoconstriction via both α1- and α2-adrenoceptors (Pérez-Rivera et al., 2007; 

Enouri et al., 2013). On the other hand, stimulation of sensory nerve fibers causes 

venodilation, which is not calcitonin gene-related peptide (CGRP) and substance P 

dependent, but is abolished by removal of endothelium and reduced by nitric oxide 

synthase (NOS) inhibitors (Ahluwalia &Vallance 1997).  

The second major contributors to control of venous tone are circulating and 

locally produced hormones. Catecholamines, such as epinephrine and dopamine 

(DA), exert an active vasoconstrictor influence on the venous vasculature. Stimulation 

of α1- and α2-adrenoceptors with epinephrine elicits venoconstriction, while 

stimulation of -adrenoceptor causes venodilation in the vascular beds of skeletal 

muscle and skin (Goldstein 2010). The main source of these circulating 

catecholamines is the adrenal glands, which produce epinephrine and DA. Other 

circulating vasoconstrictor agents that can influence venous tone are endothelin-1 

(ET-1), angiotensin II (Ang II), vasopressin, and venoconstrictor prostaglandins such 

as thromboxane A2. These agents can directly affect the smooth muscle of veins to 

cause constriction. Other than venoconstrictor agents, multiple endogenous agents 

such as nitric oxide (NO) and venodilator prostaglandins like prostocycline 

(prostaglandin I2 [PGI2]), acetylcholine (Ach) and bradykinin (BK) have been found 

to dilate the veins.  These agents have the ability to influence the venous tone by 

relaxing the smooth muscle of veins and modulating venoconstrictor responses to 

venoconstrictor agents. Finally, myogenic control of venous tone: myogenic tone is 

defined as the ―intrinsic capability of the veins to maintain or decrease their diameters 

against increasing pressure or flow‖ (Szentiványi et al., 1997). Increases in intra-

luminal venous pressure cause activation of local mechanisms that regulate venous 
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tone in order to maintain constant blood flow (Brookes & Kaufman 2003). These 

local mechanisms include a) opening ion channels, which cause the vascular smooth 

muscle cells (VSMCs) to depolarize. b) activation voltage-operated calcium channels, 

which initiate calcium influx; and  c) activation of protein kinase C (PKC) and RhoA/ 

Rho kinase pathways, which inactivate myosin light chain phosphatase (MLCP), with 

the net result being VSMCs contraction.  

While there is no doubt that sympathetic neurogenic release of NE to cause 

constriction of veins plays an important role in venous function, other key 

neurohumoral substances also provide pivotal input to the maintenance of venous tone 

(Pang, 2001). One of these substances, ET-1, is the most powerful endogenous 

vasoconstrictor known. Evidence from human and animal studies indicates that veins 

are important targets of ET-1 (Haynes et al., 1995; Strachan et al., 2000; Johnson et 

al., 2002). Despite the importance of the veins in maintaining and altering the 

circulation, and the potency of ET-1 to modify circulation, studies exploring the role 

of ET-1 in regulating the venous system function under physiological conditions and 

in disease states are limited.  

 

2.0 Endothelin System 

ET-1 discovered in 1988, is an endothelium-derived contracting factor and the 

most potent endogenous vasoconstrictor known. The endothelin family consists of 

three isoforms of 21-amino-acid (aa) peptides: ET-1, ET-2 and ET-3 (Fig 1). 

Endothelins share structural homology with four sarafotoxin peptides— S6a, S6b, S6c 

and S6d—extracted from the venom of the snake, Atractaspis engaddensis. The three-

endothelin peptides are each encoded by a separate gene and are expressed in various 

tissues (Matsumoto et al., 1989; Saida et al., 2002). ET-2 is predominantly expressed 

http://en.wikipedia.org/wiki/Depolarization
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in the intestine, ovary and uterus, whereas ET-3 is highly expressed in the brain 

(Uchide et al., 1999; Attinà et al., 2005; Schneider et al., 2007). Amongst the three 

isoforms, ET-1 is the predominant isoform in the cardiovascular system. Vascular 

endothelial cells (ECs) are the main source of ET-1 (Brunner et al., 2006; Callera et 

al., 2007). However, ET-1 is also produced by macrophages, fibroblasts, and 

cardiomyocytes (Kedzierski & Yanagisawa 2001). Under pathophysiological 

conditions, ET-1 is also produced by VSMCs and pulmonary epithelial cells (Thorin 

& Clozel 2010). In the vascular system, ET-1 may induce various actions, including 

vasoconstriction, vasodilation and vascular cell proliferation, through activation of 

endothelin A and B receptors (ETAR and ETBR, respectively). The endothelinergic 

system is considered a major regulator of integrated vascular function.  

 

2.1 Endothelin Synthesis and Clearance 

In ECs, ET-1 synthesis is initiated by transcription of its gene on chromosome 

6, generating an mRNA encoding the 212 aa peptide, preproET-1. PreproET-1 is 

processed to the 203 aa peptide, proET-1, which is cleaved by furin-like 

endopeptidase to yield the biologically active 38 aa, big ET-1 (Denault et al., 1995). 

Big ET-1 is converted by ET-1 converting enzyme (ECE) to the final 21 aa protein 

which has potent biological activity, as vasoconstricting potency of ET-1 is 

approximately 400 fold greater than that of big ET-1 (Kimura et al., 1989; Xu et al., 

1994; Emoto & Yanagisawa, 1995; Hasegawa et al., 1998). ET-1 is constantly 

transported to the endothelial surface in the vascular lumen in secretory vesicles by 

the constitutive secretory pathway, or it is stored in Weiber-Palade bodies.  Only in 

response to the appropriate stimulus, ET-1 will be relased from these bodies to cell 

surface (Russell et al., 1998). About 80% of ET-1 is secreted toward the basal side of 
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the endothelium and away from the luminal surface of the vessel (Wagner et al., 1992; 

Noguchi et al., 1995). ET-1 then acts in an autocrine or paracrine manner on ET-1 

receptors on ECs and VSMCs.   

The regulation of ET-1 synthesis takes place primarily at the gene transcription 

level. Under conditions of cardiovascular stress, preproET-1 mRNA is up-regulated in 

response to many factors, including vasoactive agents, such as Ang II, NE, cytokines 

and; hypoxia; and vascular shear stress. PreproET-1 mRNA is down regulated by NO, 

PGI2, and natriuretic peptides (Kawanabe & Nauli 2011; Mazzuca& Khalil 2012). 

The clearance of ET-1 from the circulation is achieved by ETBRs, also called 

clearance receptors, which are found on ECs. Because of it‘s large vascular surface 

area, the lung is considered the primary site for ET-1 clearance by endocytosis and 

degradation of the ETBRs -ligand complex (Dupuis et al., 2000). The physiologic 

plasma concentration of ET-1 is very low (0.7-5 pg/ml) in a healthy human adult 

(Hynynen & Khalil 2006). The near-irreversible binding of ET-1 to its receptors, 

which results in an extremely long half-life for dissociation from tissues (>30 hours in 

vitro), may account for this highly efficient ET-1 clearance mechanism (Waggoner et 

al., 1992; Wu-Wong et al., 1994) 

 

2.2 Endothelin Receptors 

Two distinct receptor subtypes mediate the biological effects of ET-1: the 

ETAR and the ETBR. Each endothelin receptor (ETR) is encoded by a separate gene. 

In humans, the ETAR gene is located on chromosome 4 and encodes a 427-aa protein 

(Sakurai et al., 1990; Hosoda et al., 1992), whereas the ETBR gene is located on 

chromosome 13 and encodes a 442-aa protein with a predicted molecular mass of ~50 

kDa (Penna et al., 2006). Human and mouse ETBRs are 88% similar (Davenport, 
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2002). ETRs are members of the seven transmembrane segments, G protein-coupled 

receptor superfamily and can be distinguished by the order of their affinity for the 

three endothelin isoforms. The affinity of ETAR for ET-3 is less than that for ET-1 

and ET-2, whereas ETBR displays similar affinity for all endothelin isoforms (Fig 1) 

(Davenport, 2002).  

ETRs are expressed in a wide variety of cells and tissues. In the vasculature, 

ETARs are primarily located on VSMCs and, when activated, produce a sustained 

vasoconstriction. Activation of ETARs elicits vasoconstriction via activation of 

phospholipase C β (PLC), which hydrolyzes membrane-associated phosphoinositide 

4,5-bisphosphate (PIP2) to generate the second messengers, inositol 1,4,5-triphosphate 

(IP3) and diacylglycerol (DAG), which stimulate intracellular Ca
2+

 release and 

activate PKC, respectively (Fig. 2).  

Two ETBR subtypes have been suggested based on their cellular localization 

within the vasculature: (Hynynen & Khalil 2006) vasodilator ETBRs on ECs and 

vasoconstrictor ETBRs on VSMCs. Activation of ETBRs on VSMCs causes 

vasoconstriction is described above. On the other hand, activation of ETBRs on ECs 

elicits vasodilation through the release of vasodilator substances, such as NO, PGI2, 

and endothelium-derived hyperpolarizing factor (EDHF) (Tirapelli et al., 2005; 

Hynynen & Khalil 2006), negatively modulating the vasoconstrictor effects mediated 

by ETRs on VSMCs (Fig. 2).  

Thus, the net effect of ET-1 on vascular tone reflects the balance between direct 

vasoconstrictor effect via ETARs and ETBRs on VSMCs, and NO or PGI2 evoked 

vasodilation mediated by ETBRs on ECs. In the renal system, ETBRs play an 

important role in regulating Na
+
 and water excretion by inhibiting Na

+
 and water re-

absorption (Kohan et al., 2011). As noted above, ETBRs also act as clearance 
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receptors for endogenous ET-1. ETRs have a wide range of biological actions, 

complicating the study of their roles in the regulation of vascular function under 

physiological and pathological conditions.  
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Figure 1. Amino acid structure of three ET isoforms and S6c. Showing amino acid 

positions that are different from ET-1, and the affinity of three isoforms for ETARs 

and ETBRs 
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2.3 Differences in Venous and Arterial Endothelinergic Systems  

 Although both the venous and arterial vasculatures possess ETBRs, a number of 

functional and molecular differences between arteries and veins exist. At the 

molecular level, ETBR mRNA levels and protein density are higher in veins than in 

arteries, and the ETAR: ETBR ratio on VSMCs is higher in arteries than in veins 

(Watts et al., 2002). Although most arterial beds, including large and small arteries, 

express ETBR, they do not appear to be functional, as evidenced by the fact that the 

selective ETBR agonist S6c does not contract most arteries (Johnson et al., 2002; 

Watts et al., 2002). Thus, ETARs appear to be the predominant ETRs in many arterial 

vascular beds. In contrast, in most veins ETBRs play a significant role in contraction, 

as S6c contracts most veins, and ET-1 and ET-3 have similar potency (Eguchi et al., 

1997; Thakali et al., 2004). Since most veins possess more vasoconstrictor ETBRs 

than do arteries, ET-1 produces a greater contraction in veins than in arteries (Johnson 

et al., 2002, Thakali et al., 2004). Moreover, veins, unlike arteries, do not completely 

desensitize to ET-1, reflecting the fact the ETBRs do not desensitize to ET-1 whereas 

ETARs on arteries and veins do (Cocks et al., 1989; Yang et al 1990). This may 

explain the important role of ETBRs on veins in maintaining high BP in animal 

models of hypertension, in which ETARs desensitize to elevated plasma ET-1 levels 

(Johnson et al., 2002; Watts et al., 2002).   
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Figure 2. In the vascular system, ET-1 is produced mainly by EC, and it is mostly 

secreted toward abluminal direction where the EC interacts with VSMCs released 

primarily abluminally. ETARs are expressed predominantly in VSMCs. The ETBRs on 

the other hand are expressed in VSMCs and EC. The binding of ET-1 to ETARs and 

ETBRs in VSMCs activates phospholipase C, which leads to the formation of inositol 

1,4,5-triphosphate (IP3) and a diacyl-glycerol (DAC). This causes a rapid elevation in 

intracellular Ca
2+,

 which, in turn, causes vasoconstriction. Wherease, the binding of 

ET-1 to ETBRs in ECs induces the release of vasorelaxant agents such as NO and 

PGI2. Adaped from Tostes et al., 2008.  
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2.4 Endothelin Receptor Agonists and Antagonists 

There is no selective ETAR agonist currently available. ET-1 (1-31) was initially 

considered to be selective for the ETAR because it mainly displayed a potent ETAR-

mediated vasoconstrictor effect and displaced ET-1 binding to ETARs, but not to 

ETBRs, in isolated human arteries (Rossi et al., 2002; Maguire et al., 2001). However, 

it was later found that ET-1 (1-31) must be converted to ET-1 (1-21) by a neutral 

endopeptidase in order to produce its pharmacological effects via both ETARs and 

ETBRs (Fecteau et al., 2005). In contrast to the ETAR, selective agonists are available 

for the ETBR. Among these agonists are the highly selective agonist S6c and IRL-

1620. S6c induces contraction in the human dorsal hand veins in vivo (Strachan et al., 

1995; 2000) and in isolated mesenteric veins from rat, mice, pigs and rabbit 

saphenous vein (Moreland  et al.,1992; Johnson et al., 1999; 2002; Pérez-Rivera et al., 

2005). Contractile responses to S6c are not affected by a selective ETAR antagonist 

(Johnson et al., 1999; 2002; Pérez-Rivera et al., 2005) but are slightly enhanced in the 

presence of the NOS inhibitor (L-NAME) and cyclooxygenase (COX) inhibitor 

(Indomethacin) (Strachan et al., 1995; Johnson et al., 1999; 2002). 

Studying the role of ETRs in the control of vascular function has been 

facilitated with the development of numerous selective antagonists for both receptors. 

ETAR antagonists include BQ-123 and BQ-610. BQ-610 is more potent than BQ123 

in blocking ET-1 contractile responses (Ishikawa et al., 1993). BQ-610 inhibits the 

contractile response to ET-1 in the mouse, rat and pig mesenteric arteries and veins 

and in human subcutaneous vessels (Johnson et al., 1999; 2002; Pérez-Rivera et al., 

2005). The most widely used ETBR antagonist is BQ-788, which is highly selective 

for the ETBRs. BQ-788 inhibits S6c-induced vasoconstriction in mesenteric veins 

from pigs, rats and mice. Further, BQ-788 markedly increases vasoconstrictor 
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responses to ET-1 in coronary and retinal arterioles from aged rats supporting 

vasodilator action of ETBRs in ECs (MacIntyre et al., 2012). In order to be considered 

ETAR-selective, an antagonist must exhibit at least 100-fold greater affinity for the 

ETAR than for the ETBR (Davenport et al., 2000). Therefore, at an optimal 

concentration, a selective ETAR antagonist should occupy > 90% of ETARs while 

blocking < 10% of ETBRs. 

 

2.5 ETAR and ETBR Dimerization        

Crosstalk between ETARs and ETBRs has been suggested. For example, in rat 

mesenteric veins in vitro, the selective ETAR antagonist BQ-610 partially blocks the 

vasoconstrictor effect of ET-1, and subsequent addition of the ETBR antagonist BQ-

788 produces a greater block of the ET-1 contraction than is seen in the presence of 

BQ-610 alone. However, BQ-788 in the absence of BQ-610 does not change the 

vasoconstrictor effects of ET-1. The greater block of ET-1 responses by BQ-610 in 

mesenteric veins of rats and pigs in the presence of BQ-788 suggests an interaction, or 

crosstalk, between ETAR and ETBR (Johnson et al 1999; 2002). Similar findings have 

been reported in the cerebral circulation in situ in the rat (Yoon et al., 2012). The 

ability of ETARs and ETBRs to form homodimers and heterodimers has been 

suggested as a possible explanation for this crosstalk between ETRs. It has been 

reported that ETBR internalizes more slowly when present as an ETAR/ETBR 

heterodimer. Moreover, heterodimers only dissociate after prolonged exposure to 

ETBR selective agonists, whereas homodimers appear to be resistant to ligand-

induced dissociation (Mazzuca & Khalil 2012). 
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2.6 Physiological Role of Endothelin 

Endogenous ET-1 is responsible, at least in part, for maintaining vascular tone 

and basal systemic BP. In most species, infusion of exogenous ET-1 evokes a 

transient vasodilation and decreases BP, followed by a prolonged vasoconstriction, 

which in turn elevates systemic BP by increasing total peripheral resistance 

(McMurdo et al., 1993; Gardiner et al., 1994; Rubani & Polokoff 1994; Gratton et al., 

2000). The initial vasodilation is mediated by EC ETBRs, which stimulate the release 

of EC derived vasodilators, whereas the contractile effects are principally associated 

with activation of VSMC ETBRs and ETARs (D‘Orleans-Juste et al., 2002). 

Further evidence that endogenous ET-1 in healthy humans contributes to 

maintain vascular tone comes from experiments using ETR antagonists. Acute ETAR 

blockade produces a decrease in BP and vascular resistance in healthy humans (Spratt 

et al., 2001), indicating the ETAR mediated vasoconstriction contributes to the 

maintenance of systemic vascular resistance and mean BP. ETAR blockade also could 

shift ET-1 toward activation of EC ETBRs and evoke vasodilation, as evidenced by 

the fact that ETAR blockade induces an increase human forearm blood flow that is 

blunted by an ETBR antagonist and NOS inhibition (Verhaar et al., 1998). In contrast, 

acute blockade of ETBRs produce either a small increase or no change in mean BP, 

but causes systemic vasoconstriction (Strachan et al., 1999). This effect appears to 

involve enhanced ETARs activation via displacement of ET-1 from ETBRs to ETARs; 

an effect that is compounded by the loss of ETBR mediated vasodilation (Gratton et 

al., 2000). The combination of ETBR and ETAR blockade produces a significant 

reduction in mean BP in normotensive rats (Verhaar et al., 1998).  

In the venous circulation, infusion of ET-1 evokes an increase in mean 

circulating filling pressure (MCFP), an index of body venous tone, in anesthetized rats 
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(Palacios et al., 1997). Moreover, localized infusion of S6c elicits constriction in 

human dorsal hand veins, suggesting that VSMC ETBR mediate venoconstriction 

(Haynes et al., 1995). Evidence also suggests that ECs in veins may have vasodilator 

ETBRs. In rat vena cava precontracted with Prostaglandin F2-alpha (PGF2 ), and both 

in the absence and presence of COX inhibitors, S6c causes sginficant relaxation, 

indicating that both NO and EDHF pathways are involved (Tykocki et al., 2009). 

However, in the human saphenous vein (White et al., 1994), rabbit saphenous vein 

(Moreland et al., 1992) and rat and mouse mesenteric vein (Johnson et al., 2002), S6c 

causes contraction, supporting the interpretation that VSMC ETBR mediate 

venoconstriction.   

Taken together, these findings indicate that the net effect of ET-1 on vascular 

tone derives from the balance between vasodilator ETBRs on ECs and vasoconstrictor 

ETARs and ETBRs on VSMCs in arteries and veins. Importantly, a shift in the 

expression of either ET-1 and/or its receptors may contribute to a loss in vascular 

homeostasis. 

 

3.0 Gender, Sex Steroid Hormones, and the Vascular Endothelin System 

Gender differences in normal cardiovascular function and disease have been 

well established, with premenopausal women having a lower incidence of 

cardiovascular diseases compared with age-matched males (Thompson & Khalil 

2003; Sader & Celermajer 2002). Although the underlying mechanisms of these 

differences are not well known, the effect of sex steroid hormones on the mechanisms 

involved in regulating vascular tone is thought to be a contributing factor. ET-1 and 

its receptors are essential regulators of vascular tone, and the vascular endothelin 

system has been reported to be under the influence of gender as well as sex hormones.  
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3.1 Gender and Vascular Reactivity to Endothelin 

Gender-related differences in vascular reactivity to ET-1 have been reported, 

although the precise features of the differences are not established. For example, the 

responses to ET-1 are higher in saphenous vein samples obtained from men than those 

from women (Ergul et al., 1998), and in denuded coronary arterioles from young male 

compared to female rats (Leblanc et al., 2012). However, these responses are lower in 

coronary arteries from old male rats and pigs compared with those of age-matched 

females (Miller et al., 1996; Leblanc et al., 2012); and the responses to ET-1 are 

similar in the forearm vascular bed from women and men and aorta from 

normotensive female and male rats (David et al., 2002; Stauffer et al., 2010). Thus, 

gender related differences in the vascular responses to ET-1 depend on the vessel and 

species studied. 

 

3.2 Gender and Vascular ETRs 

Several studies have demonstrated gender differences in ETR-mediated 

contractile responses. In healthy, middle aged and older adults, infusion of BQ-123 

evokes a greater increase in forearm blood flow in men than women whereas, co-

infusion of BQ-123 and BQ-788 produces a greater increase in forearm blood flow in 

women than men, suggesting that the influence of ETAR mediated vasoconstrictor 

tone is greater in men than in age-matched women (Stauffer et al., 2010). These 

findings are consistent with a study done by Ergul et al., (1998), which showed 

increased levels of ETARs in saphenous veins obtained from elderly men, compared 

to those of age matched women. However, a more recent study (Leblanc et al., 2012) 

using coronary arterioles of rats reached a different conclusion, reporting that ETAR 

makes a greater contribution to contractile responses in females than males. These 
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conflicting findings likely reflect physiological differences in functional response 

between conduit arteries and resistance arteries, such as coronary arterioles, and 

possible species differences in responses. 

Data from studies using gonadectomized animals have suggested that sex 

steroid hormones are partly responsible for these gender-related differences in the 

vascular endothelin system (Orshal & Raouf 2004). 

 

3.3 Sex Steroids and the Vascular Endothelin System 

Receptors for sex steroid hormones (estrogen, progesterone, and testosterone) 

are expressed in ECs and VSMCs of blood vessels in various species (Kim Schulze et 

al., 1996; Thompson & Khalil 2003). Sex steroid hormones evoke genomic and non-

genomic effects through binding to classic intracellular receptors or membrane 

receptors, respectively. The genomic effects involve gene transcription and protein 

synthesis (Orshal & Raouf 2004). These effects take place over longer periods of time 

and are not noticeable for hours or days, depending on the turnover time of the protein 

product (Miller et al., 2010). Because non-genomic effects do not require modulation 

of gene expression, they are observable within seconds to minutes and are not affected 

by inhibition of RNA or protein synthesis. Non-genomic effects of sex steroids 

involve activation of endothelium-dependent and -independent vasodilatory pathways, 

including direct effects on VSMCs (Leung et al., 2007; Lopes et al., 2012). 

It has recently been found that vascular responses to ET-1 are not different 

between castrated and intact male rats after long-term (6 weeks) castration (De Souza 

Rossignoli et al., 2010), but are significantly enhanced in arteries from ovariecomized 

(OVX) females compared with those from intact females after long-term (7 weeks) 

ovariectomy (Hansen et al., 2001; Tsang et al., 2004), suggesting that gender 
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differences in ET-1 responses are more closely related to estrogen than androgen. 

These data also indicate that gender differences in vascular responses to ET-1 are due 

to direct vascular effects of ovarian steroid hormones, possibly through modulation of 

the function and expression of ETRs.  

Experimental evidence indicates ovarian hormones, mainly 17beta-estradiol, 

may modulate the expression and/or functional responses of ETBRs. For instance, the 

ETBR agonist IRL-1620 evokes mild vasoconstriction in mesenteric arteries of intact 

female deoxycorticosterone acetate (DOCA) salt hypertensive rats, but causes 

substantial vasoconstriction in OVX-DOCA females, and treatment with 17-beta 

estradiol or 17beta-estradiol and progesterone for two months reduces IRL-1620-

induced vasoconstriction in OVX female (David et al., 2001). In addition, 

ovariectomy causes significant up regulation of ETBR mRNA in endothelial-intact 

mesenteric arteries and hearts of hypertensive female rats, an effect that can be 

reversed by treatment with exogenous estrogen (David et al., 2001; David et al., 2002; 

Nuedling et al., 2003). These studies clearly suggest a link between ovarian hormones 

and level of ETBR mRNA. Regulation of ETBR by ovarian hormones represents one 

of several pathways by which estrogen can influence cardiovascular function and 

diseases.  However, it should be noted that these data are not entirely consistent, for 

example, treating rabbit thoracic aorta and coronary arteries with 17beta-estradiol for 

16 weeks caused a reduction in ETAR mRNA expression, while ETBR mRNA 

expression appeared to be either unaffected or up-regulated by treatment (Pedersen et 

al., 2008; 2009) 

Data evaluating the effects of androgens on ETRs in the cardiovascular system 

are lacking. Furthermore, findings regarding the influence of androgens on ETRs are 

inconsistent, reflecting differential effects of androgens on ETARs in different tissues 
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other than the cardiovascular system. For example, a chronic reduction in endogenous 

androgens causes up-regulation of ETARs in seminal vesicles and down-regulation in 

the prostate of castrated rats (Takahashi et al., 2002; 2003). On the another hand, the 

influence of androgens on ETBRs appears to be more consistence, as castration is 

associated with up-regulation of ETBRs in most tissues of castrated rats, including 

seminal vesicles and the prostate (Takahashi et al., 2002; 2003).  

It should be pointed out that most available data and literature regarding the 

influence of sex steroid hormones on ET system was generated after long-term sex 

steroid deprivation. Due to this fact, our attention was directed to characterize   gender 

related differences in vascular reactivity to ET-1 in mesenteric veins and investigate 

the potential role steroid hormones play in the manifestation of these differences using 

intact and gonadectomized rats after short term (7-10 days) of gonadectomy.   

 

3.4 Gender, Steroid hormones, and Venous function  

From what has been stated above about gender and the vascular endothelin 

system, it is evident that most of our knowledge about gender differences in the 

vascular endothelin system comes from studies in arteries. In fact, little is known 

about gender differences in the endothelin system in the venous circulation. Recent 

studies in rat vena cava have demonstrated gender-related differences with contraction 

and relaxation induced by other vasoactive agents, such as Ang II, potassium chloride 

(KCl), -adrenergic agonists, and ACh (Raffetto et al., 2010; Xia & Khalil, 2010).  In 

these studies, males showed increased contractile responses and reduced dilatory 

responses compared with those of females. It has been suggested that sex steroid 

hormones may contribute to these differences in venous function between male and 

female rats. The presence of sex steroid hormone receptors in veins provides 
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additional evidence for a possible effect of steroid hormones on venous function 

(Bracamonte et al., 2002; Kendler et al., 2010). Several observations suggest that 

ovarian hormones may have a venodilator effect. For instance, infusion of 17 -

estradiol in women produces an increase in blood volume in the calf (gastrocnemius 

and soleus) (Goodrich & Wood 1966) of humans, and reduces venous tone in 

pregnant animals and humans (Davis et al., 1989; Steiner et al., 1986). Consistent 

with this view, chronic administration of estrogen and progesterone together in OVX 

female rats reduces myogenic tone in isolated saphenous veins (Varbiro et al., 2001). 

Moreover chronic treatment with 17 -estradiol reduces the elevated mean circulatory 

filling pressure (MCFP), but not mean arterial pressure (MAP), associated with 

coronary artery ligation, suggesting that ovarian hormones may have a greater impact 

on the venous than arterial circulation (Nekooeian & Pang 2000).  

On another hand, male steroid hormones appear to have a venocontractile 

effect, as castration significantly reduces MCFP in male spontaneously hypertensive 

rats (SHRs) and treatment with testosterone reverses this effect (Martin et al., 2005).  

 

 

 

 

 

 

 

 

 

 



21 

 

4.0 Endothelin and Heart Failure 

4.1 Heart Failure 

The most commonly used definition is one introduced by Braunwald et al., in 

1982, in which HF is described as ―…a pathophysiological state in which the heart is 

unable to pump blood at a rate commensurate with the requirements of the 

metabolising tissues or can do so only from an elevated filling pressure.‖ (Colucci & 

Braunwald et al., 2005) 

HF is a major public health problem. In many industrialized countries, the 

prevalence of HF at age 50 to 59 is 0.8 % and rises steeply to 9.1 % in those at 80 

years of age, (Ho et al., 1993). Because of aging populations and improved survival 

after coronary events and secondary prevention, the overall incidence of HF is 

increasing. Annual health care expenditures for HF have approached $10-38 billion in 

developed countries, and this burden to the general public will worsen over time as 

HF frequency is expected to increase by 25% during the next 20 years (Heidenreich et 

al., 2011).  

HF is usually lethal, with a particularly high early mortality rate and poor 

prognosis. Despite advances in medical therapy and mechanical support during the 

last two decades, about 45-50% of all patients with HF die within 5 years of initial 

diagnosis. Consequently, there is a great deal of interest in finding new therapeutic 

approaches for treating patients with HF (Roger et al., 2004).  

The common causes of HF are damage or overloading of the heart muscle 

caused by (a) myocardial infarction (acute and chronic ischemia), in which the heart 

muscle cells die due to diminished blood supply; (b) hypertension, an increase in 

vascular resistance that leads to an increase in the force of contraction needed to pump 

blood (afterload); and (c) amyloidosis, in which protein is deposited in the 
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myocardium, causing it to stiffen. Coronary heart disease is currently the most 

common cause of myocardial diseases, being the initiating cause in70% of patients 

with HF (Murdoch et al., 1998; Fox et al., 2001).  

The term myocardial infarction (MI) refers to the pathological death of cardiac 

myocytes due to extended ischemia, which may be caused by increased myocardial 

metabolic demand or a decrease in the delivery of oxygen and nutrients to the 

myocardium via the coronary circulation. Heart muscle weakening following MI or 

ischemia causes impaired left ventricle (LV) contraction, which results in reduced CO 

and BP. These changes lead to a compensatory chain of events that initially serve to 

maintain stroke volume, CO, and BP. The most important mechanisms include: 

a) Increased LV end diastolic volume (preload) results in increases in left 

ventricular end diastolic pressure (LVEDP), which serves as a compensatory 

mechanism, according to the Frank–Starling law: increased preload stretches 

myocardial fibers and increases the force of contraction, stroke volume, and 

CO. 

b) Vasoconstriction as an adaptive response that attempts to improve BP and 

tissue perfusion. Arterial vasoconstriction helps to maintain BP, whereas 

venous constriction helps to increase venous return and stroke volume. The 

decrease in MAP increases sympathetic nervous system activity and the 

release of catecholamines (NE and epinephrine) (Kemp & Conte 2012). This 

induces vasoconstriction directly through stimulation of VSMCs and indirectly 

through activation of the renin-angiotensin-aldosterone system (RAAS). 

Vasoconstriction is further enhanced by RAAS via Ang II-induced 

vasoconstriction. In addition to Ang II and NE, endothelins circulate in high 

concentrations and exacerbate vasoconstriction in HF.  



23 

 

c) Increased blood volume, secondary to neurohumoral activity, which helps to 

improve CO.  Stimulation of the RAAS causes retention of Na
+
 and water via 

the action of aldosterone. 

Although compensatory mechanisms are important during early stages of HF, 

long-term increases in peripheral resistance and preload may further exacerbate the 

already impaired cardiac pump, leading to ventricular remodelling, which further 

hastens myocardial dysfunction. 

 

4.2 Experimental Animal Models of Heart Failure. 

The first evidence suggesting the involvement of ET-1 in the pathophysiology 

of HF came from studies showing that elevated plasma levels of ET-1 were positively 

correlated with the severity of chronic HF and inversely correlated with prognosis 

(Spieker et al., 2001). Since then, the ET system has been investigated in chronic HF 

patients using acute administration of ET receptor agonists and antagonists, either 

locally into the forearm or hand vein (Love et al., 2000; Kiowski et al., 1995) or 

systemically (Kiowski et al., 1995; Cowburn et al., 1999). These hemodynamic 

studies have provided information about the therapeutic benefit of ET-1 blockade in 

chronic HF. However, these types of studies are not capable of answering questions 

relating to tissue ET-1 expression and production, expression of ETRs, or their 

contribution to mediating ET-1 contractile responses. The use of experimental animal 

models can provide a more accessible and critical understanding of the 

pathophysiology of HF and the role of altered neurohormones in the progression of 

HF. In fact, because of the high mortality rate in large animal models of HF, small 

animal models are often preferred for investigating molecular and functional 

processes involved in the development of HF. Moreover, small animals offer the 
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advantages of lower costs of care, shorter breeding cycles, and availability of 

transgenic or knockout animals. 

The ET system has been studied using a number of different surgical and 

genetic experimental animal models of HF, as described in the following sections. 

 

4.2.1 Coronary Artery Ligation Model of Heart Failure  

The coronary artery ligation (CAL) model of HF is a good model for 

recapitulating chronic HF resulting from ischemic heart disease, a common cause of 

human HF. This model of HF consists of MI induced by ligation of the left 

descending coronary artery. This model exhibits pathophysiological modifications 

similar to those that take place following MI in humans (Zornoff et al., 2009). For this 

reason, this model is an excellent choice for studying alterations in cardiac and 

systemic functions that occur after MI and to explore the utility of therapeutic 

interventions to diminish these alterations. Indeed, results of therapeutic interventions, 

such as angiotensin-converting enzyme inhibitors (Johns et al., 1954; Pfeffer et al., 

1985), Ang II receptor antagonists (Zornoff et al., 2000), aldosterone antagonists 

(Mill et al., 2003) and -blockers (Fishbein et al., 1988), obtained using this model 

have been successfully translated to therapies for MI patients.   

The hemodynamic consequences of MI in small animals include reduced CO, 

increased LVEDP, increased lung weight and pulmonary oedema. Reduced cardiac 

contractile functions are evident within 3 weeks of MI (Pfeffer et al., 1979). One of 

the main characteristics of this model is that the functional alterations are closely 

related to the size of the infarction (Moens et al., 2008). However, the size of the 

infarction is not uniform among animals, owing to an inability to ligate the coronary 

artery at precisely the same place in all animals, as well as to individual differences in 
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coronary artery anatomy. The size of the infarct and the severity of HF are largely 

dependent on the location at which the ligature is placed on the left main coronary 

artery, with a higher mortality rate and more rapid progression to HF resulting from 

ligations placed near the root of the coronary artery (Moens et al., 2008). A common 

cause of death in this model is ventricular arrhythmia (Zornoff et al., 2009).  

The mouse model of MI provides greater benefits than the rat model because of 

the availability of transgenic and knockout mice and the fact that the complete 

sequence of the mouse genome is known. Together, these attributes make mice a 

resource for studying the pathogenesis of HF and discovering novel therapeutic 

targets. Moreover, the costs for housing and maintaining mice are much lower than 

those for rats. For these reasons, the mouse model of MI-induced chronic HF was 

chosen for my thesis work, which utilized functional and molecular studies to 

evaluate alterations in the vascular endothelin system. 

 

4.2.2 Aortic banding (pressure overload) Model of Heart Failure 

Aortic banding (pressure overload) models of HF are valuable tools for 

mimicking HF cases that result from sustained pressure overload caused by aortic 

stenosis, systemic hypertension, or coarctation of the aorta. Different pressure 

overload conditions have been produced in different experimental animals by varying 

the aortic banding location. Banding the ascending aorta in rats leads to increased 

cardiac afterload and results in LV hypertrophy at 8 weeks post banding and 

congestive HF by 18 weeks (Feldman et al., 1993). Finally, banding of the transverse 

aorta in mice causes a sudden onset of hypertension with about a 50% increase in LV 

mass within 2 weeks (Stansfield et al., 2007). Transverse aortic constriction initially 

results in compensated hypertrophy of the heart, which often is correlated with short-
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term augmentation of cardiac contractility. Over time, however, the response to 

continued overload turns maladaptive, leading to LV dilatation and HF. This model 

provides a more reproducible model of cardiac hypertrophy than CAL model, 

therefore, it has been widely utilized to investigate essential molecular signalling 

events involved in the process of myocardial hypertrophy and to assess the efficacy of 

available pharmacological inhibitors of these complex signalling processes 

(Abarbanell et al., 2010). 

 

4.2.3 Volume Overload Models of Heart Failure 

Arteriovenous shunts are used to induce volume overload leading to dilated 

cardiomyopathy and consequently HF. In this model, HF is induced by creation of an 

arteriovenous (AV) fistula, either between the femoral artery and femoral vein (Ozek 

et al., 1998) or between the abdominal aorta and inferior vena cava (Stumpe et al., 

1974; Abassi et al., 2011). Creation of an AV fistula causes an instantaneous and a 

constant decrease in MAP concurrently with a significant increase in venous return to 

the heart. These hemodynamic changes result in i) compensatory activation of several 

neurohormonal systems such as RAAS, SNS, endothelin system. ii) an adaptive 

structural alterations in the myocardium i.e. they increase in cell size, volume and 

mass. The RAAS plays an essential role in the initiation and development of cardiac 

hypertrophy and induction changes in renal function in this model (Winaver et al., 

1988; Villarreal & Freeman, 1991; Ruzicka et al., 1993; Pieruzzi et al., 1995).  

 

4.2.4 Genetic Models of Heart Failure  

In addition to surgical methods for inducing pressure or volume overload, a 

number of genetic models of hypertension and HF in rats have been used widely, 
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including Dahl salt-sensitive rats (Inoko et al., 1994) and spontaneously hypertensive 

rats (McCune et al., 1995). Both models are characterized by a time-dependent 

progression through LV hypertrophy in the early stages to the development of HF and 

LV dysfunction in later stages (McCune et al., 1995; Heyen et al., 2002). The 

disadvantage of these models is that they require long time periods (6 to 12 months) 

to develop HF (Heyen et al., 2002). 

In mice, several knockout and transgenic models have been generated for use in 

studying the pathogenesis of HF and dilated cardiomyopathy. In these models, genetic 

alterations are induced through over-expression of proteins that contribute to HF 

progression or targeted deletion of a crucial myocardial protein (Yutzey & Robbins 

2007). Temporo-spatial control of genetic manipulations has become possible using 

tet-inducible transgenic systems (Gulick & Robbins 2005; Sanbe et al., 2003), and 

inducible deletion using hormone-fused Cre recombinase constructs (Sohal et al., 

2001).  

 

4.2.5  Rapid Pacing-Induced Heart Failure Model 

Rapid pacing-induced HF is a well-characterized large animal (i.e. dogs, pigs, 

and sheep) model of HF. This model mimics tachycardia-induced cardiomyopathy in 

humans and demonstrates that sustained rapid atrial or ventricular pacing at heart rates 

above 200 beats/minutes results in the development progressive biventricular chamber 

dilatation over a 3–4 week period followed by an impairment of left and right 

ventricular function, reduced cardiac output, neurohormonal activation and elevated 

systemic vascular resistance (Hasenfuss, 1998).  It is important to note that LV 

dilation is not associated with significant changes in wall thickness and hypertrophy 

(Hasenfuss, 1998; Shinbane et al., 1997). In addition, HF is reversible with respect to 
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clinical, hemodynamic and neurohumoral abnormalities when on cessation of pacing 

(Dixon & Spinale 2009). This model is a precious tool for investigating  

neurohumoral mechanisms and peripheral circulatory alterations (Hasenfuss, 1998), 

both of which are consistent with those observed in humans, and it allows testing of 

pharmacological strategies intended at attenuating progression of LV dysfunction.   

 

4.3 Endothelin Plasma Levels in Animal Models of Heart Failure 

Elevated plasma ET-1 levels have been repeatedly demonstrated in the majority 

of animal models of HF (Cavero et al., 1990; Margulies et al., 1990; Underwood et 

al., 1992; Mulder et al., 1997; Dupuis et al., 1998, Ray et al., 2008). The 

concentrations of circulating ET-1 are elevated due to increased production and/or 

reduced clearance of ET-1. ET-1 production is increased in a number of tissues during 

HF. In the rat CAL model of chronic HF, the main source of circulating ET-1 seems 

to be the lung, as evidenced by increased expression of preproET-1 mRNA and ET-1 

levels in pulmonary tissues (Sakai et al., 1996; Tonnessen et al., 1998; Lepailleur-

Enouf et al., 2001). However, there is no change in the mRNA expression of ECE-1 

(Lepailleur-Enouf et al., 2001). Similar findings have been shown in congestive HF 

patients, who exhibit up-regulation of ET-1 gene expression and increased production 

of ET-1 in the lungs (Giaid et al., 1993). The possible mechanisms underlying 

enhanced ET-1 production in chronic HF include the following: 

1- A decrease in shear stress induced by reduced CO, which is associated with a 

decrease in endothelial NO levels, contribute to the increase in the expression 

of ET-1 in chronic HF (Miller & Burnett 1992; Sharefkin et al., 1992).  

2- Activation of other neurohormonal systems in HF, such as Ang II and 

catecholamines, may also induce ET-1 gene expression (Barton et al., 1997; 
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Moreau et al., 1997), since -adrenergic blocking agents and certain ACE 

inhibitors reduce circulating ET-1 levels (Galatius-Jensen et al., 1996; 

Tsutamoto et al., 1995; Dupuis et al., 1998; Kobayshi et al., 1998). 

3- Other noxious stimuli, including hypoxia and oxidized lipoproteins generated 

during myocardial ischemia (Winkles et al., 1993; Tsuji et al., 1991), also 

induce ET-1 gene expression. 

4- Down regulation of lung ETBRs, which are involved in the clearance of ET-1, 

may further contribute to elevate circulating ET-1 levels (Dupuis et al., 1998; 

Kobayshi et al., 1998). 

Besides the lungs, the heart is also a source of increased ET-1 production in the 

rat CAL model of chronic HF (Picard et al., 1998) and the failing human heart 

(Fukuchi et al., 1998; Zolk et al., 1999). A recent study used a radiotracer-infusion 

technique in which [
125

I] ET-1 was infused as opposed to unlabelled ET-1 to measure 

arterial and venous concentrations of ET-1 throughout the body in patients with 

chronic HF. Both total ET-1 production and clearance were increased. These studies 

suggest that the elevated plasma ET-1 levels observed in chronic HF are due to 

increased net ET-1 production rather than abnormalities in clearance (Parker & Jake 

2004). Data relating to vascular ET-1 production are not available; thus, the 

contribution of the vasculature to elevated ET-1 plasma levels in HF is not known. 

 

4.4 Vascular Responses to Endothelin in Animal Models of Heart Failure  

The rat and mouse CAL model of chronic HF have been used almost 

exclusively to investigate changes in vasoconstrictor responses to ET-1 in isolated 

blood vessels. All reported in vitro studies, however, have been restricted to either 

conduit or resistance arteries. The results of these studies are highly dependent on the 
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time after induction of MI chosen for conducting experiments. In 4-6 weeks post MI, 

the vascular response to ET-1 is not modified in small arteries (cerebral, pulmonary 

and mesenteric arteries) (Gray et al., 2000; Thorin et al., 2000; Sauvageau et al., 

2009). However, by 12 weeks post-MI, vasoconstrictor responses to ET-1 in 

endothelium-intact mesenteric arteries are greater in chronic HF rats and mice 

compared to the sham group (Bergdahl et al., 2001). Endothelium removal enhanced 

vasoconstriction to ET only in arteries from sham rats and differences in ET-induced 

contraction were subsequently abolished between sham and HF rats (Bergdahl et al., 

2001). These findings may be explained by a reduction in endothelial function and a 

subsequent decrease in endothelial ETBR-mediated release of dilator substances. 

However, molecular and functional studies place these results in a different context, 

suggesting that up-regulation of ETBR in VSMCs can modulate ET-1 responses in 

denuded arteries. Indeed molecular studies using in situ hybridization have 

demonstrated up-regulation of ETBR mRNA and protein in mesenteric artery VSMCs 

of chronic HF rats (Gray et al., 2000). Increased expression of ETBR in VSMCs is 

associated with increased contractile responsiveness to the selective ETBR agonist, 

S6c (Barber et al., 1996; Adner et al., 1998). Yet, the responses to S6c are usually 

weak and inconsistent in most isolated arteries. ET receptor antagonist studies in the 

CAL model of HF have shown that blockade or desensitization of VSMC ETBRs in 

denuded, but not intact, arteries potentiates ET-1 responses in HF mesenteric arteries 

(Gray et al., 2000), providing further evidence for the role of up-regulated VSMC 

ETBRs in reducing contractile responses to ET-1 in denuded arteries from chronic HF 

rats. An ETAR antagonist, alone or in the presence of ETBR antagonist, reduces the 

contractile responses to ET-1 to the same degree (Gray et al., 2000; Bergdahl et al., 

2001). Collectively, these studies suggest that the predominant effect of ETBRs in HF 
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is to induce vasorelaxation, whereas ETARs are the main contributor to ET-1-induced 

vasoconstriction in small resistance arteries.  

In vivo studies using a rapid pacing-induced HF model have demonstrated a 

reduced arterial vasoconstrictor response to exogenously administered ET-1 in the 

coronary and renal vasculature of dogs (Cavero et al., 1990; Cannan et al., 1996). The 

reduction in ET-1 contractile responses was paralleled by an enhanced contractile 

response to S6c (Cannan et al., 1996), providing additional evidence supporting up-

regulation of ETBR in VSMCs. The contribution of endothelial dysfunction in HF to 

the enhanced arterial constriction to S6c cannot be excluded in these studies, given 

that S6c activates both dilatory EC ETRs and constrictor VSMC ETRs. Collectively, 

agonist studies suggest that both ETARs and ETBRs can mediate vasoconstriction in 

the arterial vasculature of experimental animals with chronic HF.  

Consistent with data from animal models of HF, the vasoconstrictor responses 

to exogenous ET-1 are blunted in the forearm vasculature and cutaneous 

microcirculation of humans with HF compared with that of healthy subjects (Love et 

al., 1996; Andersson et al., 2005). On the other hand, the arterial constrictor response 

to S6c is enhanced in chronic HF patients, partially due to endothelial dysfunction 

(Love et al., 1996). In addition, molecular studies using subcutaneous arteries from 

patients with ischemic heart disease have demonstrated up-regulation of mRNA and 

protein levels of ETBRs in VSMCs that are paralleled by an enhanced vasoconstrictor 

responses to S6c (Dimitrijevic et al., 2009).  Although increased ETBR-mediated 

systemic vasoconstriction has been reported in patients with HF, ETBR blockade is 

associated with increased plasma ET-1 levels and systemic vasoconstriction; thus, 

ETBR blockade might not be a suitable strategy for patients with HF (Cowburn et al., 

2005). 



32 

 

4.5 ETR Antagonists in Animal Models of Heart Failure 

Most animal HF studies have demonstrated beneficial effects of ETR 

antagonists. In rats with MI, infusion of non-selective ETR antagonists 7-10 days after 

induction of MI (Sakai et al., 1996; Fraccarollo et al., 1997) reduces central venous 

pressure, LV preload and remodelling, cardiac filling pressure and BP, and improves 

survival, whereas infusion of a selective ETAR antagonist (YM598) improves exercise 

tolerance and cardiac function (Miyauchi et al., 2004). These results suggest a role for 

ET-1 in regulating arterial and venous tone and cardiac function in HF. Furthermore, 

concomitant treatment with an ETAR selective antagonist and an angiotensin-

converting-enzyme inhibitor (ACE) inhibitor produce additive effects on systemic and 

cardiac hemodynamics in rats with HF compared with those observed with either 

blocker alone (Mulder et al., 2002; Bauersachs et al., 2002). However, the effects of 

ET blockade are not uniform in the rat CAL model of MI. Administration of an ETAR 

antagonist (EMD94246 or LU 135252) early after MI induction results in aggravation 

of LV dilation (Hu et al., 1998; Nguyen et al., 1998). Another study found that LU-

420627, a nonselective ETAR and ETBR antagonist, reduces survival and promotes 

LV dilatation, whether started early or late after MI (Nguyen et al., 2001). In contrast, 

the non-selective antagonist tezosentan, started on the first day after MI, increases 

long-term survival and improves hemodynamic parameters (Clozel et al., 2002). In a 

dog model of pacing-induced HF, long-term oral administration of ETR antagonists 

reduces systemic and pulmonary vascular resistance and Na
+
 retention, suggesting a 

role for ET-1 in regulating vascular tone and Na
+
 excretion in HF.  In agreement with 

the adverse effects of ETAR antagonist at an early stage of HF, an ETAR antagonist 

causes sustained Na
+
 retention by activating the renin-angiotensin system when used 

in an early stage of HF in dogs. Taken together, these findings suggest that elevated 
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ET-1 levels and subsequent activation of ETARs plays a role in increasing vascular 

resistance and reducing cardiac function during HF. These findings imply that the 

beneficial or harmful effects of ETR antagonists crucially depend on the stage of HF 

when therapy is started.   

 

4.6 ETR Antagonists in Human HF Trials  

Acute and short term administration of both the non-selective ETR antagonist, 

tezosentan, (Torre-Amione et al., 2001) and bosentan (Sütsch et al., 1997) with 

optimal companion treatments, including diuretics, digoxin and ACE inhibitors, were 

consistently found to improve cardiac index and reduce systemic and pulmonary 

vascular resistance and capillary wedge pressure in patients with acute HF as well 

patients with chronic HF. Given the results from short-term trials, the effects of ETR 

antagonists in human HF were tested in long-term, randomized clinical trials. 

Unfortunately, the short-term beneficial effects failed to translate into improved 

outcome for patients with HF, and the treatment was associated with a variety of side 

effects, including liver toxicity, fluid and salt retention, oedema, and headache. 

Although this was the case for most trials (Brunner et al., 2006; Rehsia & Dhalla 

2010), in the RITZ-2 (randomized intravenous tezosentan) trial, tezosentan given at a 

dose of 50 mg/hr over 24 hr significantly enhanced cardiac index and reduced 

pulmonary capillary wedge pressure with a low toxicity profile (Neunteufl et al., 

2002).  These positive results could hold out the promise that ETR antagonists may 

still have a therapeutic relevance to HF, once ETR antagonists with acceptable safety 

profiles and the appropriate timing of the intervention are identified. United States 

Food and Drug Administration (FDA) and European Medicines Agency (EMA) have 

approved the non-selective ETRs antagonist (Bosentan) for the treatment of 
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pulmonary hypertension. The efforts to approve this drug for HF treatment have failed 

so far due to the drug‘s side effects that include water and salt retention. Recently, the 

combination of endothelin converting enzyme (ECE) and neutral endopeptidase 

(NEP) inhibitors have been suggested to help overcome the side effects of water and 

salt retention via increasing the levels of naturetic peptides such as ANP that have 

diuretic and vasodilatory effects (Kalk et al., 2011, Sharkovska et al., 

2011; Wengenmayer et al., 2011). Currently, the thinking is to compare the effects 

NEP/ECE inhibitors with ETRs antagonists in combination with diuretics in HF 

treatment. The goal is to generate essential clinical information and guidance for 

future clinical use. 

 

5.0 Venous Function and HF  

Venous capacitance and control of venous tone are important determinants of 

LV preloading conditions and ultimately CO. A reduction in venous capacitance 

could theoretically play an important role in the pathophysiology and progression of 

HF. In patients with HF, reduced venous capacitance is correlated with reduced 

exercise capacity (Welsch et al., 2002). Reduced venous capacitance may also play an 

important role in increasing ventricular preload in patients with HF. A reduction in 

LV preload (filling pressure) produced by vasodilators in patients with HF suggests 

that venous capacitance is increased (Elesber et al., 2003; Angrja et al., 2003). Altered 

venous function in animals with acute or chronic HF also has been reported. In acute 

HF induced by combining right ventricular pacing and volume loading in dogs, a 

reduction in splanchnic capacity from 100% to 86% ± 2% was associated with an 

increase in LVEDP from 6 ± 1 to 21 ± 1 mm Hg (Wang et al., 1995). Additionally, in 

rats with CAL-induced HF, the reduction in venous capacitance was shown to be 
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related to elevated MCFP, and not to a change in blood volume (Gay et al., 1986; 

Raya et al., 1989; Nekooeian & Pang, 2000).   

Venous responses to different vasoactive agents have been explored in HF 

patients in an attempt to unravel the mechanisms responsible for altered venous 

function during HF. Dzeka et al., (2000) demonstrated reduced vasodilator responses 

to ACh and an exaggerated venoconstriction response to prostaglandin inhibition 

indicative of endothelial dysfunction in patients with HF. Feng et al. (2000) 

demonstrated marked venoconstriction in response to infusion of neuropeptide Y, a 

sympathetic neurotransmitter, in a dorsal hand vein in HF patients compared with 

healthy controls. However, there is limited work evaluating ET and altered venous 

tone in either animals or humans with HF. Indeed there is only one study conducted 

by Love et al., (2000) to evaluate the contractile responses to ET-1 on the venous 

system of HF patients and they reported that venoconstriction after ET-1 infusion was 

dramatically reduced in HF patients compared to controls. However, whether the 

responses to ET-1 in veins of a major capacitance bed like the splanchnic vasculature, 

are altered during HF, and the mechanisms responsible for these changes, have not 

been elucidated. 
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Rationale, Hypothesis and Objectives  

 

Soon after the discovery of ET-1, it became obvious that the endothelinergic 

system is involved in the regulation of vascular function under physiological and 

pathological conditions. Much attention has been focused on the regulatory role of 

ET-1 on the arterial side of the circulation. However, much less research has been 

reported on the role of the endothelinergic system in venous function regulation. A 

full understanding of the regulatory role of ET-1 and ETRs function in the resistance 

and capacitance circulation will help in identifying and applying the most effective 

ETR antagonists for potential therapy in HF and other cardiovascular diseases.  In 

order to understand the modulatory role of the endothelinergic system under 

pathological conditions, one must first better understand the physiological 

endothelinergic system. ET-1 system can also contribute to gender differences in 

cardiovascular function. Veins are an important target for ET-1 and are under the 

influence of sex steroid hormones.  Moreover there is evidence that indicates altered 

venous functions during HF may involve the endothelinergic system, which leads to 

my hypotheses that 1) ET-1 is, in part, responsible for gender related differences in 

venous function due to the modulatory effect of sex steroids, specially estrogen, on 

ETBRs under physiological conditions, and 2) ET-1 is also, in part, responsible for 

altered venous function in HF. My hypotheses will be tested by pursuing two 

objectives.   
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First objective: To characterize of the effects of gender and sex steroid hormones 

on vascular reactivity to endothelins in mesenteric venules of intact and 

gonadectomized rats.  

Acute drop in ovarian hormones following ovariectomy is associated with 

early increases in peripheral vascular resistance and endothelial dysfunction, both of 

which contribute to the risk of developing cardiovascular disease in women with 

premature menopause (Pinto et al., 1997; Virdis et al., 2000; Kalantaridou et al., 

2004; Mercuro et al., 2004). Conversely, the acute drop in testosterone within 24 

hours after castration is associated with vasoconstriction of the blood vessels of the rat 

prostate due to structural changes in VSMCs and a reduction of prostatic NOS activity 

(Hayek et al., 1999). Currently it is unknown whether ET-1 is partially involved in the 

vascular changes associated with acute drop in sex steroid hormones levels. Venous 

function and the vascular endothelin system appear to be under the influence of both 

gender and sex steroid hormones. There are gender-related differences in the 

mechanisms of venous contraction and relaxation, with males showing greater 

venocontractile responses and reduced venodilator responses compared with females. 

According to currently available data, these differences are more likely due to the 

influence of ovarian hormones than male steroid hormones, especially under normal 

physiological conditions. On the other hand, some arteries from females exhibit 

reduced ET-1 vascular responses compared with those from males, an affect that 

appears to be partially due to the modulatory effect of ovarian hormones on ETRs, 

specifically ETBRs, in the vascular system. ETBRs make a greater contribution in 

mediating ET-1 contractile responses in veins than in arteries, since S6c produces 

contraction in most veins. Therefore, I hypothesize that the decrease in ET-1-

induced venoconstriction in veins from females compared with those from males 
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is partly due to the modulatory effect of estrogens on ETBRs. To test this 

hypothesis, I have designed experiments to evaluate 1) whether the venoconstrictor 

responses to ET-1 and S6c are modified by gender and by the absence/presence of sex 

hormones, and 2) whether gender and sex hormones have modulatory effects on ETR 

subtypes. Arteries will also be studied for purposes of comparison.  

 

Second objective: To indentify the role of the endothelinergic system in altered 

venous function in HF  

HF is a major public health concern with grave implications. Increased 

peripheral resistance is a hallmark of HF. The increased peripheral resistance in HF is 

believed to be due to enhanced vascular smooth muscle contraction stimulated by the 

renin-angiotensin system and sympathetic activation. However, blockade of both 

systems fails to normalize peripheral resistance or reduce the high mortality 

associated with HF (Dargie et al., 1994; Pilote et al., 2007). This indeed indicates the 

need for new therapeutic approaches to target the residual constrictive elements and 

more effectively treat HF. 

Accumulating evidence, however, suggests that ETRs play a crucial role in the 

pathogenesis of HF through their direct effects on VSMCs. Activation of ETRs, 

reflecting an increase in circulating levels of ET-1, has been demonstrated in patients 

and animal models of HF (Cavero et al., 1990; Margulies et al., 1990; Underwood et 

al., 1992; Mulder et al., 1997). Plasma levels of ET-1 have been shown to predict 

patient survival (Cody et al., 1992; Hulsmann et al., 1988). Furthermore, activation of 

ETRs contributes to the constriction of resistance and capacitance vessels in humans 

and rats with HF (Kiowski et al., 1995; Bauersachs et al., 2000). These hemodynamic 

changes are improved by blocking ET activity by administering selective ETAR or 
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mixed ETAR/ETBR antagonists (Sakai et al., 1996; Fraccarollo et al., 1997; Breu et 

al., 1998).  

HF is also accompanied by altered regulation of ETR subtypes and their 

response to ET-1. Molecular and functional up-regulation of ETBRs in VSMCs has 

been reported in the arterial side of the circulation in clinical and experimental HF 

(Barber et al., 1996; Adner et al., 1998; Cowburn et al., 2005). Up-regulation of 

ETBRs in VSMCs is associated with a reduction in contractile responses to ET-1 

(Gray et al., 2000).  

A number of studies have reported altered venous functions, such as elevated 

MCFP and
 
venous resistance in experimental animals and reduced venous capacitance 

in patients and animal models of HF (Gay et al., 1986; Raya et al., 1989; Nekooeian 

& Pang 2000; Welsch et al., 2002). Preliminary clinical data suggest that ET-1 might 

contribute to the regulation of venous function in clinical and experimental HF. 

Therefore, I hypothesize that altered ETBR function contributes, in part, to 

altered venous function in mice with HF. My second hypothesis will be tested by 

two separate objectives.  The first will characterize vascular reactivity to endothelins 

in mesenteric veins of HF mice, and the second will characterize expression of ET-1 

peptide and ET-1 receptors in mesenteric veins of HF mice. 
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Chapter 1- Characterization of the effects of gender and sex steroid hormones on 

vascular reactivity to endothelins in mesenteric venules of intact and 

gonadectomized rats 
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Introduction 

Considerable evidence suggests that the influence of sex hormones on the 

mechanisms that regulate vascular tone is considered to be a contributing factor to the 

gender differences in cardiovascular diseases (Schwertz & Penckofer 2001; Sader & 

Celemajer., 2002; Thompson & Khalil 2003; Orshal & Khalil 2004).  In fact, an acute 

drop in estrogens following ovariectomy causes an early decline in endothelium-

dependent dilation (Pinto et al., 1997; Virdis et al., 2000; Kalantaridou et al., 2004; 

Mercuro et al., 2004), whereas a drop in androgen in healthy subjects is associated 

with an improvement of endothelial function in arterial beds (Zitzmann et al., 2002; 

Deniz et al., 2010). However, to date, no studies have examined the gender specific 

alterations of vasoconstrictor responses that occur in the venous bed after an acute 

drop in sex steroid hormones induce by gonadectomy. Previous work suggests that 

gender related differences in the mechanisms of venous contraction and relaxation are 

more likely due to the influence of ovarian hormones than male steroid hormones as 

estrogen receptors expression were enhanced in female compared with male rat 

inferior vena cava (Raffetto et al., 2010). Whether gender differences in 

venoconstrictor responses to ET-1, the most potent endogenous vasoconstrictor 

agent known, existed is unknown. 

ET-1 has been shown to be under the influence of both gender and sex steroid 

hormones.   Responsiveness to ET-1 is lower in saphenous veins of female compared 

with male human patients (Ergul et al., 1998), but are greater in isolated female 

coronary arteries compared with those of male in the pig and rat (Miller et al., 1996: 

Leblanc et al., 2012), or similar in the aortas isolated from male and female rats 

(David et al., 2002), suggesting that gender- differences in responsiveness to ET-1 

depend on the types of the vascular bed and species that are being investigated. At the 
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receptor level, ETARs have greater contribution to ET-1 contractile responses in 

coronary arterioles from female than those from male rats.
 
Chronic deprivation of 

estrogens due to ovariectomy enhanced ET-1 contractile responses in resistance 

arteries of rats and rabbits (Hansen et al., 2001; Tsang et al., 2004), possibly due to 

modulator effects of estrogens on ET receptors, specifically the enhancement of ETBR 

expression (David et al., 2001). On the other hand, acute incubations with 

physiological concentrations of testosterone enhanced ET-1 mediated vasoconstrictor 

responses in isolated coronary arteries of intact male rats (Teoh et al., 2000).
 
In 

contrast to the arterial literature, there are extremely few studies addressing the effect 

of gender and endogenous sex hormones on ET-1 and its receptors in venous beds.  

Evidence from human and animal studies indicates that veins are important 

targets for ET-1. Furthermore, both androgen and estrogen receptors are expressed in 

the veins (Bracamonte et al., 2002; Kendler et al., 2010). Many studies have shown 

that, compared to arterial tissues, venous tissues are more responsive to ET-1.  For 

these reasons, we utilized the venous circulation of the splanchnic vascular bed, which 

holds about 20% of the total blood volume (Pang 2001), to expand our understanding 

of the effect of gender and sex steroids on both sides of the circulation.  In this 

chapter, I investigated the influence of gender and acute changes in sex steroid 

hormones on vascular responsiveness to ET-1 and its receptors in rat mesenteric 

veins.  
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Materials and Methods 

Animals 

Healthy intact and gonadectomized Sprague-Dawley males and females rats 

(age-matched, 8-9 weeks old,) were obtained from Charles River (Quebec, Canada).  

Rats were housed in a humidity- and temperature-controlled room with a 12:12-h 

light-dark cycle and provided with water ad libitum and standard chow (Harlan-

Teklad 2014s rodent diet) which did not contain alfalfa or soybean, thus minimizing 

the presence of natural phytoestrogens.  All animal experiments were approved by 

the Institutional Animal Care and Use Committee of the University of Guelph and 

conformed to standards set forth by the Canadian Council on Animal Care. In this 

study, the specific phase of the estrous cycle in intact female rats was not 

determined before animals were sacrificed and vessels were collected for study.  The 

normal ovarian cycle of a laboratory rat is 4-6 days and the duration of estrus cycle 

is about 12 hours (Goldman et al., 2007). Therefore the average data from all intact 

female rats should offset the effects of possible fluctuations in ovarian hormone 

levels at specific phases of the ovarian cycle and should, generally, represent the 

average contractile responses to ET-1 in vein during all phases of the ovarian cycle. 

Synchronization of intact female rats to a specific phase of the estrous cycle would 

require the exogenous administration of estrogen and progesterone analogs, which 

could modify the vascular reactivity and consequently would influence the 

measurements of the vasocontractile responses in the veins. For these reasons, 

random collection of intact female rats at no pre-determined phases of the ovarian 

cycle was used in this present study.  

The effectiveness of gonadectomy was confirmed by: 1) visual atrophy of the 

uterus and seminal vesicles in neutered female and male rats, respectively, compared 



44 

 

to intact animals, and 2) a significant reduction in the body weight of castrated 

(288±7.3 g) compared to intact males (322±6.8 g) (Antonio et al., 1999) and a 

significant increase in the body weight of OVX (263±6.6 g) compared with intact 

females (233±2.7 g) (Fukuda et al., 2002) (P<0.05).  

 

Preparation of mesenteric vessels 

Rats were euthanized with a lethal dose of sodium pentobarbital (150-200 

mg/kg, intraperitoneal injection, CEVA Santé Animal, Libourne, France) at 

approximately 1-2 weeks following gonadectomy.  The small intestine and associated 

mesentery were removed and placed in Krebs‘ physiological salt solution (4°C, pH 

7.35-7.40).  A section of the intestine with the associated vessels was pinned flat in a 

silicone elastomer-lined Petri dish, and a section of the mesentery that was close to 

the mesenteric border was isolated and pinned flat in a smaller silicone elastomer-

lined recording bath.  In the recording bath, second- or third-order mesenteric veins 

and mesenteric arteries were isolated by carefully removing the surrounding fat and 

connective tissue using fine scissors and forceps (Appendix 1).  Following 

dissections, the recording bath was placed on the stage of an inverted microscope 

(Nikon instruments, Melville, NY, USA), and the mesenteric vessels were superfused 

with warm, oxygenated Krebs‘ solution (37°C, pH 7.35-7.40, 95% O2:5% CO2) at a 

flow rate of 7 mL/min using a peristaltic pump (Minipuls 3 peristaltic pump, Gilson).  

Vessels were placed under no intraluminal pressure for study.  Changes in vessel 

diameter were monitored by computer-assessed video-microscopy, and data were 

obtained by the Diamtrak® software (Adelaide, Australia), allowing for a resolution 

of 0.5 m.  
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Experimental procedures  

In all experiments, mesenteric vessels were equilibrated for 20 minutes prior 

to study in order to equilibrate and attain a resting baseline diameter. Viability of the 

vessels was assessed by contractile responses to NE (10 µM), and vessels that showed 

contractile responses less than 20% to NE were discarded.  The integrity of the 

endothelium was assessed by vasodilator responses to BK (0.3 µM) and Ach (10 µM) 

in NE-preconstricted mesenteric veins and mesenteric arteries, respectively.  

Following an appropriate equilibration period and assessment of vessel viability, 

concentration-response curves to ET-1 (10
-12

 to 3 × 10
-8

 M) and S6c (10
-11

 M to 10
-8

 

M) were obtained in mesenteric vessels. Each agonist concentration was applied for 5 

min to allow adequate time to reach a steady-state response.  To assess the role of NO 

or PGI2 on ET-1 or S6c-induced vasoconstriction, mesenteric vessels were pre-treated 

with the COX inhibitor, indomethacin (Indo, 1 µM), and the NOS inhibitor, Nω-

Nitro-L-arginine (L-NNA, 100 µM) (Johnson et al., 2002; Pérez-Rivera et al., 2005) 

for 20 min prior to ET-1 or S6C application. ET-1 receptor characterization was 

evaluated following a 20-min pre-incubation period with selective antagonists of 

selective antagonists of the ETAR (BQ-610, 10
-7

 M) and/or the ETBR (BQ-788, 10
-7

 

M) (Johnson et al., 2002;Thakali et al., 2008; Pérez-Rivera et al., 2005). ET-1 and S6c 

can dissociate very slowly from their receptors, and this may lead to prolonged 

washout periods (Waggoner et al., 1992).  As such a single ET-1 or S6c 

concentration-response curve was generated in each vessel in the presence and 

absence of BQ-610 and/or BQ-788.  Furthermore, all ET-1 receptor characterization 

experiments were performed in the presence of Indo and L-NNA in order to study 

contractile responses in the absence of any dilator contributions to net vascular tone.   
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Solutions, drugs, and chemicals 

 

Krebs‘ physiological salt solution was composed of 117 mM sodium chloride 

(NaCl), 4.7 mM potassium chloride (KCl), 2.5 mM calcium chloride (CaCl2), 1.2 mM 

magnesium chloride (MgCl2), 1.2 mM disodium hydrogen phosphate (Na2HPO4), 25 

mM sodium bicarbonate (NaHCO3), and 11 mM glucose.  The solution was 

oxygenated with 95% oxygen (O2) and 5% carbon dioxide (CO2) (pH 7.35-7.40). NE, 

ACh, BK, L-NNA, indo, and dimethyl sulfoxide (DMSO) were purchased from 

Sigma-Aldrich (Oakville, Ontario, Canada).  ET-1, S6c, BQ-610, and BQ-788 were 

obtained from American Peptide (Sunnyvale, CA, USA).  L-NNA was prepared in 

1M HCl and further diluted in water.  ET-1 and BQ-788 were prepared in 5% 

NH4OH, and BQ-610 and S6c were prepared in 20% acetonitrile: the final 

concentrations of acetonitrile and NH4OH were ≤ 0.002% and ≤ 0.0005%.  Indo was 

dissolved in DMSO; the final concentration of DMSO was ≤ 0.01 %.  All other drugs 

were prepared in pure distilled water.  The concentrations of all drugs were expressed 

as final molar concentrations in the recording bath.  

 

Statistical analysis 

ET-1- and S6c-induced contractions were expressed as a percentage of the 

initial resting outer diameter (OD) of the vessel (% contraction).  The concentrations 

of ET-1 and S6c that produced half-maximal contractile-responses (EC50) and 

maximum contractile-responses (Emax) were determined by fitting each concentration-

response curve to a four-parameter logistic equation (OriginLab 8.0, Northampton, 

MA, USA).  The EC50 values are reported as pD2 values, which are the negative 

logarithm (-log) of the EC50 and represents a measure of potency.  Data are expressed 

as mean ± standard error of the mean (SEM), and n values indicates the number of 
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animals used in each experiment.  Statistical analysis for EC50 and Emax values was 

performed by ANOVA to detect differences within (different treatments) and between 

(gender, gonadal status) factors. Pair wise comparisons were made by post hoc 

analysis (Tukey) when a significant main effect was found. Data was checked for 

normality by examination of the residuals and a Shapiro wilk test (SAS 9.1.3 institute 

Inc, Cary, NC, USA). Log transform was used in some cases to meet the assumptions 

of normality. The concentration response curves were analyzed by two ways ANOVA 

followed by post hoc analysis (Tukey). One-way ANOVA was used for comparisons 

of animal weight and vessel diameter. P<0.05 was considered to be significant. 

 

Results 

There were no differences in the mean resting baseline diameters of 

mesenteric veins between intact and neutered groups at the end of equilibration (Table 

1) . The diameters of arteries from intact female was significantly smaller than those 

of OVX (Table 1; P< 0.05). There were also no differences in the contraction of 

mesenteric veins to 80 mM KCl between groups: intact males (44.5% 1.0, n=30), 

intact females (45% 0.9, n=18), castrated males (46.6% 0.6, n=10), and OVX 

females (46% 1.0, n=19) (P>0.05). 

 

Table 1. The mean resting baseline diameters (μm) of mesenteric veins or mesenteric 

arteries from intact and gonadectomized male and female rats 

Vessel type intact females intact males castrated males OVX females 

Veins 236.8±4  251.7±4.8  260±4.8 250.9±4.9  

Arteries  209±4.6  211.9±3.7  224.9±4.3 224.4±4.0 * 

 

Data are mean ±SEM. * P<0.05 intact female vs OVX 
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ET-1- induced contractions of mesenteric veins and arteries: comparison of vessels 

isolated from intact versus gonadectomized male and female rats 

In the absence of Indo and L-NNA, gonadectomy had no effect on ET-1-

induced contraction responses in mesenteric veins (Fig. 3A, Table 2).  Pre-treatment 

with Indo and L-NNA significantly increased ET-1-induced contractions and pD2 

values only in mesenteric veins from OVX rats compared with their corresponding 

control values and those of intact female (Fig. 3A and B, Table 2; P<0.05). 

Comparing between genders, overall ET-induced vasoconstriction was similar in 

mesenteric veins from intact female rats and intact male rats either in the presence or 

absences of Indo and L-NNA (Fig. 3A vs. B), but there were significant differences in 

ET-1-induced contractions and pD2 values between castrated and OVX rat in the 

presence of Indo and L-NNA (Fig. 3 B, Table 2; P<0.05).   

ET-1 induced vasoconstrictions in mesenteric arteries were also similar in intact male 

and female rats (Fig. 3C and D). However, following castration and in the absence of 

Indo and L-NNA, ET-1 induced vasoconstrictions in mesenteric arteries were 

significantly reduced compared with those from intact male, intact female and OVX 

rats (Fig. 1C, P<0.05), and pD2 values were significantly lower than those of intact 

female and OVX rats (Table 3, P<0.03). Indo and L-NNA pre-treatment significantly 

increased ET-1 induced vasoconstriction, Emax values of ET-1 in mesenteric arteries 

from castrated males compared with their corresponding control values, and the 

differences in overall ET-1 induce contractions were abolished among groups (Fig. 

1C and D, Table 3, P<0.05). Indo and L-NNA pre-treatment also significantly 

increased the Emax values of intact female and OVX females compared with their 

corresponding control values (in the absence of Indo and L-NNA) (Table 3, P<0.05).  
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Figure 3. Concentration-response curves to ET-1 in isolated mesenteric veins (A and 

B) and arteries (C and D) from intact male and female in the presence (A and C) and 

absence (B and D) of Indo and L-NNA. * P<0.05 OVX vs male and female, ‡ P<0.05 

OVX vs castrated rat. † P<0.05 castrated vs all other groups. n = number of animals. 

Data are presented as the mean±SEM. 
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S6c-induced contractions of mesenteric veins and arteries: comparison of vessels 

isolated from intact versus gonadectomized male and female rats. 

In mesenteric veins, S6c-induced contractions at concentrations above 1×10
-10

 

M and maximum contractile responses (Emax values) were significantly greater in 

intact male veins compared to those from intact females (Fig. 4 A, Table 2, P<0.05). 

In both genders, pre-treatment of mesenteric veins with Indo and L-NNA led to 

increased S6c Emax values compared with those of corresponding controls (Fig. 4 A 

and B, Table 2; P<0.05). Following ovariectomy but not castration, mesenteric veins 

of OVX rats exhibited an increase in S6c induced contractions and Emax values, 

compared with mesenteric veins of intact female rats in the presence and absence of 

Indo and L-NNA, (Fig. 4 A and B, Table 2, P<0.05).  As a result, there were no 

significant differences in S6c-induced contractions of mesenteric veins between 

castrated and OVX rats (Fig 4 A and B). Pre-treatment with indo and L-NNA did not 

affect S6c contractile responses in mesenteric veins from OVX rats, whereas Emax 

values were increased in castrated rats compared with their corresponding control 

values (Table 2, P<0.05).  

To confirm that S6c-induced contractions of mesenteric veins were mediated 

through ETBRs, mesenteric veins were pretreatment with BQ-788.  Contractile 

responses to S6c were abolished in the presence of BQ-788 in intact and 

gonadectomized rats (Fig 5A and B, Table 2; P<0.05), but were not affected by BQ-

610 (data not shown). S6c did not constrict mesenteric arteries from intact and 

neutered male and females; therefore, no further experiments using S6c were 

conducted in mesenteric arteries.  
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Figure 4. Concentration-response curves to S6c in isolated mesenteric veins from 

intact male and females the presence (A) and absence (B) of Indo and L-NNA. * 

P<0.05 female vs all other groups. n= number of animals. Data are presented as mean 

±SEM. 

 

 

 

Figure 5. Concentration-response curves to S6c in isolated mesenteric veins from 

intact male and females (A) and gonadectomized male and female rats (B) in the 

presence of BQ-788. n= number of animals. Data are presented as mean ±SEM. 
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Characterization of ET-1 receptor subtypes mediating ET-1- induced contractions of 

mesenteric veins: comparison of vessels isolated from intact male and female rats 

Concentration-response curves of ET-1 were obtained in mesenteric vessels in 

the absence and presence of BQ-610, BQ-788, or a combination of the antagonists. 

The Emax and pD2 values are summarized in Table 2.  In mesenteric veins from intact 

female and male rats, BQ-788 had no affect on ET-1 induced contractions when 

compared with those obtained in the absence of BQ-788 (Fig. 6A). BQ-610 alone 

caused a significant rightward shift in ET-1 responses (Fig. 6B, Table 2; P<0.05). 

Interestingly, in the presence of BQ-610, the pD2 values and Emax values were 

significantly lower in intact female rats as compared to veins of intact male rats (Fig. 

6B, Table 2; P<0.05). Pretreatment of mesenteric veins with both BQ-610 and BQ-

788 further enhanced the rightward shift in ET-1 concentration-response curves 

compared with the shift that was obtained with BQ-610 alone in intact male and 

females (Fig. 6B and C, Table 2; P<0.05).  However, no differences in ET-1-induced 

contractions of mesenteric veins between intact male and female rats were observed in 

presence of both antagonists (P<0.05) (Fig 6 C, Table 2).  
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Figure 6. Concentration-response curves to ET-1 in isolated mesenteric veins from 

intact male and female rats in the absence and presence of BQ-788 (A), BQ-610 (B) 

and co-application of BQ-610/BQ-788 (C). All curves have obtained in the presence 

of Indo and L-NNA. * P<0.05 Indicates significant treatment effect on  pD2 and Emax 

values  compared with gender-matched control. † P<0.05 Indicates significant gender 

difference for pD2 values with same treatment (BQ-610). n = number of animals. Data 

are presented as mean ±SEM. 
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Characterization of ET-1 receptor subtypes mediating ET-1-induced contractions of 

mesenteric veins: comparison of vessels isolated from gonadectomized male and 

female rats. 

Similar to findings obtained in mesenteric veins of intact male and female rats, 

BQ-788 did not alter ET-1 concentration-response curves in castrated and OVX rats 

(Fig. 7 A). In contrast to results obtained in intact male and female rats, there was no 

difference in pD2 and Emax values in BQ-610-treated mesenteric veins of castrated and 

OVX rats, compared with those obtained in the absence of BQ-610 (Fig. 7 B, Table 

2).  Additionally, no significant differences in ET-1-induced contractions of BQ-610-

treated mesenteric veins were observed between castrated and OVX rats (Fig. 7 B, 

Table 2). Co-application of BQ-610 and BQ-788 in mesenteric veins produced a 

significant rightward shift in ET-1 concentration-response curves, as indicated by 

enhanced decreases in pD2 values in castrated and OVX rats (Fig. 7 B and C, Table 

2).  Furthermore, co-application of BQ-610 and BQ-788 blocked ETARs and ETBRs at 

similar levels in mesenteric veins of castrated and OVX rats (Fig 7 C, Table 2).  
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Figure 7. Concentration-response curves to ET-1 in isolated mesenteric veins from 

castrated and OVX in the absence and presence of BQ-788 (A), BQ-610 (B) and co-

application of BQ-610/BQ-788 (C). All curves have obtained in the presence of Indo 

and L-NNA. * P<0.05 Indicates significant treatment effect on pD2 values compared 

with gender-matched control. † P<0.05 Indicates significant gender difference in pD2 

values with same treatment (BQ-788). n= number of animals. Data are presented as 

mean ±SEM 
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Characterization of ET-1 receptor subtypes mediating ET-1- contractions of 

mesenteric arteries: comparison of vessels isolated from intact male and female rats 

The contractile effects of ET-1 in mesenteric arteries were not affected by BQ-

788 in intact and gonadectomized male and female rats. (Fig. 8 A, B, C and D, Table 

3).  Furthermore, BQ-610 caused a significant rightward shift in the ET-1 

concentration-response curve in mesenteric arteries, and pD2 and Emax values were 

lower than those obtained in the absence of BQ-610 in all groups (Fig 8 A, B, C and 

D,Table 3).  Co-application of BQ-610 and BQ-788 did not cause further alterations 

in ET-1 concentration-response curves in mesenteric arteries from all groups when 

compared to BQ-610 alone (Fig 8 A, B, C and D, Table 3; P<0.05). Interestingly, Emax 

values of ET-1 in mesenteric arteries that were treated with BQ-610 or a combination 

of BQ-610 and BQ-788 were lower in castrated rats, compared with values from OVX 

rats (Table 3; P<0.05). 
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Figure 8. Concentration-response curves to ET-1 in isolated mesenteric arteries of 

intact females (A), intact males (B), OVX females (C), and castrated males (D) in the 

absence and presence BQ-610 and/or BQ-788. * P<0.05 Indicates significant 

treatment effect on pD2 and Emax values compared with gender-matched control. n= 

number of animals. Data are presented as mean ±SEM  
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Table 2 

Emax and EC50 values for ET-1 and S6c -induced contractile responses in veins from intact and gonadectomized male and female rat groups in the 

presence and absence of Indomethacin (Indo, 10
-6

 M), L-NNA (10
-4

 M), ETA R antagonist, ETB R antagonist, and ETA+ETB receptor antagonists 

are shown.  
 

 Male  Castrated  Female  OVX 

 pD2 Emax  pD2 Emax  pD2 Emax  pD2 Emax 

ET-1            

Control 9.7±0.1 59.0±1       (10)  9.6±0.1  62.2±2     (5)  9.4±0.04 61.2±1         (7)  9.5±0.09 * 62.8±2     (9) 

+ Indo/L-NNA 9.7±0.1 56.3±2         (8)  9.5±0.1 † 62.1±1     (5)  9.5±0.1 † 58.7±1       (13)  9.9±0.08 64.6± 1   (10) 

+ BQ-610/BQ-788 8.6±0.1* 58.0±2 †      (8)  8.6±0.03 *  59.7±3     (5)  8.3±0.1 * † 59.4±3         (8)  8.8±0.10 * 61.7±1     (9) 

+ BQ-610 9.2±0.1*‡† §  56.1±2 ‡      (7)   9.5±0.1  56.5±1     (5)  8.6±0.2 *†§ 50.4± 2* §   (8)  9.9±0.09 §‡ 55.1±3 §‡ (6)  

+ BQ-788 9.5±0.1 †  55.7±2 †      (6)   9.5±0.1 †  58.8±2     (5)  9.6±0.1 † 54.8±3 †      (8)  10.1±0.13 64.9±3      (5) 

S6c            

Control 9.5±0.1 34.9±1* ‡ † (8)  9.8±0.1 35.6±2 *‡ (7)  9.6±0.1  26 ±1.4 *† (14)  10.1±0.1 39.5±3      (5) 

+ Indo / L-NNA 9.9±0.1† 43.9±3 ‡     (10)  10.1±0.1 45.2±3     (7)  9.8±0.1  34.2±4 †    (13)  10.3±0.1 43.9±2      (5) 

BQ-788 8.4±0.4 * 16.4±4 * †   (6)  8.0±0.1 * 32.6±4*   (5)  8.4±0.3 * 19.5 ±5 * † (8)  8.4±0.1 * 40.6±4      (8) 

 

Data are presented as mean ±SEM. Numbers in parentheses refer to the number of animals from which the data were obtained. pD2: negative 

logarithm of the molar concentration of agonist producing half-maximum contraction (expressed as percent constriction); Emax: maximum 

contraction based on data fitted to a four-parameter logistic equation. All experiments involving BQ-610 or BQ-788 were performed in the 

presence of Indo and L-NNA. *
 
P<0.05 vs + indo/L-NNA of the same group, † P<0.05 vs OVX within the same treatment, ‡ P<0.05 vs intact 

females within the same treatment, §P<0.05 vs ET-1 + BQ-610/BQ-788 of the same group. 
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Table 3 

Emax and EC50 values for ET-1-induced contraction responses in arteries from intact and gonadectomized male and female rat groups in the 

presence and absence of Indomethacin (Indo, 10
-6

 M), L-NNA (10
-4

 M), ETA R antagonist, ETB R antagonist, and ETA+ETB receptor antagonists 

are shown.  
 

 

 Male  Castrated  Female  OVX 

 pD2 Emax  pD2 Emax  pD2 Emax  pD2 Emax 

ET-1            

Control 8.5±0.1 34.3±3          (5)  8.1±0.1 30.2±2*        (5)  8.7±0.1† 32.9± 2*    (6)  8.9±0.1† 33.4±2*  (6)  

+ indo/L-NNA 8.7±0.1 37.3±1          (9)  8.6±0.1 42.3±1          (7)  8.7±0.1   39.8±2     (8)   8.7±0.1 41.5±2    (5) 

+ BQ-610/BQ-788 7.9±0.1*§ 27.6 ±1* ‡ §  (8)  7.9±0.2*‡ 29.9±4 * ‡ § (5)  7.9±0.1*§ 32.0±1*     (8)   7.9±0.1* § 34.7±4    (5) 

+ BQ-610 7.9±0.1*§ 25.5±1* ‡ §   (8)  8.0±0.2* ‡ 27.1±4* ‡ §  (5)  7.9±0.1*§ 30.9±2 * § (7)  8.0±0.1* § 34.5±1    (5) 

+ BQ-788 8.9±0.2 35.4±2          (6)  8.7±0.1  40.6±2         (5)  8.8±0.1 37.3±2       (7)  8.9±0.1 38.2±2    (5) 

 

 

Data are mean ±SEM. Numbers in parentheses refer to the number of animals from which the data were obtained. pD2:  negative logarithm of the 

molar concentration of agonist producing half-maximum contraction (expressed as percent constriction); Emax:, maximum contraction based on 

data that were fitted to a four-parameter logistic equation. All antagonists' experiments were done in present of Indo and L-NNA. * P<0.05 vs 

+Indo/L-NNA of the same group, †P<0.05 vs ET-1 control of the castrated group, ‡ P<0.05 vs OVX within the same treatment, § P<0.05 vs ET-

1+BQ-788 of the same group. 
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Discussion   

The aim of this chapter was to investigate the influence of short-term sex 

hormone deprivation on the manifestation of gender differences in ET-1 induced 

vascular reactivity of mesenteric veins. Deprivation of sex hormones was induced by 

gonadectomy. It is well established that the plasma estrogen and testosterone levels 

fall to undetectable levels in rats 24 hours after ovariectomy and castration, 

respectively (Rabii & Ganong, 1976; Hayek et al., 1999; Kashiwagi et al., 2005). The 

reduction in body weight in castrated rats, and gain in ovariectomized rats compared 

to age matched intact rats, observed in the present study could be explained by 

decreases in anabolic effects of testosterone (Wang et al., 2000) and a consequence of 

removal of ovarian hormones, respectively.  Similar findings have been reported in 

rats following 1-2 weeks of castration and ovariectomy (McElroy & Wade 1987; 

Antonio et al., 1999). In addition, observation of atrophy of the seminal vesicles and 

uterus supports the success of castration and ovariectomy respectively in animals in 

the current study. Such morphological alterations have been described as 

physiological signs of short-term sex steroids deprivation in male and female rats 

(Valle et al., 1982; Pham-Dang et al., 2003). It should be mentioned that in present 

study intact rats were not subjected to sham gonadectomy surgeries, however previous 

studies have shown no significant difference in body weight, sex steroid hormones 

levels or vascular responses between control and sham gonadectomized groups 

(Shabsigh et al., 1998; Taguchi et al., 2006).  

The main findings for this study are: i) no gender-related differences in 

vascular reactivity to ET-1 in rats were observed; ii) ETAR and ETBR mediate ET-1-

induced contraction of mesenteric veins from both males and females, and ETAR had 

a greater contribution to venoconstrictor responses in intact females compared to 
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intact males; and iii) ovariectomy reduced plasma estrogen levels, which increased 

ETBR mediated vasoconstriction in VSMCs of mesenteric veins.  Consequently 

gender related differences in ET-1-induced venoconstriction were abolished in 

gonadectomized rats. On the other hand, iv) vascular responses mediated by the 

ETARs in mesenteric veins appeared to be under the influence of female and male sex 

steroid hormones. Finally, v) castration decreased ET-1-induced vasoconstrictor 

responses in mesenteric arteries, partly due to enhanced endothelial function.  

 

Gender differences in vascular reactivity to ET-1 in mesenteric veins and arteries 

from intact male and female rats 

The lack of gender differences in ET-1-mediated vascular reactivity in 

mesenteric veins of intact rats contradicts my hypothesis and findings that were 

reported by Ergul et al. (1998), who showed that ET-1-induced venoconstrictor 

responses were increased in the saphenous veins of men compared with women.  

These divergent results are likely due to differences in the structural properties and 

functional responses of conduit and capacitance veins, or possibly species related 

differences.  Moreover, the distribution of ETARs and ETBRs in the saphenous vein 

and mesenteric veins varies considerably.  In saphenous veins, the vasoconstrictor 

responses to ET-1 are predominantly mediated via ETARs activation.  In mesenteric 

veins, the responses to ET-1 also involve ETBRs.  In addition, samples in the Ergul et 

al study were collected from patients undergoing coronary artery bypass surgery due 

to heart attacks, which are associated with ET-1 activation.  Our results in mesenteric 

arteries are consistent with previous findings in the human forearm vascular bed, rat 

coronary arterioles, and rat aortas (David et al., 2002; Stauffer et al., 2010; Leblanc et 
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al., 2012), all of which demonstrated the lack of gender-related differences in ET-1 

responses. 

There was clearly a gender difference in modulatory effect of NO and PGI2 in 

the ET-1 induced vasoconstriction in mesenteric arteries but not in veins of intact rats 

to ET-1, such that the maximum contractile response to ET-1 was enhanced only in 

intact females after pre-treatment with Indo and L-NNA.  Literature data show that 

vascular NO production is greater in females than males in both humans (De Meyer & 

Herman 1997) and animals (Hayashi et al., 1992).  Female steroids, especially 

estrogen, appear to be responsible for gender differences in endothelial NO release in 

gonadally intact animal as acute infusion of estrogen into arteries or when applied to 

isolated rings of vascular tissue causes an increased release of NO from the 

endothelium (Thompson & Khalil 2003). 

 

Impact of gonadectomy on vascular reactivity to ET-1 in mesenteric veins and 

arteries 

De Souza Rossignoli et al. (2010) showed that long-term (6 wk) testosterone 

deprivation induced by castration does not alter vasoconstriction responses to ET-1 in 

the portal vein or vena cava.  Similarly, in our study, short-term bilateral castration of 

1-2 weeks also did not affect ET-1-induced vasoconstriction in mesenteric veins in the 

presence or absence of Indo and L-NNA.  This suggests that neither short nor long-

term deprivation of testosterone induced by castration affects vascular responses to 

ETs within the splanchnic venous circulation. 

A decrease in ET-1 contractile responses in mesenteric arteries following 

castration and restoration to levels observed in intact male after pre-treatment with 

Indo and L-NNA suggests that testosterone may negatively regulate the production of 
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vasorelaxing substances in mesenteric arteries, possibly via interactions with the 

ETBRs in ECs. Previous studies have shown that castration can up-regulate ETBRs in 

different tissues, such as the seminal vesicles and prostate (Takahashi et al., 2002; 

2003).  Chronic reduction in blood testosterone levels are associated with increases in 

endothelial-dependent vasodilation (Zitzmann et al., 2002; Deniz et al., 2010) in 

young hypogonadal male patients, whereas testosterone therapy for 3 months 

decreased endothelium-dependent dilatation by impairing NO availability (Zitzmann 

et al., 2002; Bernini et al., 2006).  In addition, NO actively displaces ET-1 from its 

receptor-binding site in VSMCs (Goligorsky et al., 1994).  One may assume that 

testosterone modulates the observed reduction in vasoconstrictor responses to ET-1 

via mechanisms that involve endothelial pathways.    

Ovariectomy increased the sensitivity of mesenteric veins to ET-1 only in the 

presence of Indo and L-NNA as indicated by an increase in pD2 values, which 

suggests that the ETBRs may be functionally up regulated in ECs in OVX females.  

Alternatively, the sensitivity of VSMCs to NO and PGI2 may be increased by 

estrogens directly. These results are similar to previous studies indicating that 

contractile responses to phenylephrine are enhanced following the removal of the 

endothelium in mesenteric arteries of female rats at eight weeks following 

ovariectomy, but not in intact rats (Mckee et al., 2003).  This suggests that short or 

long term deprivation of female sex steroid hormones can negatively modulate the 

agonist-stimulated production or release of endothelium-derived vasodilators in blood 

vessels. 
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Impact of gonadectomy on vascular reactivity to S6c in mesenteric veins 

In the current study, ovariectomy also caused an increase in contractile 

responsiveness to S6c in the presence and absence of L-NNA and consequently 

abolished the gender related differences in contractile responses to S6c in intact rats. 

Due to the facts, that the size of mesenteric veins and mesenteric arteries was not 

altered by gender or gonad removal, and there were also no differences in the 

contraction of blood vessels to 80 mM KCl between groups, demonstrating similar 

contractile characteristics of the smooth muscle. Thus the changes in S6c responses 

observed following ovariectomy appear receptor-dependent. Since the diet of the rat 

did not contain any source of phytoestrogens, which can bind to estrogen receptors 

and act as estrogen agonists, I am speculating that changes in S6c responses following 

ovariectomy are due to the lack of modulatory effect of estrogen on ETBRs (David et 

al. 2001).   

The lack of effect of ovariectomy on overall ET-1 contractile responses in 

mesenteric veins in the absence of Indo and L-NNA may possibly be attributed to 

functional up regulation of ETBRs in both ECs and VSMCs, which increases 

NO/PGI2-mediated vasodilation and vasoconstriction at the same time. However, 

treatment with an Indo/L-NNA did not alter the responses to S6c in OVX female. 

There is apparent conflict among our data in mesenteric veins from OVX, and this 

may be attributable to enhanced NO-mediated relaxation in OVX rats (Nawate et al., 

2005) and a suppressive effect of NO on ET-1-induced contraction via activation of 

ETARs.  Support for this comes from studies showing the NO donor sodium 

nitroprusside suppressing ET-1-induced contraction in Wistar rats‘ mesenteric 

arteries, where as NOS inhibitor L-NNA led to an enhancement of these responses 

(Matsumoto et al., 1989).  
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Previous studies have shown that long-term (6-7 weeks) deprivation of female 

sex steroid hormones induced by ovariectomy enhances the contractile response to 

ET-1 in rabbit bone medullary arteries (Hansen et al., 2001)
 
and rat cerebral arteries 

(Tsang et al., 2004).  However, similar to findings in 3-4 weeks OVX rat mesenteric, 

caudal, and basilar arteries (Gupta et al., 2007), we did not observe any short-term 

effects of ovariectomy on ET-1-induced vasoconstriction in mesenteric arteries.  

These discrepancies may be due to differences in the short-term versus long-term 

effects of female sex steroid hormone deprivation on vascular reactivity to 

endothelins, and differential effects of female sex steroid hormones being dependent 

on the anatomical locations and properties of the arteries.  

 

Role of ET-1 receptor subtypes in mediating ET-1-induced contractions of mesenteric 

veins and arteries isolated from intact and gonadectomized male and female rats 

 ETARs contributed more to ET-1-induced contractile responses in mesenteric 

veins in intact females than in male rats, as evidenced by the enhanced inhibition of 

ET-1 responsiveness by BQ-610 in veins. In contrast, co-application of BQ-610 and 

BQ-788 caused greater inhibition in intact males than in females, and the overall 

maximum inhibition was similar in both genders. Similar results have been reported 

in coronary arterioles (Leblanc et al., 2012).  However, Stauffer et al. (2010) reported 

greater ETAR mediated vasoconstrictor tone in the human brachial artery of older men 

compared with age-matched women, and Ergul et al. (1998) demonstrated increased 

levels of ETARs in the saphenous veins of men compared with women.  These 

discrepancies are likely due to differences in the functional responses of conduit, 

capacitance, and resistance blood vessels.  In my study, the augmentation of ETAR 

mediated venoconstriction in intact females was due, at least in part, to the 
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modulatory influence of estrogen on the VSMCs ETBRs, as ovariectomy also 

enhanced S6c-induced vasoconstrictor responses in mesenteric veins of OVX rats. 

Additionally, ETAR blockade reduced the responsiveness to ET-1 to the same extent 

in mesenteric veins from castrated and OVX rats, supporting our assumption that the 

gender-related differences in the ET-1 system in intact rats is related to the down-

regulation of ETBRs in VSMCs by female sex steroid hormones.  Further studies are 

needed to explore whether our results are due to the effect of female sex steroid 

hormones on the activation of genomic signaling pathways that regulate ETBR mRNA 

and protein.  Exogenous and endogenous estrogen can down-regulate ETBR 

expression in various arterial segments from a number of cardiovascular disease 

models (David et al., 2001; 2002; Nuedling et al., 2003).  The observation that an 

ETAR antagonist reduced the responsiveness to ET-1 in mesenteric veins from intact, 

but not gonadectomized, rats suggests that both female and male sex steroid hormones 

may modulate ETARs.  There are several possible explanations for the lack of an 

effect of BQ-610 on ET-1 responsiveness in mesenteric veins of gonadectomized rats. 

First, the BQ-610 that was used in these experiments was not able to block ETARs i.e. 

lost potency or selectivity.  However, this is less likely as it completely inhibited ET-1 

contractile responses in mesenteric arteries of gonadectomized rats.  Second, sex 

steroid hormones may decrease levels of ETAR mRNA and/or proteins.  Estrogen 

treatment reduces ETAR expression in aortas of rabbits (Pedersen et al., 2009), 

although the effect of male steroid hormones on ETARs expression in vascular tissues 

has not been investigated.  Third, sex steroid hormones may modulate ―cross-talk‖ 

between the ETAR and ETBR.  The lack of inhibition of ET-1-induced contractions by 

BQ-788 indicates that ETARs may have the ability to compensate for the inhibitory 
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effect of BQ-788 in mesenteric veins of both intact and gonadectomized rats.  

Furthermore, this compensation is dependent on the presence or absence of gonads.  

The gender differences that were observed in this study raise interesting 

questions with regard to our understanding of gender effects on cardiovascular 

function in health and disease, as reported in various epidemiological studies.  The 

enhanced vasoconstriction response that was associated with the functional up-

regulation of ETBRs following ovariectomy could support a higher risk of developing 

cardiovascular disease in women with premature menopause or following surgical 

ovariectomy.  

 

Conclusion 

The results of this study suggest that ETBRs can be regulated by female sex 

steroid hormones, and endothelins may play a role in the regulation of venous 

function and the development or maintenance of cardiovascular pathophysiological 

states in women.  Furthermore, both gender and the status of gonads may influence 

the therapeutic efficacy of ET-1 receptor antagonists and the tissue distribution of ET-

1 receptor subtypes. 
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Chapter 2: Characterize vascular reactivity to endothelins in mesenteric veins 

and arteries of HF mice. 
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Introduction  

Venous function is altered in HF, MCFP and venous resistance is elevated in 

experimental animals, and venous capacitance is reduced in patients and animal 

models of HF (Gay et al., 1986; Raya et al., 1989, Nekooeian & Pang  2000, Welsch 

et al., 2002). However the mechanisms responsible for altered venous function during 

HF is still not completely revealed. Preliminary clinical data suggest that ET-1 may 

contribute to the regulation of venous function in clinical and experimental HF. For 

example, blocking ETRs reduces central venous pressure and cardiac filling pressure 

in rats with MI (Sakai et al., 1996, Fraccarollo et al., 1997), which imply that ET-1 

could be, in part, responsible for altered venous function in HF. 

A considerable amount of studies using animal models of HF and clinical 

trails (Love et al., 1996; Barber et al., 1996; Adner et al., 1998; Gray et al., 2000; 

Bergdahl et al., 2001) have estimated the contractile responses to ET-1 in different 

arterial beds following HF induction. The results from these studies have consistently 

indicated that reduction in ET-1 contractile responses was paralleled by a selective 

functional and molecular up regulation of ETBR in arteries of animal models of HF, 

while expression of ETAR remains unaltered. However, there is a limited work has 

been done evaluating the role of ET-I in altered venous functions in either animals or 

humans with HF. Indeed there is only one study that evaluated the contractile 

responses to ET-1 in conduit dorsal hand veins of HF patients and the authors 

reported that venoconstriction responses to ET-1 was blunted in a small group of HF 

patients compared to controls (Love et al., 2000) However, whether the response to 

ET-1 in veins of a major capacitance bed ―splanchnic vasculature‖ is altered during 

HF and the mechanisms responsible for these changes have not been elucidated. 

Therefore we aimed to characterize vascular reactivity to endothelins in mesenteric 
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veins of HF mice. I hypothesize that altered ETBRs function contributes, in part, 

to altered venous function in mice with HF. My hypothesis will be tested by two 

separate sets of experiment.  The first will determine whether the sensitivity and/or 

maximal responses to ET is altered during development of HF, and the second will 

determine the contribution of ET receptor subtypes to the alteration of ET-mediated 

vasoconstriction associated with HF. A full understanding of the regulatory role of 

endothelins and ETR function in resistance and capacitance vessels of the circulation 

will help in identifying and applying the most effective ETR antagonists for potential 

therapy in HF. 

 

Materials and methods 

Animals 

Healthy male CD-1 mice (Charles River, Quebec, Canada) were used in this 

study.  Mice were housed in a humidity and temperature-controlled room with a 

12:12-h light-dark cycle and given standard chow and access to water ad libitum.  All 

animal experiments were approved by the Institutional Animal Care and Use 

Committee of the University of Guelph and conformed to standards set forth by the 

Canadian Council on Animal Care. 

 

Coronary artery ligation (CAL) 

CD-1 male mice at 9–10 wk of age were initially anesthetized with 2% 

isoflurane inhalation and then intubated with a 20G intravenous catheter and 

ventilated with a mixture of O2 and 1.5-2% isoflurane, using a rodent ventilator 

(Microvent®, Harvard Apparatus, Germany). The stroke volume was 0.2 mL and the 

respiratory rate was 120 breaths/min. Animals were placed on a warming pad in a 
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supine position and the body temperature was monitored and kept at 35-36°C. A left 

thoracotomy was then performed through the 4th intercostal space by cutting 

pectoralis muscles transversely to expose the thoracic cage. The pericardium was 

opened and a 6-0 polypropylene suture was placed around the left descending 

coronary artery approximately 2-3 mm from its origin. Sham operated mice received a 

similar surgery without ligation of the coronary artery.  Mice were subsequently 

euthanized at 4, 8 or 16 weeks post-MI. 

 

Hemodynamic measurements 

At 4 and 16 wk post-surgery, an isoflurane/oxygen mix (2%:100%) was used 

to maintain anesthesia; mice were kept at 37C while a 1.2F catheter (FTS-1211B-

0018; Scisense Inc.) was inserted into the right carotid and advanced retrograde into 

the left ventricle. . Pressure signals were digitized at a sampling rate of 2kHz and 

recorded by computer using iWorx® analytic software (Labscribe2, Dover, NH, 

USA). 

 

Tissues collection 

Following MI or sham surgery, mice were euthanized at varying time points 

(4, 8 or 16 weeks) by an intraperitoneal injection of sodium pentobarbital (50 mg/ kg, 

CEVA Santé Animal, Libourne, France).  Tissues were subsequently collected from 

mice for either i) functional studies of mesenteric vessels, ii) histopathologic 

assessment of cardiac infarction, or iii) plasma ET-1 concentration determination as 

outlined below. 
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Plasma endothelin levels 

Following euthanasia at 4 and 16 weeks post CAL ligation or sham operation, 

blood was collected from the heart into ice-cold tubes containing 5% EDTA and 

centrifuged at 4°C at 500g for 15 minutes to separate plasma. All samples were stored 

at -80
o
C until assayed for ET-1.  ET-1 was measured using the Quantikine DET100 

ET-1 kit (R&D Systems®, Minneapolis, MN) according to the manufacturer‘s 

directions (Sundaram et al., 2010).  The concentration range of the assay was 0.39-25 

pg/mL with a limit of detection of 0.207 pg/mL.  This kit is reported to be highly 

specific for ET-1, showing limited cross-reactivity with rat endothelin-3 at about 

0.5%. 

 

Histological analysis 

Following euthanasia, hearts were removed, washed with physiological saline 

and weighed. Hearts were fixed in 10% formaldehyde, and then were processed in 

ethanol before being embedded in paraffin. Hearts were sliced transversely from the 

apex to the basal part of the LV at a thickness of 8 μm with an interval of 300 μm 

between each section. Ten sections per heart were collected for analysis. Slices were 

stained with Masson‘s trichrome (Takagawa et al., 2007). The circumferential length 

of the infarct and non-infarcted epicardial and endocardial areas of the section were 

traced manually and the area measured automatically by computer using ImageJ 1.34 

digital software. Infarct size (infarcted fraction of the LV) was calculated as the 

percentage of the total area of the LV. 
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Mesenteric vessels preparation 

Following euthanasia, the intestine and associated mesentery were quickly 

removed and submerged in cold (4°C) Krebs‘ physiological salt solution (pH 7.35-

7.40). Second order mesenteric veins or mesenteric arteries were carefully isolated 

from the adhering fat and connective tissue using sharpened forceps and fine scissors 

under a light microscope. The order of the mesenteric veins and arteries was identified 

according to branching order with the major vein or artery supplying the mesentery 

being the first order and subsequent branches being numbered accordingly. 

 

Pressure Myograph 

The isolated vessels were cannulated onto the inflow pipette of a myograph 

vessel chamber (Danish Myotechnology, DMT; Aarhus, Denmark) and secured with 

nylon 10-0 suture. The inflow pressure was elevated manually to 5 and 20 mmHg in 

mesenteric veins and arteries, respectively, for 60 second to wash out blood and 

metabolites, and subsequently the other end of the vessel was cannulated onto the 

outflow pipette.  The myograph chamber was then transferred to the stage of an 

inverted microscope (Nikon instruments Inc., NY, USA). The myograph chamber was 

continuously superfused (5 mL/ min) with oxygenated (95% O2 / 5% CO2) Krebs 

physiologic buffer by peristaltic pump (Minipuls 3 peristaltic pump, Gilson, Inc. 

USA). Simultaneously, vessels were being slowly pressurized and heated to 37°C. 

The intraluminal pressure was increased stepwise from 2 to 12 mmHg (increments of 

2 mmHg every 5 minutes) in veins and from 20 to 120 mmHg (increments of 20 

mmHg every 5 minutes) in arteries to examine for leaks, which were easily identified 

by a drop in out flow pressure of more than 2 mmHg in arteries and veins. When 

pressurized, the vessels were gently straightened to their approximate in situ length 
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while maintaining the longitudinal force measurement between 0.1 to 0.25 mN.  Care 

was taken not to overstretch the vessel.  Luminal perfusion was turned off prior to the 

start of the equilibration period, with all contractile measurements made under no-

flow conditions. The internal vessel diameter (ID) was monitored continuously by a 

black and white camera attached to an inverted microscope for recording changes in 

vessel diameter and data were obtained by Diamtrak® software (Adelaide, Australia) 

allowing for a resolution of 0.5 µm diameter changes. Preliminary experiments 

showed that at 60 mmHg, myogenic constriction did not significantly altered the 

resting diameter of mesenteric arteries of 4wk HF and sham mice (Appendix 3).  

Therefore, arteries experiments were conduct at 60 mmHg in order to reduce bias 

from differences in active tone of arteries from HF and sham mice. The mesenteric 

veins and arteries were allowed to equilibrate for at least 30 minutes at a pressure of 6 

and 60 mm Hg respectively, before commencing any experiment.  Vascular smooth 

muscle function was assessed in mesenteric vessels by a contractile response to NE 

(10 μM). Endothelial function was assessed by dilator responses to ACh in arteries 

submaximally preconstricted with NE (10 μM). Endothelium-dependent venodilation 

was not tested in current study, as BK induced further contraction when the veins 

were partially contracted by NE (1 μM). Only mesenteric vessels demonstrating no 

leaks and showing adequate constrictions to NE were included in the study.  

 

Experimental procedure 

In all experiments, mesenteric vessels were allowed to equilibrate for a period 

of 40 minutes following assessment of vessel viability. Concentration-response curves 

of ET-1 (10
-12

 M to 3×10
-8

 M) and Sarafotoxin 6c (S6c, 10
-11

 M to 10
-8

 M) were 

obtained in mesenteric vessels in order to determine whether HF alters contractile 
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responses to ET-1 and S6c. Each agonist concentration was applied for 5 min to allow 

adequate time to reach a steady-state contractile response. In order to evaluate the role 

of NO or PGI2 released by ET-1 or S6c in modulating agonist induced 

vasoconstriction, mesenteric vessels were pretreated with the COX inhibitor Indo (10
-

5 
M; Johnson et al., 2002; Pérez-Rivera et al., 2005) and a NOS inhibitor L-NNA (10

-3
 

M; Johnson et al., 2002) for 20 minutes prior to agonist application. To determine the 

contribution of ET receptor subtypes to ET-mediated constriction, ET concentration-

responses were evaluated in presence of BQ-610 (10
-7

 M; Pérez-Rivera et al., 2005) 

and/or BQ-788 (10
-7

 M; Thakali et al., 2008). The effects of the ET-1 selective 

receptor antagonists were evaluated in mesenteric vessels following a 20 minutes pre-

incubation period for each antagonist and in the continued presence of the antagonists 

during ET-1 or S6c application. A single ET-1 or S6c concentration-response curve 

was generated in each vessel in the absence or presence of specific ET-1 receptor 

antagonists. Furthermore, ET-1 receptor characterization experiments were performed 

in the presence of Indo and L-NNA.  

 

Solutions, drugs, and chemicals 

Details regarding Solutions, drugs, and chemicals are presented in previous chapter  

 

Statistical analysis 

ET-1- and S6c-induced contractions were expressed as a percentage (% 

contraction) of the initial resting ID of the vessel. EC50 and Emax values of ET-1 and 

S6c were determined by fitting each concentration-response curve to a four-parameter 

logistic equation (OriginLab 8.0, Northampton, MA, USA).  The EC50 values are 

reported as pD2 values.  Data are expressed as mean ± standard error of the mean 
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(SEM), and ―n‖ values indicates the number of animals used in each experiment.  

Statistical analysis was performed by ANOVA to detect differences within (different 

treatments) and between (Sham and HF) factors. Pair wise comparisons were made by 

post hoc analysis (Tukey) when a significant main effect was found. Data was 

checked for normality by examination of the residuals and a Shapiro wilk test (SAS 

9.1.3 institute Inc, Cary, NC, USA). Log transform was used in some cases to meet 

the assumptions of normality. The concentration response curves were analyzed by 

two ways ANOVA followed by post hoc analysis (Tukey). Animal characteristic were 

analyzed with a Student's unpaired t test. Significance was set at P ≤ 0.05. 

 

Results 

Cardiac function and infarct size measurement 

Infarct sizes at 4 and 16 wks produced by ligation of the left anterior 

descending (LAD) coronary artery were 33% (n=8) and 38% (n=8) of the left 

ventricular circumference, respectively (Table 1). Hemodynamics was measured in 4 

and 16 wk HF and sham mice (Table 1).  Systolic dysfunction was evident in HF mice 

as +dP/dt max values were reduced compared to sham (P<0.01), as well as a 

reduction in left ventricle systolic pressure LVSP (P<0.05).  The LV preload was 

increased in HF mice as indicated by increased LVEDP values in HF mice compared 

with sham mice (P<0.05). Interestingly, there was no difference between 4 and 16 wk 

HF heart function values.  Furthermore, There was no difference in heart rate between 

HF and sham groups.  
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Body and Heart weight 

Changes in heart weight to body weight ratio are an important assessment of 

degree of volume overload and HF (George et al., 2010). In the current study, sham 

mice at 16 wk were found to have significantly lower heart/body weight when 

compared to 16 wk HF mice (Table 1). Interestingly, HF mice at 4 wk were found to 

have significantly lower body weight when compared to 4 wk sham mice. 

 Plasma ET-1 Concentrations 

 The plasma ET-1 concentration in HF at 16 wk was significantly (P<0.01) 

higher than both 4wk and 16wk sham mice. In 4wk HF mice, the plasma ET-1 

concentrations were not different compared with those in the sham group (Table 4). 

There was no significant difference in plasma ET-1 concentration between HF and 

sham groups.  

 

Table 4: Mouse Characteristics and Cardiac Function in Sham and HF Mice 

Data are mean ±SEM. Numbers in parentheses refer to the number of animals from 

which the data were obtained. *P<0.05 sham vs age match HF group. LVP: left 

ventricle pressure; LVEDP left ventricular end-diastolic pressure.  

 4wk 16wk 

Parameter Sham HF Sham HF 

Infarct size (%)  33 ± 3.8            (8)  38±6.6               (8) 

Body weight (g) 46±1.4            (6) 42.0±0.9 *        (9) 57.8±1.9      (18) 59.7±2.9 *         (19) 

Heart weight (g) 0.23±0.0         (6) 0.34±0.3 *        (9) 0.25±0.01.   (18) 0.45±0.05 *       (13) 

HW/BW (mg/g) 5±0.24            (6) 8.2±0.7 *          (9) 4.3±0.15      (19) 7.8±0.6 *           (13) 

LVSP mmHg 106.6±4.9       (5) 83±2.8 *           (8) 109.8±4.7      (5) 88.6±2.6 *          (8) 

+dp/dt 9518.2±493.7 (5) 5147.5±399.9* (8) 9570.4±415.9(5) 5047.1± 251.9 * (8) 

LVEDP  mmHg 4.04 ±1.4        (5) 21.85 ±1.7*      (8) 5.56 ±2.0       (5) 19.91 ±1.6 *       (8) 

HR (beats/min) 560.8 ±15.1    (5) 564.1 ±27.0      (8) 532.0 ±16.1   (5) 582.25 ±10.4      (8) 

ET-1 plasma 

conc pg/ml 1.3±0.3           (7) 1.89±0.7           (7) 0.96±0.08      (8) 3.16±0.8 *          (7) 
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ET-1- induced contractions of mesenteric veins and arteries isolated from HF and 

sham mice  

 There were no significant differences in the inner diameters and wall 

thickness of mesenteric veins from HF and sham when pressurized at 6 mmHg 

(Appendix 2).  In the absence of Indo and L-NNA ET-1 induced contractions were 

similar in mesenteric veins from 4wk HF and sham mice (Fig. 9A). However, as 

shown in Fig. 9B, in 4wk HF mesenteric veins pretreated with Indo and L-NNA, The 

concentration-response curves of ET-1 were slightly shifted to the right with 

significant decreases in Emax values (P< 0.05) compared to those of sham mice, 

however there was no significant difference in pD2 values between HF and sham 

veins (Table 5). In mesenteric veins of 16 wk HF mice, ET-1 induced 

vasoconstriction, pD2 (P< 0.001) and Emax values (P< 0.002) were significantly lower 

than those obtained from the age matched sham group in the absence and presence of 

Indo and L-NNA  (Fig. 9 C and D, Table 5). Pre-treatment with Indo and L-NNA did 

not change resting vessel diameter, nor affect ET-1 contractile responses in 

mesenteric veins from all groups compared to their corresponding control values (Fig. 

9A vs. B, C vs. D, Table 5) 

There were no significant differences in the inner diameters and wall thickness 

of mesenteric arteries from HF and sham when pressurized at 60 mmHg (Appendix 

2).  In 4wk HF mice, mesenteric arteries pretreated with Indo and L-NNA showed 

significant enhancement in ET-1 induced vasoconstriction and calculated Emax values 

(P <0.001) without significant changes in pD2 values compared to age matched shams 

and their corresponding control values (Fig. 10 A vs. B, Table 6). Similar to findings 

obtained in mesenteric veins of 16 wk HF mice, ET-1 induced vasoconstriction, pD2 

(P<0.005) and Emax (P < 0.0001) values in mesenteric arteries were significantly 
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reduced in 16 wk HF mice compared to those obtained from age matched shams in 

the absence and presence of Indo/ L-NNA (Fig. 10 C and D, Table 6). 
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Figure 9. Concentration response curves to ET-1 in isolated mesenteric veins from HF 

and sham mice in the absence (A and C) and presence (B and D) of Indo and L-NNA. 

* P<0.05; ** P< 0.001; ***P < 0.0001 compared with corresponding HF group. †† 

P< 0.001; ††† P<0.0001 compared to 8wk HF. Data are expressed as mean ±SEM, n= 

number of animal. 
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Figure 10. Concentration response curves to ET-1 in isolated mesenteric arteries from 

HF and sham mice in the absences (A and C) and presence (B and D) of Indo and L-

NNA. * P<0.05; ** P< 0.001; ***P<0.0001 compared with age match HF mice. †† 

P< 0.001 compared to 8wk HF mice. Data are expressed as mean ± SEM, n= number 

of animals. 
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S6c-induced contractions of mesenteric veins and arteries isolated from HF and sham 

mice. 

The selective ETBR agonist S6c induced a concentration-dependent 

constriction in mesenteric veins.  Even though vasoconstrictions to S6c at several 

individual concentrations were significantly reduced in mesenteric veins of 4wk HF, 

pD2 values and maximum contractile responses (Emax) did not changed significantly 

compared to those from 4wk sham in the absence and presence of Indo and L-NNA 

(Fig. 11 A and B, Table 5).  Mesenteric veins from 8 and 16 wk HF showed not only a 

significant reduction in concentration–dependent vasoconstriction to S6c but also a 

dramatic decrease in maximum contractile responses (P<0.0001) and pD2 values 

(P<0.0001) compared to sham groups in the absence and presence of Indo and L-

NNA (Fig. 11 C and D, Table 5). Pre-treatment with Indo and L-NNA did not affect 

S6c contractile responses compared to their corresponding control values in all groups 

(Fig. 11A vs. B, C vs. D, Table 5).  

On the contrary to veins, vasoconstrictor responses to S6c were small in 

mesenteric arteries of 4wk sham mice, whereas in 4wk HF mice, S6c induced 

vasoconstriction (P<0.0001), and Emax (P < 0.0001) values were enhanced compared 

to those of sham either in presence an absence of vasodilator inhibitors (Fig 12 A and 

B, Table 6). This was in marked contrast with the enhanced responses to S6c in 16wk 

sham mice compared with HF mice mesenteric arteries (P<0.001) (Fig. 12 C and D, 

Table 6). Finally, pretreatment with Indo and L-NNA enhanced the S6c maximum 

contractile responses only in 4wk and 16wk sham mice compared to responses in the 

absence of Indo and L-NNA (P<0.0001 and P<0.001 respectively) (Fig. 12A vs. B, C 

vs. D, Table 6). Due to small contraction in some groups, we could not determine pD2 

values for S6c.In order to confirm that S6c was in fact acting selectively at ETBRs, 
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concentration–response curves were obtained from mesenteric veins and arteries of 

sham and HF mice in the absence or presence of the selective ETBR antagonist, BQ-

788 (10
−7 

M) and the selective ETAR antagonist, BQ-610 (10
−7

 M). Pretreatment with 

the antagonists did not change resting vessel diameter. BQ-610 did not change S6c 

concentration response curves (data not shown). However, BQ-788 completely 

blocked responses of sham and HF veins (Fig. 13 A and B) and arteries (data not 

shown) to S6c. 
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Figure 11. Concentration response curves to S6c in isolated mesenteric veins from HF 

and sham mice in the absences (A and C) and presence (B and D) of Indo and L-

NNA. ** P < 0.001; ***P<0.0001 compared HF mice. Data are expressed as mean ± 

SEM, n= number of animals. 
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Figure 12. Concentration response curves to S6c in isolated mesenteric arteries from 

HF and sham mice in the absences (A and C) and presence (B and D) of Indo and L-

NNA. * P<0.05; ***P< 0.0001. Data are expressed as mean ± SEM, n= number of 

animals. 
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Figure 13. Concentration response curves to S6c in isolated mesenteric veins from 

4wk (A and 16wk (B) in the absences and presence of BQ-788. BQ-788 completely 

blocked the s6c responses in HF and sham mice. Data are expressed as mean ± SEM, 

n= number of animals. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



95 

 

Role of ET-1 receptor subtypes in mediating ET-1-induced contractions of mesenteric 

veins isolated from sham and HF mice. 

Concentration-response curves of ET-1 were obtained in mesenteric vessels in 

the absence and presence of BQ-610, BQ-788, or a combination of the antagonists. 

The Emax and pD2 values are summarized in Table 2. In mesenteric veins, BQ-788 did 

not affect ET-1 concentration response curves in 4wk and 16 wk HF mice, but it did 

cause a significant reductions in contractions at individual ET-1 concentrations and a 

significant drop in pD2 values (P< 0.0001) (Fig. 14 A and B, Table 5).  

In 4wk sham and HF mesenteric veins, pretreatment with BQ-610 not alone 

dramatically right shifted ET-1 concentration response curves but also caused 

significant decrease in the Emax values (P < 0.0001) (Fig. 14 C, Table 5). In 16wk HF, 

The magnitude of rightward shift caused by BQ-610 was significantly greater 

relatively to that in 16wk sham mesenteric veins as BQ-610 inhibited only 36% and 

70% of maximum contractile responses in sham and HF mesenteric veins respectively 

(Fig. 14 D, Table 5). Since the contractile responses to ET-1 were small and 

inconsistence in the presence of BQ-610 pD2 values could not be determined.  

Compared to inhibition produced by BQ-610 alone, co-application of BQ-788 

and BQ-610 did not cause further inhibition in 4wk HF and sham mesenteric veins, 

however, at concentrations above 1×10
-9

 M, BQ-610 alone partially restored ET-1 

induced contraction in mesenteric veins from sham and HF mice  (Fig. 15 A). In 

16wk sham and HF mice, co-application of both antagonists caused further rightward 

shifts in ET-1 concentration response curves than caused by BQ-610 alone in 16wk 

sham at concentrations 3×10
-10

 to 3× 10
-9

 M (P< 0.0001) and in 16wk HF at 

concentrations 3×10
-10

 and 1× 10
-9 M 

(P<0.05) (Fig. 15 B). This shift was significantly 

greater in sham than HF mesenteric veins thus the net inhibition of ET-1 responses 
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was similar in mesenteric veins of HF and sham groups after blocking both ETARs 

and ETBRs (Fig. 15 B; Table 5).  
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Figure 14. Concentration response curves to ET-1 in isolated mesenteric veins from 

4wk sham and HF (A and C) and 16 wk sham and HF (B and D) in the absences and 

presence of BQ-788 (A and B) and BQ-610 (C and D). * P < 0.05; ** P< 0.001; 

***P<0.0001 sham vs. sham BQ-788.  P< 0.001; †††P< 0001 compared to disease 

status match with BQ-610 Data are expressed as mean ± SEM, n= number of animals. 
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Figure 15. Concentration response curves to ET-1 in isolated mesenteric veins from 

4wk sham and HF (A) and 16 wk sham and HF (B) in the absences and presence of 

BQ-610 alone or with BQ-788. *P< 0.05  ***P< 0.0001 sham BQ788/BQ610 

compared to sham BQ-610. † P<0.05 BQ788/BQ610 compared to HF BQ-610. Data 

are expressed as mean ± SEM, n= number of animals. 
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Role of ET-1 receptor subtypes in mediating ET-1-induced contractions of mesenteric 

arteries isolated from sham and HF mice.  

In mesenteric arteries, BQ-788 did not affect ET-1 concentration response 

curves in 4wk sham mice but it did cause a rightward shift in curves obtained from 

4wk HF mice and decreased pD2 values, however, did not reach statistical 

significance (P < 0.07) (Fig. 16A, Table 6). In contrast to arteries from 4wk groups, 

BQ-788 significantly shifted mesenteric arteries contractile responses to ET-1 to the 

right and decreased pD2 values (P<0.05) in 16wk sham but not 16wk HF (Fig. 16B, 

Table 6). BQ-610 completely blocked ET-1-induced constrictions in 4wk sham and 

HF mice (Fig. 16C, Table 6).  In mesenteric arteries of 16wk sham and HF, BQ-610 

significantly reduced ET-1-induced contractions and Emax values (P<0.05) (Fig. 17D, 

Table 6), and co-application of BQ-610 and BQ-788 did cause a significant additive 

inhibition in vasoconstrictor responses to ET-1 at concentrations 1×10
-9

 to 1× 10
-8

 M 

compared to that produced by BQ-610 alone in sham mesenteric arteries but not those 

of HF mice (Fig. 18A and B). However, the maximum contractile responses (Emax) did 

not changed significantly compared to those obtained in the presence of BQ-610 alone 

(Table 6).   
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Figure 16. Concentration response curves to ET-1 in isolated mesenteric arteries from 

4wk sham and HF (A and C) and 16 wk sham and HF (B and D) in the absences and 

presence of BQ-788 and BQ-610. * P=0.05; ** P< 0.001; ***P<0.0001 without 

treatment versus treatment with BQ-788 or BQ-610 within same group. Data are 

expressed as mean ± SEM, n= number of animals. 
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Figure 17. Concentration response curves to ET-1 in isolated mesenteric arteries from 

16wk sham (A) and HF (B) in the absences and presence of BQ-610 alone or with 

BQ-788. * P<0.05; * P< 0.001 sham BQ-610 vs. BQ-788/BQ-610. Data are expressed 

as mean ± SEM, n= number of animals.  
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Table 5 

Emax and EC50 values for ET-1 and S6c induced contraction responses in mesenteric veins from sham and HF mice in the presence and absence 

of Indomethacin (Indo, 10
-6

 M), L-NNA (10
-4

 M), ETAR antagonist BQ-610, ETBR antagonist BQ-788, and ETAR/ETBR antagonists are shown.  

 

  4wk Sham  4wk HF  8 wk HF  16 wk Sham  16wk HF 

Treatment  pD2 Emax (%)  pD2 Emax (%)  pD2 Emax (%)  pD2 Emax (%)  pD2 Emax (%) 

ET-1                

-Indo&L-NNA  9.7±0.1 83.5±1  (8)  9.7±0.1 83.2±2  (5)  9.5±0.1 80.9±3   (5)  9.8±0.1 84.3±1  (7)  9.3±0.2* 76.3±2*   (7) 

+Indo&L-NNA  9.8±0.1 84.6±2  (8) 
 

9.5±0.1 80.4±3*(6) 
 

9.5±0.1 82.6±2   (5) 
 

9.7±0.1 84.8±1  (8) 
 

9.1±0.2* 77.4±2*   (7) 

+BQ-788  9.1±0.1† 79.8±3  (7)  9.4±0.1 83.0±1  (5)  9.3±0.1 82.2±1   (4)  9.1±0.1† 79.2±2  (6)  9.5±0.2 78.7±2     (6) 

+BQ-610  ND 32.0±4†(7)  ND 34.6±7†(5)  ND 26.7±8† (6)  ND 54.7±7†(7)  ND 23.7±8*† (5) 

+Both  8.9±0.1† 70.6±5  (5)  9.2±0.1† 54.6±7†(5)  8.4±0.02† 41.8±3† (6)  8.4±0.1† 57.3±6†(6)  8.1±0.1† 48.4±9†   (5) 

S6c                

-Indo&L-NNA  9.0±0.2 60.3±5  (5)  9.3±1.5 29.8±8  (6)  8.7±0.1* 31.0±7* (7)  9.2±0.1 61.9±2  (6)  8.7±0.1* 24.2±6*   (5) 

+Indo&L-NNA  9.3±0.04 56.5±5  (7)  9.1±0.1 39.5±9  (7)  8.6±0.3* 21.0±4* (7)  9.3±0.1 65.3±5  (6)  8.6±0.2* 27.4±4*   (6) 

 

Data are mean±SEM. Numbers in parentheses refer to the number of animals from which the data were obtained. pD2: negative logarithm of 

EC50 ; Emax: maximum contraction based on data that were fitted to a four-parameter logistic equation. All experiments involving BQ-610 or BQ-

788 were performed in the presence of Indo and L-NNA. * Sham vs HF for the same treatment. † vs ET-1+ indo/L-NNA within same group. P< 

0.05  
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Table 6 

Emax and EC50 values for ET-1 and S6c induced contraction responses in mesenteric arteries from sham and HF mice in the presence and absence 

of Indomethacin (Indo, 10
-6

 M), L-NNA (10
-4

 M), ETAR antagonist BQ-610, ETBR antagonist BQ-788, and ETAR/ETBR antagonists are shown. 
 

  4wk Sham  4wk HF  8 wk HF  16 wk Sham  16wk HF 

Treatment  pD2 Emax (%)  pD2 Emax (%)  pD2 Emax (%)  pD2 Emax (%)  pD2 Emax (%) 

ET-1                

-Indo&L-NNA  9.1±0.04 75.4±1   (7)  9.3±0.1 74.5±1† (5)  8.9±0.04 69.6±3  (7)  9.2±0.1 74.7±1  (5)  8.9±0.1 * 66.5±1 * (7) 

+Indo&L-NNA  9.1±0.03 75.5±1   (7)   9.3±0.1 81.9±2*(5)  9.0±0.1 72.9±1  (7)  9.2±0.1 75.1±2  (5)  8.9±0.02* 68.1±1 * (7) 

+BQ-788  8.9±0.1 77.9±3   (5)  9.0±0.1 78.8±2   (4)  8.8 ±0.1 67.9±6  (4)  8.7±0.2 † 72.1±4  (4)  9.1±0.04 69.8±2    (4) 

+BQ-610  ND 17.1±3 †(5)  ND 12.4±3† (6)  ND 16.7±6†(4)  ND 24.0±4†(4)  ND 14.0±2 † (6) 

+Both  ND   ND   ND 31.0±5†(5)  ND 13.0±3†(4)  ND 27.4±5 † (6) 

S6c                

-Indo&L-NNA  ND 2.5±1†  (4)  8.9±0.1 23.7±2* (5)  ND 21.0±3  (6)  ND 12.4±1† (6)  ND 7.8± 4*   (5) 

+Indo&L-NNA  ND 10.8±3   (6)  9.2±0.1 22.4±3* (5)  ND 27.2±4  (5)  9.0±0.11 21.0±2  (8)  ND 8.8± 2*  (6) 

 

Data are mean±SEM. Numbers in parentheses refer to the number of animals from which the data were obtained. pD2: negative logarithm of 

EC50 ; Emax: maximum contraction based on data that were fitted to a four-parameter logistic equation. All experiments involving BQ-610 or BQ-

788 were performed in the presence of Indo and L-NNA.* Sham vs  HF within same treatment. † vs ET-1+ indo/L-NNA within same group.  P< 

0.05.   
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Discussion 

 

My studies of isolated mesenteric veins and arteries from mice with HF and 

increased LVEDP, or pre-load, have revealed the following:  (i) progressive reduced 

in vasoconstrictor responses to ET-1 and S6c (a selective ETBR agonist) in mesenteric 

veins as HF progresses over time, and  (ii) the loss of contractile responses being 

associated with a decrease in ETBRs sensitivity in mesenteric veins of HF mice. (iii) 

Enhanced contractile responses to ET-1 and S6c in mesenteric arteries in early stage 

(4wk) HF, these responses then progressively decreased in the later stages examined 

(8 to 16 wk). (iv) I also found that although the contribution of ETBRs induced 

venoconstriction is small relative to that mediated through ETARs; responses 

mediated by ETBR subtype in mesenteric veins of HF mice were attenuated compared 

with age-matched sham mice. A similar reduction in constrictor ETBRs was found in 

mesenteric arteries of 16wk HF mice.  

In this study, I used a mouse model of MI-induced HF. Ligation of the LAD 

coronary artery resulted in an infract size of more than 30% of the left ventricular 

wall, resulting in impaired LV function and increased preload (LVEDP).  Increased 

preload in HF models is associated with reduction in splanchnic capacity from 100% 

to 86% ± 2% (Wang et al., 1995). In rat models of MI, the increased preload was 

shown to be related to elevated venous resistance and MCFP an index of body venous 

tone, and not to a change in blood volume (Gay et al., 1986; Raya et al., 1989; 

Nekooeian & Pang 2000). Unfortunately, the small size of mice and technical 

difficulties with current existing MCFP techniques (atrial balloon placement) did not 

allow us to measure the MCFP in our animals. In accordance with previous studies 

(Cavero et al., 1990; Margulies et al., 1990; Underwood et al., 1992; Mulder et al., 
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1997; Dupuis et al., 1998; Ray et al., 2008), the plasma ET-1 levels were significantly 

increased in HF mice.  

To investigate the role of ET-1 in altered venous function in HF, I evaluated 

the vasoconstrictor effects of ET-1 and S6c in isolated mesenteric veins and arteries 

from HF and sham mice. Our results in mesenteric veins show progressive decreases 

in venoconstriction to ET-1. This finding is consistent with those previously reported 

by Love et al., (2000) in dorsal hand veins of patients with HF, in which contractile 

responses to ET-1 were blunted in HF patients compared to those of age matched 

healthy subjects. A reduced contractile response to ET-1 is unlikely to be due to 

VSMCs dysfunction as the maximum responses to NE (10 uM) were preserved (4wk 

sham 71.9±0.7; 16wk sham 72.8±1.0; 4wk HF 72.5±0.7; 16wk HF 73.7±1.6). 

Evidence from previous studies suggests that binding of ET-1 to EC ETBRs causes 

vasodilation mainly via releasing NO in unpressurized mice mesenteric veins (Pérez-

Rivera et al., 2005). However, reduced responsiveness of mesenteric veins to ET-1 in 

the present study cannot be explained by up-regulation of the endothelial ETBRs as 

the responses to ET-1 and S6c were not changed by pretreatment with Indo and L-

NNA. Rather, my findings suggest that functional down regulation of ETBRs in 

VSMCs may be responsible for reduced responsiveness of mesenteric veins to ET-1in 

HF.  ET-1 induces vasoconstriction through activation of ETARs and ETBRs in 

mesenteric veins. Both receptors are G protein-coupled receptors. Indeed, there is 

overwhelming evidence that shows prolonged activation of these receptors by agonist 

often results in down regulation of receptor responsiveness. Thus, my next 

experimental step was to determine whether there was a functional down regulation in 

ETAR and ETBR by using selective ETBR agonist (S6c) and selective ETAR (BQ-610) 

and ETBR (BQ-788) antagonists.   
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These experiments provide significant pieces of evidence for functional down 

regulation of ETBR in mesenteric veins from 4wk and 16wk HF mice: i) reduced 

contractile responses to S6c in HF mesenteric veins, ii) blockade of VSMC ETBRs 

with BQ-788 did not alter the responses to ET-1 in HF but it did reduce ET-1 

contractile responses and pD2 values in sham mice, and iii) in 16wk mice, BQ-610 

produced greater inhibition in ET-1 responses in HF than sham mesenteric veins. In 

addition to inhibition produced by BQ-610 alone, co-application of both antagonists 

resulted in additive inhibition that was significantly greater in mesenteric veins of 

sham than those of HF and consequent the responses to ET-1 were inhibited to same 

extent after this treatment in sham and HF mice. Although, my results are consistent 

with those of published by Love et al., (2000) showing reduced venoconstrictor 

responses to ET-1 in HF, the findings of previous studies suggest that loss of 

responsiveness could be due to functional down-regulation of ETAR rather than ETBR 

as the responses to S6c were preserved in HF patients. That study did not exclude the 

possibility of functional decreases in VSMC ETBRs, and it was postulated that 

preserved S6c responses in HF patients could be due to equal decreases in EC ETBRs 

mediating dilation and VSMCs ETBR mediating constriction. Furthermore, these 

differences may be explained, in part, by pathophysiological differences between 

species, and differences with conduit versus capacitance veins.  Antagonist 

experiments in the current study did not detect any evidence for a selective decrease 

in ETARs mediating constriction, as the magnitude of ET-1 responses in the presence 

of ETAR antagonism was not reduced.  

Another important finding was that 4wk HF mesenteric artery responses to 

ET-1 were enhanced, a finding consistent with recently published study 

demonstrating enhanced vasoconstrictor responses to ET-1 in mice mesenteric arteries 
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at 1 to 12 wks following MI (Hoefer et al., 2010).  Enhancement in mesenteric artery 

responses to ET-1 is more likely to be receptor dependent rather than increased Ca
2+

 

sensitivity or calcium release in VSMCs, since responses to KCl were not changed 

(Hoefer et al., 2010). Findings from this study further support this conclusion, and 

indeed some of my findings suggest that ETBRs are responsible for this enhanced 

response to ET-1, including i) S6c produced greater vasoconstrictor responses in 

mesenteric arteries of 4wk HF mice than those of the sham group, ii) blockade of 

ETBRs inhibited ET-1 responses in 4wk HF leading to restored responses to levels 

seen in 4wk sham mesenteric arteries. On other hand, using BQ-610 alone completely 

blocked ET-1 vascular response in both 4wk sham and HF suggesting that ETARs are 

important for this enhancement in responses. A lack of selectivity of the BQ-610 

antagonist could explain the apparently contradictory findings that ETAR antagonism 

alone or in presence of ETBR antagonist completely inhibited ET-1 vasoconstriction. 

However, the present observation that i) inhibition of ET-1 contractile responses by 

co-application of both BQ-610/BQ-788 was greater than was produced by BQ-610 in 

16wk sham mesenteric arteries and 16wk sham and HF mesenteric veins and ii) BQ-

610 did not inhibit ETBR mediated vasoconstrictions to S6c suggests that BQ-610 is 

selective for ETARs.  Furthermore, primary data from the literature supports the 

selective properties of BQ-610 at the concentrations used in this study, with ET-1 

binding studies in porcine aortic smooth muscle membranes and porcine cerebellar 

membranes demonstrating that BQ-610 possess a greater affinity for the ETARs 

(IC50= 0.7 nM) than for ETBRs (IC50=24 µM) (Ishikawa et al., 1993). Thus, 0.1 µM 

BQ-610 would not be expected to block ETBRs.  Additionally, BQ-788 has been 

shown to reduce exogenous ET-1 synthesis and production via decreasing the 

transcription and stability of preproET-1 mRNA (Saijonmaa et al., 1992 and Iwasaki 
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et al., 1995). Taken together, the most plausible explanation may be that inhibition of 

ET-1 vasoconstriction caused by BQ-788 is not due to blockade of ETBRs on VSMCs, 

but to decreases in the local concentration of ET-1. Similar to 16wk mesenteric veins, 

mesenteric arteries showed reduced responses to ET-1 that was associated with a 

selective functional down regulation of ETBRs in 16 wk HF mice as i) the responses 

to S6c were reduced in mesenteric arteries of HF mice, ii) BQ-788 did partially inhibit 

mesenteric arteries contractile responses to ET-1 in sham mice, but the effect was not 

seen in those of HF mice, and iii) co-application of BQ-610 and BQ-788 caused 

greater inhibition of ET-1 responses than BQ-610 alone in sham, but not in HF 

mesenteric arteries. These findings are in agreement with those of previous functional 

studies that examined vascular responses to ET-1 in rat denuded mesenteric arteries 

after 12wks of MI (Gray et al., 2000).  However, molecular studies using in situ 

hybridization put the functional results of this study in a different context, suggesting 

that up-regulation of ETBR mRNA and protein in mesenteric artery VSMCs is in part 

responsible for reduced contractile responsiveness to ET-1. Collectively, these studies 

suggest that the predominant effect of ETBRs in HF is to induce vasorelaxation, 

whereas ETARs are the main contributor to ET-1-induced vasoconstriction in small 

resistance arteries. This phenomenon has been described in previous vivo studies 

estimating vascular responses to ET-1 in different arterial beds from other animal 

models of HF or human HF patients.  In these studies, reductions in ET-1 contractile 

responses were paralleled by enhanced contractile responses to S6c (Cannan et al., 

1996; Love et al., 1996; Andersson et al., 2005), providing additional evidence for the 

role of up-regulated VSMC ETBRs in reducing contractile responses to ET-1. 

Endothelial dysfunction has been reported in conduit brachial arteries of HF patients, 

thus, the enhanced arterial constriction to S6c may be a consequence of impaired 
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endothelial vasodilator function in vivo studies, given that S6c activates both dilatory 

EC ETBRs and constrictor VSMC ETBRs. Interestingly, in my studies, there was also 

difference in the contribution of ETBRs to ET-1 responses with aging in sham groups. 

Indeed I noticed that the role of ETBRs in mediating ET-1 responses become greater 

in 16wk sham mesenteric veins as i) blockade of ETARs with BQ-610 produces 

greater inhibition in ET-1 contractile responses in 4wk sham than 16 wk sham 

mesenteric veins, ii) in comparison to ETAR blockade, co-application of BQ-610 and 

BQ-788 resulted in additive inhibition on ET-1 responses only at concentrations 3×10
-

10
 M in 4wk sham, whereas this treatment caused not only additive, but also complete 

inhibition of ET-1 responses, shifting the threshold concentration for ET-1 from 1×10
-

10
 M to 1×10

-9
 M in 16wk sham mesenteric veins. Similar finding were observed in 

sham mesenteric arteries.  These results are consistent with those reported in coronary 

arterioles of male rats and suggest that with aging, ETAR protein level in VSMCs 

decreases and ETBR protein level increase (Leblanc et al., 2012). 

Taken together, this study shows progressive reductions in ET-1 contractile 

responses in both side of the splanchnic circulation, and suggests these reductions are 

due to a decrease in ETBRs sensitivity in vessels of HF mice. Altered venous function 

is believed to contribute to the development of HF post MI via increasing preload 

(Sakai et al., 1996; Fraccarollo et al., 1997). Based on our results, one could presume 

that ETAR antagonists would be of more benefit than a dual antagonist in reducing 

enhanced vasoconstriction in early stages of HF, whereas blocking both receptors 

with a dual ETA/B receptors antagonist could be more efficient in inhibiting ET-1 

responses to the elevated plasma ET-1 levels in late stages of HF. It is important to 

bear in mind the possibility that differences in the contribution of ETBRs in ET-
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mediated vasoconstriction between 4wk and 16wk HF mice is, in part, due to the 

influence of aging on the vascular ETARs and ETBRs.   
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Chapter 3: Characterization of ET-1 peptide and ET-1 receptor expression in 

mesenteric veins and arteries of HF mice. 
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Introduction  

Activation of the ET-1 system is correlated with vascular dysfunction at three 

levels which includes changes in 1) ET-1 concentration. 2) ET-1 receptor expression 

and sensitivity, as well as 3) signaling mechanisms involved in ET-1 vascular actions.  

Therefore, identifying the changes in ET-1 signaling at either of these levels may lead 

to discovering the ways for improving vascular dysfunction. Previous studies have 

shown that plasma ET-1 levels are elevated and positively correlated with the severity 

of chronic HF and inversely correlated with prognosis (Cody et al., 1992). Consistent 

with these studies, our results in previous chapter show elevated plasma ET-1 levels 

in mice 16 weeks post MI (16 wk MI). Lungs are the main source of increased ET-1 

production in the rat CAL model of HF and human HF patients (Sakai et al., 1996; 

Tonnessen et al., 1998; Lepailleur-Enouf et al., 2001). However the expression level 

of ET-1 in the splanchnic vascular bed was not reported.  ET-1 modulates vascular 

tone by binding to its receptors (ETAR and ETBR), thus variation in mRNA and 

protein expression should affect the vascular response to ET-1. HF is accompanied by 

altered regulation of ETR subtypes and their responses to ET-1. Molecular and 

functional up-regulation of ETBRs in VSMCs has been reported in the arterial side of 

the circulation in clinical and experimental HF models (Barber et al., 1996; Adner et 

al., 1998; Cowburn et al., 2005). Up-regulation of ETBRs in VSMCs is associated 

with a reduction in contractile responses to ET-1 in mesenteric arteries (Gray et al., 

2000). Our functional studies show that the vasoconstrictor response to ET-1 (non 

selective ETBR and ETAR agonist) were significantly reduced in both mesenteric 

veins and arteries of 16 wk HF mice compared to those from sham mice. Reduced 

responsiveness in mesenteric veins was associated with a decrease in ETBRs 

sensitivity as responses to S6c were significantly reduced in HF mice compared to 
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sham mice, and BQ-788 significantly reduced ET-1 sensitivity in mesenteric veins of 

sham mice but not HF mice.  

Agonist-induced receptor down regulation is a well-known observation in 

human cardiovascular physiology, and has been established for other vital 

neuroendocrine systems that are activated in HF (Haywood et al., 1997; Leier et al., 

1990). Considering all these findings together, we hypothesised that ETBR mRNA 

and protein level would be reduced in mesenteric veins of 16 wk HF mice compared 

to those of 16 wk sham mice which will, in part, be responsible for reduced ET-1 

responses in mesenteric veins of HF mice.   

 

Materials and Methods 

Animals 

16 wk HF and sham mice were used to conduct the molecular studies.  Details 

regarding animal housing and CAL surgery procedure are presented in previous 

chapter.    

Mesenteric vessels preparation 

MI in CD-1 mice was induced by ligating the left anterior descending 

coronary artery as described in the chapter 2. Age-matched sham animals underwent 

opening and closing of their thoracic cavity. 16 wk post MI induction, mice were 

euthanized and 2
nd

 order mesenteric veins and arteries were dissected as described in 

the chapter 2 and snap frozen in liquid nitrogen, and stored at  -80° C until use. 

 

Selection of candidate reference gene 

 

The selection of the candidate reference genes was based on previous 

reference gene studies in MI. Five commonly used reference genes were included:  
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Hypoxanthine phosphoribosyltransferase 1 (Hprt), ribosomal protein L32 (Rpl32), 

RNA polymerase II alpha subunit (Polr2a), peptidylprolyl isomerase A (Ppia) and 

ribosomal protein L13a (Rpl13a) (Brattelid et al., 2010;  Everaert et al., 2011). To 

determine the expression stability of the selected reference genes in mesenteric veins, 

mRNA expression of the reference genes was measured in 4 biological samples from 

16 wk sham mice and 5 biological samples from 16 wk HF mice. Each individual 

sample reaction was run in triplicate (technical replicates). 

Reference gene expression stability 

Analysis of the gene expression stability in mesenteric veins of 16 wk HF and 

sham mice was performed using the geNorm component of qBaseplus 2.0 software. 

The analysis depends on the principle that the expression ratio of two ideal internal 

control genes is equal in all samples, regardless of the experimental condition or 

sample type, and determined as the standard deviation of the logarithmically 

transformed expression ratios. The internal control gene stability measure value (M) 

was calculated as the average pair-wise variation of a particular value between HF 

and sham conditions with respect to the rest of the genes using the geNorm software. 

Ranking was made based on M values; with genes with the lowest M values having 

the most stable expression. The most stable reference genes were identified by 

stepwise exclusions of the least stable gene and the recalculation of M values 

(Vandesompele et al., 2002). 

The geNorm program was also used to determine the optimal number of 

reference genes for normalization. The software first calculates a normalization factor 

(NF) of the two most stable genes of each sample then analyzes pairwise variation 

(Vn/n+1) between NF (n) and NF (n + 1) to determine the optimal number of 

reference genes for RT-qPCR data normalization. 
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Total RNA extraction and RT-qPCR 

Total RNA was extracted from mesenteric veins and arteries using mirVana, 

isolation Kit with phenol (this was completed according to the manufacturer‘s 

protocol) (Ambion Life Technologies, Burlington, ON Canada). RNA concentrations 

and purities were determined using a Nanodrop ND-1000 spectrophotometer by 

optical density at 260/280 nm (Thermo Fisher Scientific, Wilmington, DE, USA).  

cDNA was generated using 1 µg of isolated RNA with an iScript™cDNA Synthesis 

Kit (Biorad, Mississauga, ON Canada).  Quantitative PCR was performed in a Light 

Cycler (Roche, Laval, QC, Canada), using a Fast Start DNA Master SYBR Green I kit 

(Roche, Laval, QC, Canada) and the cDNA as an amplification template. Details of 

the primers are summarized in Table 7.  

All samples were run in triplicate in a 10 μl reaction volume consisting of 1× 

Fast Start DNA Master SYBR Green I enzyme mix, 0.5 μM primers and 2 μl cDNA. 

Roche Light Cycler Capillaries that contained the reaction mix were capped and 

centrifuged for 10 sec at 2000 rpm, and placed in the Light Cycler (Roche). The 

qPCR conditions included an activation cycle (95°C for 10 minutes) followed by an 

amplification program consisting of 45 cycles of 95°C for 15s, 58°C for 20s and 72°C 

for 20s.  Melt phase was performed at 95 C for 0 sec hold, then 65 C for 30 sec hold, 

and finally 95 C for 0 sec hold. During the melting phase, the acquisition setting was 

set at ‗‗continuous.‘‘ Finally, a cooling phase of 30 sec at 40 C was used (Machado et 

al., 2006). One inter-run calibrator (sample that was run on every plate) was included 

in each assay run. 
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Table 7. Primer sequences of the target genes (TRG) and tested reference genes (REF) 

respective to protein function 
 

 

 

 

 

 

 

Genes Type Sequence Amplicon 

length 

(bp) 

Protein function Ref 

Hprt REF 

 

Forward: 

TGGATACAGGCCAGACTTTGT 

Reverse: 

CAGATTCAACTTGCGCTCATC 

163 Metabolic salvage 

of purines 

 

Wang et 

al., 2010 

Ppia REF 

 

Forward: 

CGCGTCTCCTTCGAGCTGTTTG 

Reverse: 

TGTAAAGTCACCACCCTGGCACA 

150 Protein folding Mamo et al 

., 2007 

Rpl13a REF 

 

Forward: CGGAAGGTGGTGGTCGTA 

Reverse: 

AAGGCCAGATACTTTAACTTGTTTC 

80 Structural 

component of the 

large 60S 

ribosomal subunit 

 

 

Rpl32 REF 

 

Forward: 

TGCCATCTGTTTTACGGCATC 

Reverse:  

TCAATGCCTCTGGGTTTCCG 

146 Member of 80 

different ribosome 

proteins 

 

 

Polr2a REF 

 

Forward: 

AACACGGGCAGAGATCCAAG 

Reverse: 

TTCATGACTTCACCCCGCTC 

156 DNA-dependent 

RNA polymerase 

 

ET-1 TRG Forward: CTGCCACCTGGACATCATC 

Reverse: TCCTTCCTTCCACCAGCTG 

280  Machado et 

al., 2006 

ETARs TRG Forward: 

CCCTTAGTGAGCACCTCAAA 

Reverse: 

CACACCGGTTCTTATCCATC 

147  Machado et 

al., 2006 

ETBRs TRG Forward: 

CGCTCTGTATTTGGTGAGCA 

Reverse: 

AGTGAGATTCGGCGAGTGTT 

205  Machado et 

al., 2006 
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The gene-specific PCR efficiencies and Cq values were determined using the 

LinReg software (Ramakers et al., 2003). Cq data then was imported into qBase Plus 

(Biogazelle) to calculate the normalized mRNA level of target genes relative to the 

two most stable reference genes and then the relative expression values of HF samples 

to sham. The qBase Plus algorithm also takes into account gene-specific amplification 

efficiencies and inter-run variations, which distinguishes it from the more general and 

simplistic ΔΔCt method.  

 

Total protein extraction Western blot 

For protein extraction, the frozen MV and MA were homogenized in 125 ul of 

RIPA buffer (10mM Tris-HCL pH 7.6, 5mM EDTA, 50nM NaCl, 30mM tetrasodium 

pyrophosphate, 1% Triton X-100, 0.1mM Sodium orthovandate) with protease 

inhibitors  (one Mini Easy protease pill per 10ml buffer (Roche, Mannheim, 

Germany). The homogenate was sonicated while on ice and left for 30 min on ice, 

then centrifuged for 10 minutes at maximum speed in a 4°C centrifuge. Supernatant 

was then collected and the protein quantified using a Bradford assay  (Biorad, 

Hercules, CA). In order to minimize freeze thaw cycles, the protein was then 

aliquoted for future use.  

Total protein (80 µg /sample) was separated by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS–PAGE) on 8% acrylamide gels using a 

discontinuous buffer system under reducing conditions. Gels were transferred to a 

PVDF membrane (Millipore, MA, USA) 1x cooled Towbin‘s Buffer at room 

temperature using a wet transfer system (Bio-Rad). The PVDF membrane was then 

blocked in 5% skim milk in Tris-buffered saline, 0.05% Tween 20 (TBST) for 1 hour. 

The membrane was incubated with anti-ETBRs antibody (1/50, ab135611; abcam) 
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diluted in TBS containing 0.05% Tween at 4°C overnight. The membrane was then 

subjected to three 5-minute washes in TBST at room temperature and then incubated 

with anti-rabbit secondary antibody diluted (1:10000, Santa Cruz Biotechnology) in 

5% skim milk in TBST for 2 hours at room temperature. Antibody binding was 

detected using an ECL Prime chemiluminescence detection kit (Amersham, 

Buckinghamshire, UK). A FluorChem9900 imaging system with Alpha Ease FC 

software (Alpha Innotec, San Leandro, CA) was used to visualize and quantify the 

bands. Blots were then stripped with Restore (Thermo Scientific, Rockford, IL) 

according to the manufacturer‘s instructions and re-probed for beta actin (1:5000; cell 

signal).  

 

Statistical analysis 

Differences in mRNA expression levels between tissues of different study 

groups were analyzed using ANOVA followed by Bonferroni‘s post test. An unpaired 

Student‘s T-test was used to compare protein expression differences between two 

groups. Observations were considered statistically significant when p<0.05. GraphPad 

Prism, version 5 was used for statistical analyses and graph preparation. 
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Results  

geNorm and expression stability analysis 

Selecting the most stable housekeeping genes is critical for an accurate 

interpretation of qRT-PCR data. GeNorm calculation ranked the five candidate 

reference genes in mesenteric veins according to their average expression stability (M 

value). Results are shown in Fig. 18 from the most stable to the least stable, HPRT 

and RPL13a being the most stable with M= 0.413 and 0.427 respectively (Table 8). 

 In addition, geNorm also determined the optimal number of reference genes required 

for a more reliable normalization.  Taking into account the entire dataset from 16 wk 

HF and sham mice and considering a pairwise variation value (Vn/n+1) less than 

0.15, the pairwise value for two genes (V2/3) was 0.138 (Fig. 19), suggesting that the 

combination of the two most stable genes (HPRT and RPL13a) were sufficient for 

effective normalization of the gene expression evaluations in mesenteric veins from 

sham and HF mice. 
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Figure 18. geNorm analysis: Average expression stability values (M) of the five 

reference genes in mesenteric veins. Genes with the highest M value represents the 

least stable gene. Results obtained from a set of eight sham and HF biological 

replicates and three technical replicates. 
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Figure 19. geNorm analysis of the optimal number of reference genes required for 

data normalization in veins. A Pairwise variation value (V) lower than 0.15 was set as 

an indicator for the optimal number of reference genes required for RT-qPCR data 

normalization. In the Mesenteric vein, V2/3 is 0.138 (<0.15), and the two genes Hprt 

and RPl13a are sufficient for RT-qPCR data normalization.  Results obtained from 

three technical replicates for each of the eight shams and HF biological replicates. 

 
Table 8. Ranking of candidate reference genes in order of their expression stability as 

calculated by geNorm.  
 

REF gene M CV 

Hprt 0.413 0.152 

Rpl13a 0.427 0.161 

Polr2a 0.437 0.172 

Ppia 0.575 0.260 

Rpl32 0.651 0.311 

 

M: Average expression stability value  
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Expression of ET-1 mRNA in mesenteric veins and arteries of HF and sham mice 

 

After optimizing the reference genes, we first investigated to what extent 

mesenteric vessels ET-1 mRNA level is induced in HF mice to determine whether 

reduced ET-1 responses are associated with increased local production of ET-1. As 

shown in Fig 3, in mesenteric veins and arteries, the levels of ET-1 mRNA were 

similar between 16 wk HF and sham groups. Although the levels of ET-1 mRNA did 

not differ significantly between HF mice and sham mice, venous ET-1 mRNA levels 

either in sham or HF mice were significantly greater than the levels found in the 

arteries of sham and HF mice respectively (Fig. 20).  
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Figure 20. ET-1 mRNA levels in mesenteric veins and arteries of 16 wk HF and Sham 

mice. A bar represents the mean CNRQ ± SEM for each group and (n) indicates the 

number of mice included in that analysis. The two most stable reference genes 

determined by geNorm (HPRT & PRIa13) were used for normalization the ET-1 

mRNA expression in each group. ANOVA followed by Bonferroni post test was used 

to compare expression differences between groups. * p<0.05 
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Expression of ETAR and ETBR mRNA in mesenteric veins and arteries of HF and 

sham mice 

To determine molecular mechanisms underlying the changes in ET-1 

responses in mesenteric veins and arteries, we first measured mRNA levels of ETAR 

and ETBR in mesenteric veins and arteries from 16 wk HF or sham mice. These 

studies revealed no significant differences in expression levels of ETAR in mesenteric 

veins and arteries from animals with HF versus sham (Fig. 4). However, ETAR 

mRNA levels in HF mice veins were significantly lower than the levels found in the 

arteries of these mice (Fig. 21). 

 As expected, ETBR mRNA levels were significantly reduced in mesenteric 

veins from HF versus sham (Fig. 5, P=0.04). In contrast to veins, ETBR mRNA levels 

were similar in the arteries of both groups of mice.  Relative levels of ETBR were 

greater in mesenteric veins from either HF or sham than mesenteric arteries of these 

mice (Fig. 22).  
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Figure 21. ETAR mRNA levels in mesenteric veins and arteries of 16 wk HF and 

Sham mice. A bar represents the mean CNRQ ± SEM for each group and (n) indicates 

the number of mice included in that analysis. The two most stable reference genes 

determined by geNorm (HPRT & PRIa13) were used for normalization of ET-1 

mRNA expression in each group. ANOVA followed by Bonferroni post test was used 

to compare expression differences between groups. * p<0.05 
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Figure 22. ETBR mRNA levels in mesenteric veins and arteries of 16 wk HF and 

Sham mice. Bars represent the mean CNRQ ± SEM for each group and (n) indicate 

the number of mice included in that analysis. The two most stable reference genes 

determined by geNorm (HPRT & PRIa13) were used for normalization the ET-1 

mRNA expression in each group. ANOVA followed by Bonferroni post test was used 

to compare expression differences between groups. * p<0.05; ** p<0.0001 
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Western analyses for ETBR protein in mesenteric veins and arteries of HF and sham 

mice. 

To confirm the results of our RT-PCR analyses, western blot analysis was 

performed to determine whether differences in ETBR protein levels were present 

between HF and sham groups. ETBR antibodies recognized 3 bands of 50, 45 and 37 

kDa in mesenteric veins (Fig. 23A). In agreement with our RT-PCR analyses, 

mesenteric vein expression of ETBR, whether quantified using the 50 or 37 kDa 

bands, was significantly greater in the mesenteric veins from sham as compared to 

mesenteric veins from HF, except for band 45 kDa, the ETBR density was similar 

between two groups (Fig. 23B). ETBR antibodies recognized 2 bands of 50 and 37 

kDa were observed in mesenteric arteries (Fig. 24A). To our surprise, in mesenteric 

arteries, the ETBR density at 50 kDa band was greater in HF mice compared to sham 

mice, although at 37 kDa, there was no significant change in protein density between 

sham and HF group (Fig. 24B). This result suggests that reduced ETBR mRNA and 

protein levels in mesenteric veins are likely to play a role in the ligand/receptor-

specific vasoconstrictor responses and reduced ET-1 responses documented in HF. 
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Figure 23. ETBR protein levels in mesenteric veins of 16wk HF and Sham mice. 

Incubation with ETBR antibody resulted in three bands of 50, 44, 37 kDa in 

mesenteric veins (A). Each lane represents mesenteric veins lysates from two mice. 

The beta actin bands indicate loading of equal amounts of proteins in all wells. 

Densitometric quantifications (B). Each bar represents the mean ± SEM for 3 mice. 

An unpaired student‘s t-test was used to compare expression differences between 

groups. * p<0.05; ** p<0.001 
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Figure 24. ETBR protein levels in mesenteric arteries of 16wk HF and Sham mice. 

Incubation with ETBR antibody resulted in two bands of 50, 37 kDa in mesenteric 

arteries (A). Each lane represents mesenteric arteries lysates from two mice. The beta 

actin bands indicate loading of equal amounts of proteins in all wells. Densitometric 

quantifications (B). Each bar represents the mean ± SEM for 3 mice. An unpaired 

student‘s t-test was used to compare expression differences between groups. * p<0.05; 

** p<0.001 
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Discussion 

Veins of the splanchnic vasculature contain the largest percentage (~30 % of 

total blood volume) of blood within the venous system; therefore veins in this location 

are an important area in terms of systemic vascular capacitance in animals and 

humans (Rothe 1983; Greenway, 1983). We, therefore, focused this investigation of 

factors that influence this vascular bed.  Changes in the tone of veins at this site can 

lead to reduced vascular capacitance and shift blood toward the heart and a 

subsequent increase LV preloading. Therefore, a reduction in venous capacitance 

could theoretically play important roles in the pathophysiology and progression of 

HF. 

Local mesenteric vasoconstriction is thought to be influenced more by the 

local ET-1 concentration than by the circulating ET-1 level (Wagner et al., 1992). The 

ET-1 content of tissue blood vessels is determined by local vascular production of 

ET-1 (Dupuis et al., 2000). This process takes place predominantly in ECs. 

Measurements of ET-1 mRNA levels in mesenteric veins and arteries of 16wk HF and 

sham mice show no difference in ET-1 mRNA level mesenteric veins or mesenteric 

arteries between the two groups. This provides the first in vitro evidence that 

mesenteric vessels do not express more ET-1 mRNA in HF than in sham rats and that 

reduced responses to ET-1 in HF vessels do not appear to be associated with increased 

local production of ET-1.  In agreement with previous studies (Johnson et al., 2002), 

ET-1 mRNA levels are higher in veins than in arteries. This may suggest that veins 

may have higher relative numbers of ECs than do arteries or, that venous ECs have a 

greater capacity to synthesize ET-1 than those of the arterial bed (Johnson et al., 

2002). 
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ET-1 modulates vascular tone via binding to its receptors subtypes (ETAR and 

ETBR), thus changes in receptor subtype mRNA expression and protein levels should 

influence the vasoconstrictor action of ET-1. In VSMCs, activation of ETARs and 

ETBRs elicits vasoconstriction, while activation of ETBRs in ECs causes vasodilation. 

We have found that expression of ETBR at both mRNA and protein levels were 

decreased in mesenteric veins of HF mice compared to those of sham mice. 

Furthermore, the expression of ETAR mRNA levels were not changed, which implies 

that the reduced contractile response to ET-1 in mesenteric veins is associated with 

down regulation of ETBR. Based on the present study, we cannot determine whether 

the down regulation of ETBR takes place at VSMCs or ECs level since we used intact 

veins. However, we assume that expression of ETBR on VSMCs, but not on ECs, is 

down regulated as the contractile responses to S6c were significantly reduced in 

mesenteric veins of HF mice. Although the presence of multiple bands after western 

analysis of the ETBR is consistent with other published reports (Watts et al., 2002), it 

is important to note some potential limitations in the western blot analysis described 

here. First, whole tissue preparations were used instead of using isolated membrane 

preparations. This may have lead to intracellular degradation of the larger surface 

band leading to smaller observed proteins (45 and 37) than the size usually reported 

for use with this antibody (50 kDa). Alternatively, unrecognized patterns of splicing 

may be present in this context. In either case, it is likely that the proteins recognized 

in the analysis here represent a multiple potential states of the ETBR proteins in all 

phases, not just that at the surface membrane level. 

In contrast to our observations in veins, neither ETAR nor ETBR mRNA levels 

in mesenteric arteries of HF mice were different from those of sham mice. 

Interestingly however, ETBR protein levels were obviously increased after MI.  In 
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previous studies, increased ETBR mRNA and protein in VSMCs in mesenteric arteries 

of 12 wk HF rats has been associated with reduced contractile responsiveness to ET-1, 

ETBRs desensitization enhanced contractile responsiveness in HF rat, but did not 

change ET-1 responses in sham rats (Gray et al., 2000). In agreement with the study 

by Gray, we showed that blocking ETBRs with BQ788 caused a leftward shift in the 

ET-1 concentration-response curve in mesenteric arteries of HF mice but not sham 

mice, returning the ET-1 responses to levels seen in sham mice. These results reflect 

the importance of up -regulated ETBR protein in modulating ET-1 responses in HF. 

Reduced ET-1 responses could not be explained by an increase in endothelial ETBR 

protein expression, as responses to S6c and ET-1 were not enhanced after treatment 

with the Indo/L-NNA. Furthermore, all antagonist experiments were conducted in the 

presence of both inhibitors, which should rule out the involvement of the endothelial 

ETBRs.  The results from functional studies indicate reduced rather than increased 

functional ETBRs on VSMCs, as S6c contractile responses were decreased in 

mesenteric arteries from 16 wk HF mice relative to sham mice.  Therefore, further 

studies should investigate the localization of up -regulated ETBRs. ETBRs also act as a 

clearance receptor for ET-1. The most likely explanation for our results is that 

increased expression of clearance receptors causes a decrease in the local ET-1 

concentration and blocking of ETBRs leads to increases in local ET-1 concentrations, 

which results in enhanced ET-1 responses.  

Transcriptional mechanisms responsible for the up -regulation of ETBRs 

involve activation of PKC (Uddman et al., 2002) and the extracellular signal-

regulated kinases 1 and 2 (ERK1/2) pathways (Henriksson et al., 2004, Nilsson et al., 

2008 ).  
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In summary, reduced responses to ET-1 in HF vessels are not associated with 

increased ET-1 mRNA level of ET-1. Down regulation of ETBR is associated with 

reduced responses to ET-1 in mesenteric veins. While, reduced responses to ET-1 in 

mesenteric arteries are related to increased ETBR expression.  Increased arterial and 

venous tone contributes to the development of HF post MI by increasing afterload and 

preload respectively. If the mechanisms identified in this study resemble those take 

place during progression to HF, then one could predict that blocking ETRs with a dual 

ETA/B receptors antagonist would be more efficient in inhibiting ET-1 responses on 

both the arterial and venous sides of the circulatory system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



136 

 

 

 

 

 

 

 

 

 

 

General discussion 



137 

 

General discussion  

The venous system holds about 70% of total blood volume. About 75% of the 

total venous blood volume is located in venules and small veins, which make them the 

most important blood reservoirs within the circulatory system in both humans and 

rodents (Pang, 2000).  Not only do veins acting as blood reservoirs, they are also 

responsible for returning blood from the periphery to maintain the cardiac filling as 

the heart cannot pump out more than it receives from the venous system. Increase in 

heart rate would not lead to an increase in CO when venous return is stable (Cowley 

& Guyton 1971). Thus, under some physiological conditions such as blood loss, 

orthostasis or exercise when CO is limited, increase in venous return would be the 

most direct way to maintain adequate CO.  Increase in venous return causes an 

increase in cardiac blood volume, which stretches the walls of the heart. This 

generates a stronger contraction of the cardiac muscle (myocardium) which augments 

stroke volume (SV) and subsequently CO and BP. Venous tone, which refers to the 

contractile activity of VSMCs in the walls of small veins and venules, is a major 

determinant of the venous return in large capacitance beds such as the splanchnic bed 

(Schmitt et al., 2002). Therefore, relatively small changes in venous tone can shift 

large volumes of blood to or from the heart (Pang 2001). One of the key 

neurohumoral substances that provide a significant input to the maintenance of 

venous tone is ET-1. 

This thesis presents the first description of the role of ET-1 and its receptors in 

regulating venous function in HF. My first studies characterized the endothelinergic 

system in healthy rats with a focus on the gender differences in vascular responses to 

ET-1 and the role of steroid hormones in manifestation these differences. Based on 

my observations and previous studies, the role of the ET system in gender differences 
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in venous functions regulation is likely related to gender differences in ETBR/ETAR 

activation, downstream signaling and expression. Male rats have greater contributions 

from contractile ETBRs than female rats; this difference could be one of mechanisms 

underlie the increase the risk of developing cardiovascular diseases such as 

hypertension and HF in male compare to female.  

In Chapter 1, I investigated the influence of short-term sex hormone 

deprivation on the manifestation of gender differences in ET-1 induced vascular 

reactivity of mesenteric veins. My results from chapter 1 experiments show no gender 

difference in the overall ET-1 induced contractions in mesenteric veins from intact 

rats, either in the presence or absence of vasodilators inhibitors. However, the results 

do demonstrate gender differences in the relative contribution of ETARs and ETBRs to 

vasoconstriction in the small mesenteric veins.  As such, gender differences with 

endothelinergic pathways may, in part, contribute to the development or maintenance 

of cardiovascular disease. These differences are likely related to sex differences in the 

functional expression of ETRs. The ETBRs have a greater contribution in mediating 

vasoconstrictor responses to ET-1 in mesenteric veins of intact male rats compared 

with those from intact female rats.  

In contrast to my results in rats, gender differences in human vascular 

reactivity to ET-1 were observed in saphenous veins derived from patients who under-

went coronary artery bypass surgery, with men‘s veins exhibiting a greater contractile 

response to ET-1 than those of women. These differences were due to a greater 

contribution from ETARs in men (Ergul et al., 1998). This discrepancy can be 

explained by a number of factors. First, the saphenous vein is a conduit vessel, while 

mesenteric veins are capacitance veins, which are more compliant and capable of a 

large blood reservoir function. Most of the veins were collected from older (55–69 
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years of age) females and (ages 51–83 years) males, and because the hormonal status 

affects expression of both ET-1 and sex steroid receptors and signaling cascades, 

these may not be representative of veins from adult women and men or healthy 

individuals without coronary heart disease. Finally, the distribution of ETBRs varies 

between the saphenous vein and mesenteric veins. In saphenous veins, ETBRs are 

only expressed on ECs, while in mesenteric veins the ETBRs are expressed on both 

VSMCs and ECs. Obviously, further information is needed in regard to gender 

differences in ET-1 responsiveness of veins from various anatomical locations and 

how these responses relate to gender differences regulating venous functions and the 

development of cardiovascular diseases. Previous studies using experimental 

hypertensive animals, such as deoxycorticosterone acetate (DOCA)-salt-induced 

hypertensive rats, have revealed that males develop an earlier and more severe form 

of hypertension than females (Ouchi et al., 1987; Lange et al., 1998; Kawanishi et al., 

2007). Mesenteric veins in males have a greater functional expression of constrictor 

ETBRs, which could promote more pro-hypertensive effects of ET system activation 

in males.  This could be one of the mechanisms behind gender differences in the 

development of hypertension, as venoconstriction in response to exogenous ET-1 is 

either preserved in male DOCA-salt rats (Johnson et al., 2002; Pérez-Rivera et al., 

2005) or significantly enhanced in hypertensive patients compared with normotensive 

subjects, and it contributes to elevated BP in hypertensive patients and animals 

(Haynes et al., 1994). Furthermore, gender differences in developing hypertension are 

abolished by genetic ETBR deficiency (Kawanishi et al., 2007). It is noteworthy to 

mention that the results from previous studies suggested that marked increases in 

constrictor ETBR responses and mRNA levels of ETBRs in mesenteric arteries of male 

DOCA-salt hypertensive rats may play a role in these gender differences in 
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developing hypertension (David et al., 2001; 2002). A limitation to that conclusion is 

raised by the findings that contractions to ET-1 are significantly reduced in mesenteric 

arteries of DOCA-salt compared with sham rats (Johnson et al., 2002; Pérez-Rivera et 

al., 2005). Thus, decreased arterial responsiveness to ET-1 cannot explain how ET-1 

increases vascular resistance in DOCA-salt hypertension and gender differences. 

Therefore, it would be very interesting to look at gender differences in vascular 

reactivity to ET-1 in various venous beds and how they attribute to the gender 

differences in the development of cardiovascular disease conditions such as 

hypertension and HF. The results from Chapter 1 show that gender differences in 

ETRs are more likely to be due to the modulatory effect of ovarian hormones on 

ETBRs as ovariectomy enhances the responses to S6c and abolishes the gender 

differences in vascular responses to S6c in mesenteric veins from intact rats. These 

observations in part confirm previous studies using different cardiovascular disease 

models that indicate that the expression and/or functional responses of ETBRs are 

under the influence of ovarian hormones. For instance, in female DOCA-salt 

hypertensive rats, ovariectomy augments the vasoconstrictor responses to ETBR 

agonists, and estrogen-replacement therapy restores IRL-1620-induced vasodilation 

(David et al., 2001), which may suggest that ovarian hormones differentially influence 

the expression of ETBRs on ECs that induce vasodilation and ETBRs on VSMCs that 

are vasoconstrictory. Similarly, in the rat model of carotid artery balloon injury and 

neointima formation, the gender differences in balloon injury-induced neointimal 

formation were reduced by ovariectomy and restored by treatment with 17β-estradiol. 

Therefore, it is not unreasonable to speculate that modulaory effects of ovarian 

steroids on vascular ETBRs may play a role in the gender differences in vascular 

function and some of the vascular alterations persist after menopause. 
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Results from Chapter 1 also show that contractile responses to ET-1 were 

reduced in mesenteric arteries, but not in the veins after castration. My studies 

evaluated contractile responses after a short period of acute deprivation of male sex 

steroid hormones. My results are in agreement with other studies that have evaluated 

the effects of longer-term deprivation of male sex steroid hormones on vascular 

responses to ET-1 in rat portal vein or vena cava (De Souza Rossignoli et al. 2010). 

Reduced vascular responses to ET-1 in mesenteric arteries following castration 

involves increased release of endothelium-derived relaxing factors possibly via 

interactions with ETBRs in ECs as pre-treatment with indomethacin and L-NNA 

abolished this decrease in the contractile responses to ET-1. The exact contributions 

of endothelium-derived NO to vascular responses to ET-1 in mesenteric arteries of 

castrated rat are currently unknown. Overall the results of Chapter 1 suggest that the 

vascular ET system in veins displays different response patterns to an acute drop of 

sex steroid hormones compared with arteries, and that mesenteric vein responses to 

ET-1 are under the influence of ovarian steroid hormones, while in mesenteric 

arteries, the ET-1 vascular responses are under the influence of male steroid 

hormones. These observations, in part, confirm a previous study, which shows that 

estradiol produced significantly greater vasodilator effects in venous than arterial 

sides of the circulation in rats with HF induced by IM (Nekooeian & Pang 2000).  

Acute treatment with 17β-estradiol caused only weak dilator effects or no change in 

porcine veins and human saphenous veins in vitro, respectively (Bracamonte et al., 

2002; Haas et al., 2007). These latter findings do not support the direct vasodilator 

effects of 17β-estradiol on venous beds. Therefore, indirect venodilator effects of 17β-

estradiol that include effects on contractility to ET-1 and other vasoconstrictor agents 

may be involved in the venodilator action of 17β-estradiol in HF rats, as well as other 
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diseases of the venous system such as venous thromboembolism, which shows an 

increased occurrence with pregnancy and hormone replacement therapy 

(Rathbun 2008). 

HF is a major public health problem. The annual health care expenditures for 

HF in the US is estimated to be 32.4 billion dollars in 2015, and this burden to the 

general public will worsen over time as the prevalence of HF is expected to increase 

by 25 % during the next 20 years (Heidenreich et al., 2011). A recent Canadian report 

has shown that about 500,000 Canadians living with HF and 50,000 new patients are 

diagnosed each year (Ross et al, 2006). HF carries a particularly high early mortality 

rate, and poor prognosis. Despite advances in medical therapy during the last two 

decades, about 45-50% of all patients with HF die within five years of initial 

diagnosis. Subsequently, there is a great deal of interest to discover new therapeutic 

approaches to treat this condition (Roger et al., 2004). 

Altered venous function has been observed in patients with HF and in animal 

models of HF (Gay et al., 1986; Raya et al., 1989, Nekooeian & Pang 2000, Welsch et 

al., 2002).  In HF, reduced venous capacitance and increased MCFP are considered to 

be a part of compensatory mechanisms developed by the body in responses to the 

decline in CO (Georgakopoulos et al., 2011). However, these changes in venous 

function promote ventricular remodeling due to increased preload, which further 

exacerbates myocardial dysfunction (Francis & Cohn 1990)  

The role of ET-1 as a key mediator in the pathogenesis of several 

cardiovascular diseases, such as chronic HF, essential hypertension, and pulmonary 

arterial hypertension (PAH) has been established in the last 20 years (Meyers & 

Sethna 2013). The pharmacologic block of the activated ET-1 system with ETR 

antagonists has been one of the most important therapeutic achievements for the 
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treatment of patients with PAH (Meyers & Sethna 2013). However, questions have 

been raised about the effectiveness of ETR antagonists in the treatment of HF due to 

the unfavorable results from the HERS trial and the WHI trial. Therefore, 

reinvestigating the action of ET-1 throughout the arterial and venous sides of the 

circulation is essential to understanding the vascular effects of ET-1, which ideally 

would include a balanced reduction in preload and afterload in patients with HF 

(Dargie & McMurray, 1994; Raya et al., 1989). Additionally, a greater understanding 

regarding the use of a selective ETAR antagonist versus a dual ETAR/ ETBR 

antagonist is also needed. While the role of ET-1 in regulating arterial tone has been 

extensively studied in HF, no work exists which adequately explores the role of ET-1 

and its receptors in altered venous function in HF.  

In Chapter 2 and 3 of my doctoral studies, I focused on the role of ET-1 in 

altered venous function in HF using a mouse model of MI. These studies 

demonstrated a progressive reduction in ET-1 responses in mesenteric veins of HF 

mice that was paralleled by reduction in ETBRs at a functional (contractile) level, and 

with ETBR mRNA and ETBR protein levels, whereas the mRNA expression of ETARs 

remained unchanged. Although the changes in the expression of ETBRs on VSMCs 

are unclear because of the co-existence of endothelium in this study, it is possible to 

speculate that down regulation of ETBRs on VSMCs of mesenteric veins of HF mice 

does occur as the venoconstrictor responses to S6c were reduced in HF. Moreover, the 

responses to S6c were not affected by treatment with Indo and L-NNA either in sham 

or HF mice.  Assessment of the alterations in the distribution and cellular localization 

of ETRs in mesenteric veins in HF would be needed to clarify this. Consistent with 

my findings, similar reductions in ET-1 responses have been reported in hand veins of 

patients with chronic HF as compared with healthy subjects, however the responses to 
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S6c were preserved in HF patients (Love et al., 2000).  Previous studies show that 

Ang II is able to down regulate the ETBR in VSMCs of rat thoracic aorta (Roubert et 

al., 1989), in part, through increasing the production of ET-1 and causing down 

regulation of ETBRs via activation of protein kinase C and intracellular calcium 

mobilization (Roubert et al., 1989; Sakurai et al., 1992).  Therefore, one possible 

explanation for S6c remaining unchanged in Loves‘ study could be because the 

patients were receiving treatment with ACE inhibitors which normalized the increased 

ET-1 levels in the plasma of patients with congestive HF (Galatius-Jensen et al., 

1996). 

Arterial functional studies I conducted in HF mice also showed that arterial 

vasoconstrictor responses of ET-1 and S6c were enhanced at an early stage of HF and 

then progressively reduced in the later stages (8 to 16 wk). On the other hand, 

molecular studies revealed no changes in mRNA level of ETAR and ETBR, but an up 

regulation in ETBR protein levels in mesenteric arteries of 16wk HF mice.  Enhanced 

contractions to S6c in early stages of HF suggest an up regulation of ETBRs on 

VSMCs and/or loss of functional endothelium and its vasodilatory ETBRs. My results 

indicate that ETBR induced vasoconstriction is negligible under normal conditions in 

4wk sham mice but becomes more important in early stages of HF, and these 

receptors may be contribute to the increased vascular tone which is considered one of 

the most aggravating factors in the progression of HF.  

Consistent with my findings in mesenteric arteries of 16wk HF mice, a 

reduced arterial vasoconstrictor response to exogenously administered ET-1 that was 

paralleled by up regulation of ETBRs protein level in VSMCs has been reported 

previously in the mesenteric arteries of 12 wk HF rats (Gray et al., 2000). 

Additionally, attenuated vasoconstrictor responses to ET-1 responses with an increase 
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in arterial constrictor response to S6c has been observed in the coronary (Cannan et 

al., 1996) and renal beds (Cavero et al., 1990) of dogs with experimental HF, as well 

as in the forearm vasculature of humans with chronic HF (Love et al., 1996). 

However, the signaling pathways through which ETBR activation may contribute to 

reduced vascular responses in mesenteric arteries, and whether alterations in ETBR 

proteins levels directly influence the magnitude of ET-1 induced vasoconstriction, are 

unknown.    

In the chapter 2, and 3, I also found that circulating plasma ET-1 levels were 

significantly higher in HF than in sham mice. However, the level of ET-1 mRNA in 

mesenteric arteries and veins of HF was not different from those of sham mice, 

suggesting that splanchnic vascular bed production of ET-1 dose not contribute to the 

increase in circulating plasma ET-1. Therefore, increases in plasma levels of ET-1 

from contributions from other tissues, rather than the mesentery, are responsible for 

functional and molecular down regulation of ETBRs on VSMCs of mesenteric veins.  

Previous studies using the rat CAL model of chronic HF demonstrate that the 

mechanisms involved in elevated plasma ET-1 levels include increased production of 

ET-1 mainly in the lung, as evidenced by enhanced expressions of preproET-1 mRNA 

and increased ET-1 levels in pulmonary tissues (Sakai et al., 1996; Tonnessen et al., 

1998; Lepailleur-Enouf et al., 2001), and reduced clearance of ET-1 due to down 

regulation of lung ETBRs, which are involved in the clearance of ET-1  (Dupuis et al., 

1998; Kobayshi et al., 1998). 

According to the results of my studies, ETBR protein and mRNA levels are 

down regulated in veins and ETBR protein levels are up regulated in arteries. It is 

difficult to explain these results, but it might be related to their location in the low 

versus high-pressure side of the circulation. In a rabbit saphenous vein to femoral 
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artery graft model, the expression ETBR mRNA on VSMCs were down regulated in 

the vein graft in response to exposure to arterial levels of blood pressure, suggesting 

that increased venous pressure could also reduce the expression of ETBR (Eguchi et 

al., 1997).  The decreased ETBR protein and mRNA expression in veins in 16wk HF 

mice could be a result of increased MCFP (Gay et al., 1986; Raya et al., 1989; 

Nekooeian & Pang 2000). In our experimental model of MI, MAP was markedly 

dropped in 4wk HF and 16wk HF mice. Evidence obtained using organ cultures, 

suggested that the up regulation of constrictor ETBRs in cultured arteries segments 

could be due to loss in sheer stress and perfusion pressure (Nilsson et al., 2008). This 

may provide an explanation as to why ETBR protein levels were up regulated in 

mesenteric arteries in my studies. 

Decreasing the expression of ETBR in mesenteric veins during HF may be a 

counter-regulatory system aimed to minimize venoconstriction in order to reduce 

venous return and ultimately cardiac preload. Both ETR subtypes are rapidly 

internalization. Following internalization, however, the ETARs are recycled back to 

the plasma membrane, whereas the ETBRs are transported to late endosomes and 

lysosomes for degradation (Mazzuca & Khalil 2012). The lack of recycling of ETBRs 

may provide an explanation to why ETBR but not ETAR mRNA and protein levels 

were down regulated in the present study. Therefore, ET-1 mediated vasoconstriction 

is predominantly mediated by ETARs, with very little contribution from ETBRs in 

mesenteric veins of HF mice. Because of heterogeneity in the distribution of ETRs 

over various vascular beds, our results obtained in the mesentery cannot be easily 

extrapolated to other vascular beds, such the coronary or skeletal muscle vasculature. 

Indeed work by Wackenfors et al., (2004) revealed up regulation of ETAR and ETBR 

mRNA levels and an increased contractile effect of S6c in coronary arteries from 
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patients with ischemic heart disease that had died from myocardial infarction.  

Furthermore, activation of ET-1 affects multiple organ system during HF. For 

instance in the heart, over activation of ETARs causes myocardial hypertrophy, 

promotes myocardial fibrosis, and augments the secretion of catecholamines, which 

increase myocardial damage and the potential for cardiac arrhythmia‘s (Ohkita et al., 

2012). In contrast, genetic deficiency of ETBRs exaggerated cardiac dysfunction by 

increasing the activity of sympathetics and ventricular arrhythmogenesis in the early 

stages of remodeling post-MI in rats (Oikonomidis et al., 2010). In the renal system, 

prolonged activation of ETAR reduces renal perfusion, and infusion of selective ETAR 

antagonist improved renal perfusion, whereas administration of ETBR blockers 

decreased renal plasma flow.  Finally, plasma ET-1 levels correlate with exercise 

capacity in patients with chronic HF (Krum et al., 1995), which further emphasizes 

the important role of ET-1 in HF. 

Overall, my findings suggest that vascular responses to exogenous ET-1 are 

progressively reduced due to down regulation of ETBR in the mesenteric bed of HF 

mice.  However, these findings do not negate a potential role for the ET system in 

altered arterial and venous function in HF. Indirect evidence from preliminary clinical 

data and in vivo animal studies using ET-1 antagonists suggest that ET-1 might 

contribute to the regulation of venous tone in HF. For example, in patients with severe 

chronic HF, local (forearm) (Love et al., 1996) and systemic infusions (Cowburn et 

al., 1998; Kiowski et al., 1995) of BQ-123, as well as oral administration of bosentan 

( tsch et al., 1997,1998), caused rapid and marked reduction of systemic and 

pulmonary arterial pressure, pulmonary venous pressure, and cardiac filling pressure, 

respectively. Furthermore, in a rat CAL model of MI, infusion of non-selective ETR 

antagonists (Sakai et al., 1996, Fraccarollo et al., 1997) reduced central venous 
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pressure, whereas infusion of a selective ETAR antagonist (YM598) improved 

exercise tolerance (Miyauchi et al., 2004). These studies suggested that despite 

reduced contractile vascular responses to exogenous ET-1, blocking the activity of 

endogenous ET-1 improves venous function and reduces arterial resistance.  

Interestingly, no studies have examined the role of ET-1 in elevated venous tone in 

animals with HF.  Therefore, investigating the effects of ET-1 receptor antagonists on 

venomotor tone in animals with experimental HF will provide information about the 

direct role of endogenous, rather than exogenous, ET-1 in altered venous function in 

HF, and help determine the therapeutic significance of my observations that venous 

ETBR function and mRNA and receptor protein levels are reduced in HF.  

In summary, the mesenteric bed participates in the control of total peripheral 

vascular resistance and BP and in the redistribution of blood flow during exercise and 

other physiologic processes. Reduced vascular responses to ET-1 due to down 

regulation of ETBRs, suggests that blocking ETARs and ETBRs activity with a non-

selective receptor antagonist may be essential in order to achieve optimal inhibition of 

the venoconstrictor effects of endogenous ET-1 in late stages of HF in mice. 

Functional and molecular analysis of the role of ET-1 and its receptors in altered 

venous function in HF may in the long run contribute to better pharmacotherapy of 

the peripheral vascular aspects of HF. 
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Appendix 1: Computer-assisted video-microscopy: (unpressurized) blood vessels 
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Appendix 2: Inner diameter, wall thickness obtained at 60 mmHg in arteries and at 6 

mmHg in mesenteric veins of sham and HF mice  

 

 
 

 

 

 

 

 

 

 

 

 

 

Type of blood vessels  Inner Diameter (μm) wall thickness (μm) 

Arteries   

4 wks sham 163±6.3 34.61±1.3 

16 wk sham 165.7±4.76 34.51±0.8 

4wk HF 168.9±6.35 32.97±1.4 

16 wk HF 165±6.8 35.27±1.1 

   

Veins    

4 wks sham 311.1±6.3 20.68±0.6 

16 wk sham 315.6±6 19.69±0.7 

4wk HF 312.3±8 21.08±0.4 

16 wk HF 306±10 20.1±1 
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Appendix 3: Passive and active diameters of mesenteric arteries from 4wk HF and 

sham mice plotted against lumen pressure. Mesenteric arteries from 4wk HF and 

sham had similar passive and active diameters when pressurized at 60 mmHg.  Data 

are expressed as mean ± SEM (P < 0.05). 

 

 

Active and passive responses were determined on mesenteric arteries of 4wk HF and 

sham mice as described previously (Brookes & Kaufman 2003) to examine wether 

there are significant differences in the resting tone due to myogenic constriction at 

perfusion pressure 60 mmHg between two groups. Briefly, myogenic activity was 

studied by obtaining active pressure-diameter curves over a pressure range of 0 to 140 

in step of 20 mmHg were obtained first. Following that, Krebs solution was changed 
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to calcium-free Krebs solution supplemented with 2 mM Ethylene glycol tetra-acetic 

acid and passive pressure-diameter curve were obtained over the same 0-140 mmHg 

pressure range. 

 


