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Jan Michael Williams 

Interaction of ET -1 With Vasoactive Mediators 

(Under the direction of DAVID M. POLLOCK, Ph.D.) 

Endothelin-1 (ET-1) is a vasoactive peptide that causes vasoconstriction and 

· ·. · vasodilation by binding to ETA receptors on vascular smooth muscle cells and ET B 

receptors on endothelial cells, respectively. Previously, our laboratory has shown that 

blocking ETB receptors in rats causes salt-sensitive hypertension, and the hypertension is 

attenuated by an ETA receptor antagonist. In an effort to discern the mechanisms related 

to the increase in blood pressure associated with ETB receptor blockade, three series of · 

experiments were conducted. In the first series of experiments, we hypothesized that 

increased superoxide contributes to. elevated mean arterial pressure (MAP) under 

conditions of increased endogenous ET-1, e.g. in rats fed a high salt diet and/or during 

ET B receptor blockade. Tefemetry transmitters were implanted in male Sprague Dawley 

rats to monitor MAP, and the rats received 10% NaCI diet for two weeks. During the 

second week, rats on both diets were divided into four treatment groups: (1) control, (2) 

tempo!, a superoxide dismutase mimetic, in their drinking water (lmM), (3) A-192621 •. 

an ETB antagonist, in their food (10mg/kg/day), or (4) both tempo! and A-192621. 

Tempol attenuated the increase in MAP produced by A-192621, but only during the first 

few days of treatment. Plasma 8-isoprostane concentration, often used as an index of 

oxidative ·stress, was increased in all rats on the high salt diet and was increased further 
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after 3 days of A-192621 treatment butnot after 7 days; tempol inhibited the increase 

.produced by A-192621, but had no influence on the increase produced by high salt diet. 

Hydrogen peroxide "(H20 2) excretion was significantly higher in rats on a high salt diet 

for the 7 -day drug treatment compared to normal salt. Tempo! further increased H20 2 

excretion in rats on a high salt diet; an effect that was accelerated in A-192621 treated 

rats. These data suggest that the blood pressure lowering effect of tempol in rats on a 

high salt diet may be unrelated to reductions in systemic superoxide, and that renal H20 2 

may account for the limited ability of tempo! to attenuate hypertension produced by ET B 

receptor blockade. 

A second series of experiments was designed to determine if thromboxane 

prostanoid (TP) receptor activation was involved during ET B receptor blockade. Previous 

studies have shown that ET -1 stimulates thromboxane (TxA2) production, and so we 

hypothesized that TP receptors contribute to the pressor response to an acute infusion of 

ET-1. Male Sprague Dawley rats were anesthetized with Inactin (50mg!kg) and catheters 

inserted into the femoral artery and vein for recording MAP and infusion of ET -1 and 

receptor antagonists, respectively. A jugular vein catheter was used for infusion of bovine 

serum albumin (6.2% in saline) during surgery (1.25% b.wt). The pressor response to a 

one-hour infusion of ET-1 (6 pmol!kg/min) was determined in rats pre-treated with 

vehicle (0.9% NaC!) or the TP receptor blocker, SQ29548 (2 mg!kg/hr). Laser Doppler 

single optic fibers were implanted the left kidney for the measurement of medullary 

blood flow (MBF) and cortical blood flow (CBF). TP receptor blockade completely 
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inhibited the hypertensive response to ET-1 acute infusion. However, SQ29548 had no 

effect on the decrease in CBF produced by ET -1; MBF did not change in response to ET 7 

1· with or without SQ29548. To determine the inf).uence of the ETa receptor in 

modulating the response to ET -1 during TP receptor blockade, additional groups were 

pre-treated with A-192621, an ETa selective antagonist. As expected, A-192621 

potentiated the increase in MAP produced by ET -I. SQ29548 significantly inhibited the 

respon~e to ET -1 during ETa antagonist treatment, but did not completely prevent the 

increase in MAP as observed with a functioning ETa receptor. ET-1 decreased both CBF 

and MBF during ETa receptor blockade. Inhibition of TP receptors had no effect on CBF 

and MBF, suggesting that TP receptor activation is not involved in the renal· 

. hemodynamic responses to ET-1 even in the absence of ETa receptor activity. 

Conversely, TP receptor activation is involved in the acute pressor response to ET-1, but 

only partially accounts for the potentiated increase in MAP during ET 8 receptor 

blockade . 

Evidence from other laboratories has suggested that ET -1 inhibits sodium 

transport via stimulation of ETa receptors in a similar fashion as 20-HETE. Clofibrate, a 

PPAR-alpha agonist, has been shown to increase the protein expression of CYP4A, the 

enzyme responsible for 20-HETE synthesis in the renal cortex and medulla. Therefore, a 

. third series of ·experiments was designed to determine whether clofibrate reduces salt

sensitive hypertension associated with chronic ETa receptor blockade. Male Sprague 

Dawley rats received high salt (8% NaCl) diet for ten days. During the last seven days, 



rats were divided into three treatment groups: (1) clofibrate in their drinking water 

(80mg/day), (2) ET;, receptor antagonist, A-192621, in their food (lOmglkg/day), or (3) 

clofibrate. and A-192621. During ET" receptor blockade, clofibrate significantly inhibited 

the increase in MAP produced by A-192621 in rats fed a high salt diet. ETB receptor 

blockade significantly decreased CYP4A protein expression in the renal cortex. 

However, clofibrate significantly increased renal cortical and medullary CYP4A protein 

expression in A-192621 treated rats. These results indicate that chronic treatment with a 

PPAR-alpha agonist can reduce the salt-dependent hypertension produced by ET. 

receptor blockade in Sprague Dawley rats and suggest a possible relationship between 

ET. receptor activation and the maintenance of CYP4A protein expression in the kidney 

of rats fed a high salt diet. These three studies provide new information regarding 

distinct mechanisms that contribute to the hypertension produced by reduced ET" 

receptor function. 
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INTRODUCTION 

Statement of the problem 

More than 50 million people in the United States are estimated to have 

hypertension. However, African Americans are disproportionately represented in this 

number. In fact, 32.4% of African Americans have hypertension, compared to 23.3% of 

non-Hispanic whites. This makes the-prevalence of hypertension in African Americans 

among the highest in target populations in the world. The reasmis for the differences in 

the prevalence of hypertension between African Americans and whites remain unknown. 

We do know that a majority of African Americans have salt-sensitive hypertension 

meaning. that increases in salt intake will lead to increases in blood pressure. Research 

studies have shown that endothelin-1 (ET -1 ), a potent vasoconstrictor peptide synthesized 

by endothelial cells, is higher in patients and animals that exhibit salt-sensitive 

hyjJ.ertension;_ . Interestingly, African Americans have higher ET-1 levels than whites 
. . . 

. . ' s~ggesting that the ET -1 system may be one reason that there is a higher prevalence of 

hypertension in African Americans. Our laboratory and others have demonstrated that 

blocking ET8 receptors causes salt-sensitive hypertension with increased levels of ET-1. 

This model of salt-sensitive hypertension is the result of the increased pro-hypertensive 

effects of ETA receptor activation and the lack of the anti-hypertensive effects of ET 8 

receptor function. Thus, we investigated the mechanisms by which ET8 receptor 

. blockade increases blood pressure in Sprague Dawley rats. 

1 
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Specific Aims 

ET-1 is potent vasoconstrictor when binding to the ETA receptor; however, ET-1. 

can cause dilation when binding to the ETa receptor on endothelial cells. Infusion of 

exogenous ET -1 increases blood pressure in rats. Previously, our laboratory showed that 

blockade of ET" receptors lead~ to an elevation in mean arterial pressure (MAP) that is 

· · exacerbated in rats on a ·high salt diet. 'This suggests that chronic ETa receptor blockade 

is a salt-sensitive form of hypertension. Interestingly, administerin·g an ETA receptor 

antagonist will completely attenuate the hypertension. Therefore, blocking ETa receptors 

re~ults in an increase in ETA receptor stimulation. ET -1 has the ability to stimulate other 

·. · physiologicai f~ctors via the ETA receptor such as superoxide and thromboxane (TxA2) 

that may contribute to its hypertensive effects. Superoxide is thought to mediate vascular 

dysfunction in a number of. diseases including hypertension. Superoxide possesses 

:vasoconstrictor properties itself, and ET-1 has been shown to increase superoxide. 

production through ET ~ receptor activation in vascuiar smooth cells and in rat aorta:. 

Superoxide generation can initiate the peroxidation of arachidonic acid 'and the oxidation 

of phosphplipids, resulting in the production of isoprostanes. 8-Isoprostane causes 

. vasoconstriction when binding to the thromboxane prostanoid (TP) receptor. TxA2 also 

causes vasocbnstrictiim by binding to the same receptor. ET -1 inhibits sodium transport 

in varions segments of the nephron via stimulation of ETa receptors in a similar fashion 

as 20-hydroxyeicosa-5,8,11,14-tetraenoic acid (20-HETE). A few studies have suggested· 

·that 20-HETE may very well be a second messenger ofET-1. The enzyme responsible. 

for 20-HETE synthe~is in the kidney is CYP4A. Our preliminary data suggested. that 

chronic ETa receptor blockade decreased CYP4A protein expression in the kidney of rats 

2 



' on a high salt diet. Thus, the primary goal of this thesis was to elucidate how these other 

systems function in the setting of ETa receptor blockade and increased endogenous ETA 

receptor activity. The overall hypothesis is .that superoxide and TP receptor activation, via 

ETA receptor stimulation, and the deficiency of CYP4A contribute to the. 

pathophysiological effects of ETa receptor blockade contributing to salt-dependent 

_ hypertension in rats. 

"Specific Aim 1: To test the hypothesis that superoxide contributes to the hypertension 

produced by ETa receptor blockade. 

Specific Aim 2: To test the hypothesis that up-regulation of CYP4A in the kidney during 

ETa receptor blockade will attenuate the hypertension. 

Specific Aim 3: To test the hypothesis that inhibition of TP receptors during ETa 

receptor blockade decreases arterial pressure. 

ET-1 ET-1 

.·. ·® ~. $ 
ET8 

ETa ETA 

! 
superoxide f-- tempo/ 

! 
f CYP4504A ... Clofibrate 

! 
! 

j. BP 

t 20-HETE 

! 
fBP ET-1 

SpeCific Aim 1 ®"'. Specific Aim 2 

ET8 .lET''. 
superoxide thromboxane 

isopr~~nes I 
SQ29548 --:4 TP receptor activation 

j . 
. ~ BP 

Figure 1. Specific Aim 3 
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REVIEW OF LITERATURE 

Brief History of Endothelin 

Three years after Hickey et al. discovered a peptide-like substance that was . 

released from endothelial cells in 1985 (Hickey et al., 1985), Yanagisawa and colleagues · 

.purified and cloned the vasoactive peptide that became known as endothelin (ET) 

(Yanagisawa et al., 1988). Human genomic DNA was analyzed and revealed that there 

were .three different genes that encode for three distinct ET peptides: ET-1, ET-2, and 

ET-3 (Inoue et al., 1989). ET-1 is a 21 amino acid peptide that is cleaved from its 

precursor, big ET-1, by endothelin converting enzyme (ECE) (Yanagisawa et al., 1988). 

All three ET peptides are synthesized by a variety different cell types in the kidney; 

however, little Is known about specific ET-2 or ET-3 isopeptide function . 

A bolus intravenous injection of ET -1 in an anesthetized rat produces a biphasic 

effect: a transient hypotension followed by a prolonged hypertension (Y anagisawa et al., 

1988). This physiological response to ET-1 was the first suggestion that there were 

:multiple i:eceptorsubtypes. When isolated blood.vessels were incubated with ET-1 and 

ET-2, these two isopeptides were more potent to Stimulate contraction than ET-3 (Masaki 

et al., 1994); however, both ET-1 and ET-3 produced. endothelium-dependent 

vasodilation that appears to be mediated-through the release of nitric oxide (NO) and 

prostacyclin·(Douglas et al., 1995). These two distinct results led to the identification of 

two receptor subtypes: ETA> which is ET-1 selective and located on vascular smooth 

muscle to cause constriction and ETa. which is non-isopeptide' selective located on 

end_othelial cells to cause vasodilation. ETA and ETa receptors were cloned, and binding 

studies were done confirming· the classification of these two receptor subtypes (Arai et 
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al., 1990;Sakurai et al., 1990). These receptors are heterotrimeric G protein-coupled 

receptors that can couple with multiple G-alpha subunits, depending on cell types (Takag~ 

et al., 1995). 

While a majority of the vasoconstrictor response to ET-1 is mediated via the ETA 

receptor on vascular smooth muscle, there also seems to be non-ETA receptor mediated 

vasoconstriction. Studies from isolated vascular preparations have identified ·two distinct 

subtypes of the ET B receptor located on endothelium and vascular smooth muscle: ET Bl 

and ETs2 (Douglas et al., 1994). The ETs receptor, that exists on the endothelium 

produces vasodilation through the release of NO, has been termed the ETBI receptor, and 

the ET B receptor subtype, found on vascular smooth muscle to stim\da:te vasoconstriction, 

lias been identified as the ETs2 receptor. 

ET -1 synthesis is tightly regulated by a variety of factors such as systemic 

hormones, blood flow, and sodium intake. The renal response to ET-1 depends on the 

concentration and the receptors located in specific areas of the kidney. Therefore, ET-1 

_is not considered a circulating hormone because of its paracrine and autocrlne effects that 

_contribute to its contrasting effects in the kidney: renal cortical constriction and- renal 

medullary dilation. Despite these opposing regional actions, ET-1 has been demonstrated 

to participate in the regulation of arterial pressure by controlling· fluid volume 

-homeostasis. _Activation of ET B receptors. stimulates the release of prostacyclin and NO 

-to inhibit sodium transport in the renal tubules. ETn receptors also are beneficial in the 

regulation of the physiological effects of ET -1 by removing ET -1 from the systemic 

circulation thereby limiting ETA receptor activation (Fukuroda et al., 1994;Reinhart eta!., 

2002). Chronic ETs receptor blockade increases plasma ET-1 levels and produces salt-
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dependent hypertension (Pollock and Pollock, 2001). Similarly, in the ETa deficient rat, 

both plasma ET -1 concentrations and basal arterial pressure are elevated significantly and 

are increased further by high salt intake (Gariepy et al., 2000;Taylor et al., 2003). 

Localization of the ET -1 System in the Kidney 

The kidney contains all the necessary machinery to synthesize ET-1. There are a 

variety of cell types in the kidney thilt can produce ET -1 such as vascular smooth muscle, 

·glomerular endothelium, mesangial cells, and tubular epithelial cells (Kohan, 

199l;Kohan, 1992;Marsden et al., 1991;Sakamoto et al., 1992;Schnerrnann et al., 

1996;Todd-Turla et al., 1996;Wilkes et al., 1991a). ET-1 immunoreactivity also has been 

observed in vasa recta and collecting duct cells within the renal medulla (Wilkes et al., . 

. .. 
199lb). Most of the imm11noreactivity seen in the cortex is found in endothelial cells. . . . . -

However, lesser amounts appear to be observed in the glomerular capillaries along the 

early proximal tubule. Similar to the immunoreactivity experiments, in·1estigating ET-1 

gene expression gave confirmation that higher amounts of ET -1 are synthesized within.· 

the medullary region of the kidney (Firth and Ratcliffe, 1992;Nunez et al., 1991 ). ET ~ 1 

mRNA. expression has been detected in both rat and human in glomeruli, proximal 

tubules; thick ascending limbs, arid outer/inner-medullary collecting ducts· (Chen et al., 

1993;Pupilli et al., 1994). In situ hybridization studies also have _localized ET-1 mRNA 

expression within.the vasa recta (Nunez et al., 1991). · 

In order for ET -1 to become biologically active, ET -1 first must be cleaved from 

its inactive precursor, big-ET-1, by the metalloprotease endothelin converting enzyme-! 

(ECE-1). In rats, studies examining gene expression and immunoreactivity identified· 

ECE-1 mRNA and protein, respectively, in glomeruli, proximal straight tubule, 

6 



cortical/medullary thick ascending limb, and inner medullary collecting duct (Disashi et 

al., 1997). In humans, ECE-1 immunoreactivity was observed in vascular and glomerular 

endothelial cells and vasa recta capillaries (Pupilli et al., 1997). The tubular epithelium 

of the outer/inner medullary collecting ducts also contains ECE-1. Localization of ECE-1 

also has been reported in proximal and distal tubules although the distribution pattern was 

not consistent within specific tubular segments. 

Both ET receptors are present in the kidney, and these receptors are localized at 
.. : , .. 

.. · . sites where ET synthesis occurs consistent with the peptide's role as a paracrine factor. 

· ... 

Radioligand binding studies revealed the. presence of receptors in the renal vascular 

smooth muscle, mesangial cells, and tubular cells (Jones et al., 1989;Kohzuki et al., 

1989;Neuser et al., 1990). A high·number of binding sites have been identified in the 

inner medulla and glomeruli as-well as at low levels in the outer cortex (Jones et al., 

1989;Kohzuki et al~, 1989). Dean et al. observed that there were specific binding sites 

localized to endothelial cells of glomeruli and peritubular capillaries of the cortex (Dean 

et al., 1996). Binding studies suggest that there is a mixed population of receptors in the 

· '··· kidney; ·nonetheless, the physiological response to ET -1, particularly renal 

vasoconstriction, is species dependent. In humans, the constriction is attributed to the 

activation of ETA receptors even though there are more ET 8 receptors present (Karet et 

al., 1993). Conversely, in rats, both receptors are responsible for vasoconstriction 

(Pollock and Opgenorth, 1993;Pollock and Opgenorth, 1994). Administration of an ET8 

agonist or a low dose of ET -3 in dogs produces renal vasodilation but.has .no effect in 

rabbits (Telemaque et al., 1993;'(amashita et al., 1991). Russell et al. observed that big 

ET -1 binds to glomeruli, distal tubules, collecting duct and endothelial cells in human 
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kidneys, and the binding was abolished with an ECE inhibitor or an ETB receptor 

antagonist but not an ETA receptor antagonist (Russell et al., 1998). Therefore, these 

studies provide evidence that ET B receptors may be important in the regulation of kidney 

function. 

Renal Hemodynamic Effects of ET -1 

Initially, it was hypothesized that all the vasoconstriction produced by ET -1 was 

mediated via the ETA receptor, and activation of the -ET;. receptor caused vasodilation. 

_ :me use of selective ETA antagonists revealed that non-ETA 'receptors contribute to some 

of the ET-1 mediated renal vasoconstriction. Intravenous infusion of ET-1 in dogs and 

rats decreases renal blood flow and GFR (Chou et a!., 1990;Miller et a!., 1989), but direct 

infusion into the renal artery of dogs stimulates vasodilation followed by a prolonged 

-~a_soconstriction (Banks, 1990). This indiCates that both ETA and ETB receptors are 

'present in the renal circulation. Gurbanov et a!. observed that ET -1 infusion vasodilates 

the renal medullary circulation while reducing renal cortical blood flow with the use of 

single optic fibers (Gurbanov et al., 1996). These observations suggest that ETB receptors 

·are responsible for vasoconstrictiol:l and vasodilation in the renal circulation. In-isolated 

renal arterioles, ET -1 has been shown to constrict both afferent and efferent arterioles 

with similar potencies (Edwards et al., 1990). In contrast, one study observed that ET-1 

was _more potent in efferent arterioles compared to afferent arterioles (Lanese et a!., 

1992). The ET-1 mediated vasoconstriction appears to be via the ETA receptor, since ET-

3 produced vasoconstriction but at a much lower potency. Endlich and colleagues 

reported that ET-1 induced preglomerular constriction was largely due to ETA receptor 
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activation while ET. receptor dependent vasoconstriction was more evident in 

postglomerular vessels (Endlich et al., 1996). 

Unlike the systemic hemodynamic actions ofET-1, vasoconstriction produced by 

ET -1 through. activation of ET" receptors in the kidney does not depend on extracellular 

Ca+2 (Cao and Banks, 1990). However, Loutzenhiser et al. demonstrated that Ca+2 

channel antagonism completely attenuates the ET -1 . induced vasoconstriction 

(Loutzenhiser et al., 1990). One study has shown that the afferent arteriole was very 

sensitive ,to Ca+2 channel blockade compared to efferent arterioles (Edwards et al., 1990). 

ET-1 has been shown to increase cytosolic ca+2 by activating T- and L-type channels 

(Gordienko et al., 1994). Pollock et al. reported a minor role for L-type ca+2 channel 

activation in the renal vasosconstrictor response to ET -1 and sarafotoxin, ET .- selective 

agonist (Pollock.et ai.; 2004). Together, these data suggest that ca+2 plays a role in the 

renal vasoconstriction produced by ET -1 via the ET B receptor. 

Role of ET -1 in the Regulation of Excretory Function 

ET -1 is a potent vasoconstrictor and has been considered important in regulating 

renal vascular tmie .. An. infusion of bosentan, the .nO!f-selective ETAIET. receptor 

antagonist, had no effect on ¥terial pressure or renal blood flow, but produced a small 

decrease in GFR (Qiu et al., 1995). Qiu et al. observed that blockade of both ETA and 

ET" receptors stimulated a fall in glomerular blood flow caused by a significant increase 

in preglomerular arteriole resistance (Qiu and Baylis, 1999). ·However, administration of 

an ETA receptor blocker produced the same effect on arterial pressure and renal blood 

flow as bosentan but did not change vascular resistance (Matsuura et al., 1997;Qiu et al., 

1995). These studies suggest thatET-1 in the renal vasculature exerts a tonic vasodilator 
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influence on GFR by release of vasodilator agents such as NO or prostacyclin (Hirata and 

Emori, 1993;Qiu and Baylis, 1999;Warner et al., 1989). 

At doses that do not produce decreases in ·GFR, ET-1 has been reported to have 

potent diuretic and natriuretic effects (Harris et al., 1991 ;Schnermann et al., 1992). 

Holding renal perfusion pressure constant blocks most of the effects of exogenous ·ET -1 

(King et al., 1989;Uzuner and Banks, 1993): In contrast, an infusion of big ET-1 

increases sodium and water excretion, which is independent of changes in renal perfusion 

pressure or GFR (Pollock and Opgenorth, 1994). ETA antagonist blocks big-ET-1 

induced elevation in blood pressure but not the increase in sodium and water excretion 

' (Pollock and Opgenorth, 1994). These findings indicate that the increase in sodium and 

water excretion mediated by ET-1 is via ETa receptors: However, activation of ETA 

receptors. also would cause· an increase in renal perfusion pressure that could contribute to 
. ~ . . . ' 

ET-1 excretory effects. As mentioned earlier, ET-1 decreases cortical blood flow while 

at the same time increasing medullary blood flow (Gurbanov et al., 1996). Vassileva et 

al. observed that the increase in medullary blood flow produced by big-ET-1 was ETa 

.receptor dependent and blockade of ET8 receptors significantly decreased sodium 

excretion. (Vassileva et al., 2003). It has been well established that alterations in 

medullary blood flow regulate sodium excretion (Cowley and Roman, 1996). Taken 

together, these studies suggest that ET -1 effects on excretion may. be via increased 

medullary blood flow by activation ofET8 receptors. 
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Tubular Actions ofET-1 

Proximal Tubule 

In proximal tubule preparations, ET -1 has been observed to have a biphasic effect 

on ion transport by stimulating influx at low concentrations and inhibiting at high 

concentrations .in which both are protein kinase C-dependent (PKC) (Garcia and Garvin, 

1994). There is evidence supporting both effects. The stimulatory effect of.ET-1 on 

fluid transport at low concentration can be attributed to the stimulation of the Na+/H+ 

exchanger via a PKC-dependent pathway (Walter et a!., 1995). This appears to be due to 

the activation of ET8 receptors since Na+/H+ exchanger activity is increased in OKP cells 

transfected with ET8 receptors not ETA receptors (Peng eta!., 1996;Chu et al., 1993). In 

these same cells, ET-1 increased intracellular Ca2+ levels, de~reased adenylate cyclase 

activity, and increased tyrosine phosphorylation of several proteins suggesting-that the 

fluid transport effect is independent of these distinct pathways (Peng et a!., 1996). The 

ability of ET -1 to inhibit sodium reabsorption in the proximal tubule is supported by the 

observation that ET-1 inhibited Na•fK•-ATPase activity along with increasing cGMP 

concentration in cultured proximal tubule cells (Ominato et a!., 1994;Ishii et a!., 
.· • • I • , 

1991;0zaki et a!., 1994). Again, these actions are probably due to ET~ receptor 

activation since ET-1 and ET-3 were equallypotent in reducing Na•/K•-ATPase activity 

(Ominato et aL, 1994;0zaki efal., 1994). Other studies have shown that ET-1 inhibits 

proximal tubule fluid by augmenting the production of arachidonic acid metabolites 

(Ominato et a!., 1994;Perico et a!., 1991). At high concentrations, ET-1 not only 

stimulates PKC but also enhances phospholipase A2 metabolite generation. 
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There is also evidence that 20-hydroxyeicosa-5,8,11,14-tetraenoic acid (20-

· HETE), a cytochrome P450 metabolite, contributes to ET -1 mediated natriuretic 

responses (Escalante et al., 2002). Blockade of the enzyme responsible for 20-HETE 

synthesis (CYP4A) prevented the increase in nrinary sodium excretion produced by ET -1 

(Oyekan et al., 1998). Similarly, inhibition of 20-HETE formation in isolated proximal . . . 

tubules prevented the blockade of ion transport produced by ET -1· indicating that 20-

HETE acts as a second messenger ofET-1 in the proximal tubule (Oyekan et al., 1998). 

More recently, Williams et al. showed that chronic ET" receptor blockade reduces 

-~ . · CYP4A expression in the kidney_ providing an additional link between the ET ai:J.d P450 

systems (Williams eta!., 2005). 

Thick Ascending Limb of Henle's Loop 

Isolated thick ascending limb of Henle secretes ET -1 and ET -3 and contains ET -1 

"•. 

_ mRNA (Chen eta!., 1993;Kohan, 1991). Bailly and Ferreira showed that ETa receptors 

function to decrease chloride reabsorption in isolated mouse medullary and cortical thick 

ascending limbs via a cAMP-independent and Ca2•-insensitive diacylglycerol-responsive 

PKC pathway (Bailly and Ferreira, 1996). Plato et al. observed that activation of ETa 

'_:. 
receptors, via a NO-dependent. mechanism, inhibits chloride influx. Exogenous ET ~ 1. 

decreased chloride influx, and NO inhibition with L-NAME completely blocked the ET -1 

induced decrease in chloride reabsorption (Plato et al., 2000). Blockade of ETa receptors 

with BQ-788 produced similar results inhibiting the effects of exogenous ET -1 (Plato et 

. al., 2000). In the same experiment, activation of ETa· receptors with sarafotoxin S6c 

mimicked the inhibitory effect of ET -1 on chloride influx. In contrast, ETA receptor 

antagonism with BQ-610 did not prevent ET-1-mediated inhibition of thick ascending 
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limb (Plato eta!., 2000). These data suggest that ET-1 via ET" receptor activation blocks 

chloride transport and contributes to the natriuretic effects of ET -1 observed in vivo. 

Cortical Collecting Duct 

The renal collecting duct is a major site of ET-1 synthesis, receptor binding, and 

action: ET -1 receptor expression and production increases along the length of the 
.. 

_collecting ductfrom the cortex to the inner medulla. The primary receptor in this region 

of the kidney is the ET" receptor. 

In the cortical collecting duct, ET -1 regulates sodium and water reabsorption via 

the ET" receptor. Activation of ET" receptors inhibits vasopressin (AVP) stimulated 

water transport by decreasing cAMP levels through the activation of PKC (Takemoto et 

ai.; 1993;Tomita et a!., 1993). However, this response is not Ca2
• or cycloxygenase 

dependent (Tomita et al., 1990;Tomita et al., 1991). A VP is capable of reducing the K. 

of the ET" receptor through a PKA-dependent pathway; therefore, the inhibition of A VP 

'by ET-1 may be limited (Takemoto et al., 1995). Mineralocorticoid and AVP-stimulated 

sodium and chloride transport is diminished by ET -1 via inhibition of apical sodium and 

chloride entry (Kurokawa et a!., 1993;Ling et a!., 1994;Tomita et al., 1993). In vitro 

· .. studies have shown that ET-1 inhibits sodium transport by decreasing amiloride-sensitive 
- . 

·sodium channel activity by increasing channel mean closed time (Kurokawa et al., 1993; . 

Ling eta!., 1994). Kohan eta!. have generated collecting duct-specific ET-1 knockout 

(CD ET-1 KO) mice that have provided key evidence in determining the role of ET-1 in 

. the collecting duct on sodium and water handling (Ahn et al., 2004;Ge et al., 2005a). 

These mice express Cre recombinase under control of the aquaporin-2 promoter and are 

homozygous for loxP-flanked exon 2 of the ET -1 gene. Since aquaporin-2 is only 
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expressed in the collecting duct, these mice do not have the ability to produce ET-1 in the 

collecting duct. CD ET-1 KO mice have altered renal sodium and water handling 

suggesting a physioloiical role of collecting duct-derived ET -1 in regulating tubular. fluid 

(Ahnet a!., 2004;Ge eta!., 2005a). Lack of production of ET-1 in the collecting duct 

leads to an elevated basal blood pressure, and the administration of a diuretic decreases 

blood.pressure in these mice (Ahnet a!., 2004). This suggests that collecting duct 

derived ET -1· is important in the regulation of sodium and water balance. 

Similar to the proximal tubule, ET -1 appears to have a qiphasic response in the 

cortical collecting duct. Concentrations of ET -1 in the picomolar range will decrease 

sodium channel activity.through ETa activation where as concentrations in the nanomolar 

range will increase sodium channel activity through ETA activation (Gallego and Ling, 

1996). ET-1 actions on sodium transport involve an increase in PKC activity but also are 

dependent on an elevation in intracellular Ca2
• concentration, which is quite different 

·from water transport (Kurokawa et al., 1993; Ling et' al., 1994;Tomita eta!., 1993). 

Inner Medullary Collecting Duct 

The inner medullary collecting duct produces up to ten times as much.ETc1 than 

any other. cell type in the nephron (Chen et a!., 1993;Kohan, 1991;Pupilli et al., 

"1994;Uchida et a!., 1992;Ujiie et a!., 1992). This conf"mns the fact that the inner 

medullary collecting duct contains the highest concentration of ET-1 than any other organ 

in the body (Davenport eta!., 1989;Waeber eta!., 1990;Wilkes eta!., 1991b;Yukimura et 

al., 1996). Likewise, it has the highest concentration of receptors. The effects of ET-1 in 

the iimer medullary collecting duct are very similar to those seen in the cortical collecting 

duct. ET -1 inhibits sodium and water transport in the inner medullary collecting duct via 
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ETB receptor activation (Kohan et a!., 1993). Cells from this region of the kidney are 

able to secrete and bind ET -1 on the basolateral side of the membrane providing evidence 

· that ET -1 fuJ;Ictio~s ·as a strong autocrine modulator of inner medulla function (Kohan 

and Padilla, 1992). Resembling its effects in the cortical collecting duct, ET -1 blocks 

water transport by inhibiting A VP-stimulated cAMP accumulation and osmotic water 

permeability in the inner medullary collecting duct (Edwards et al., 1993;Kohan et a!., 

· 1993 ;Tomita et a!., H90). The ability of ET -1 to inhibit water reabsorption involves the 

inhibition adenyl cyclase activity because administration of a cAMP mimetic. to increase 

water reabsorption is unaffected_by ET-1 (Oishi et aL, 1991). There is evidence that 

supports the hypothesis that ET -1 inhibits sodium transport in the inner medullary 

· Collecting duct, but due to. technical difficulties, ion transport in this part of the nephron is 

11ot well studied. Ahn et a!. observed that CD ET-1 KO mice have reduced sodium 

excretion along with excessive weight gain during a high sodium intake, and amiloride or 

. furosemide treatment prevented these effects (Ahn et al., 2004). This study indicates that 
. . 

collecting duct-derived ET-1 is an important physiolo~cal regulator of sodium transport 

in the kidney. 

In freshly. isolated inner medullary collecting duct cells, ET -1 reduces sodium 

. transport by inhibiting the Na•JK•-ATPase on the basolateral side of the membrane 

. (Zeidel eta!., 1989)~ This effect seems to involve the stimulation of prostaglandin E2 

production and is attributed to ETB receptor activation (Kohan eta!., 1993;Zeidel eta!., 

1989). ET-1 is also thought to decrease sodium transport by negatively regulating 

. epithelial sodium channel (ENaC) activity. Gilmore and colleagues observed that ET-1 
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decreases ENaC activity, which is attributed to the activation of ET. receptors, through 

Src kinase (Gilmore eta!., 2001). 

ETA receptors are als~ present in the collecting duct at fairly low levels (Edwards 

et a!., 1993). Their function remains unknown although it has been suggested that they 

regulate tubular transport by influencing endothelial nitric oxide synthase expression 

(eNOS) (Ye eta!., 2003). ETA receptor activation decreases eNOS protein expression in 

the collecting duct of dogs, where as higher· concentrations of ET-1 lead to increased 

sodium channel activity in A6 cultured cells (Ye et a!., 2003). Ge and colleagues 

observed that collecting duct, specific ETA receptor knockout (CD ETA KO) mice have 

. . ., . similar changes in arterial pressure, sodium excretion, and water excretion to their control 

counterpiuts wheri challenged with normal and high salt diets (Ge et al., 2005b ). 

However, CD ETA KO mice exhibit an inability to excrete an acute water load and have 

an increased sensitivity to A VP-induced cAMP accumulation (Ge et al., .2005b ). This 

.. : suggests that ETA receptors in the collecting duct are not involved in the physiological 

. ' 
regulation of arterial pressure or sodium excretion but are involved in the regulation of 

water reabsorption. 

Role ofET-1 in Hypertension 

· · . Studies have shown that the ET -1 system is over-expressed in several models of 

.·.-

hypertension (Schiffrin, 1999). Whether the involvement of ET-1 is the cause of the 

. hypertension or the response to other mediators that raise arterial pressure still needs to 

be clarified and may vary depending on the model. The role of ET-1 in regulating 

sodiuni and water balance is supported by the observations seen in salt-dependent models 

of hypertension such as the Dahl salt-sensitive or DOCA-salt rat (Allcock et a!., 
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1998;Barton et al., 1998;Callera eta!., 2003;Kassab eta!., 1998;Li eta!., 1994;Schiffrin 

et al., 1995;Schiffrin et a!., 1997b); (Callera et a!., 2004;0yekan et al., 1999). The 

increase in· arterial pressure in both <if these inodels is inhibited by the administration of 

an ETA receptor antagonist and is less sensitive to inhibitors of the renin-angiotensin 

system. 

Chronic treatment with deoxycorticosterone acetate (DOCA) and high salt in rats 

causes a severe form of hypertension, and the blockade of ETA receptors attenuates the 

increase in arterial pressure (Allcock et a!., 1998;Callera et a!., 2004;Callera et a!., 

2003;Giulumian eta!., 1998;Li et al., 1994;Schiffrin eta!., 1995). However, the decrease 

in arterial pressure does not improve GFR suggesting that the renal vasoconstric~ion 
: :, : 

·associated ·with this model ·is not ETA receptor dependent. Prepro-ET-1 levels are 

increased in blood vessels of DOCA-salt hypertensive ratS (Deng et al., 1996;Schiffrin et 

a!., 1997a),·:Furthermore, ET-1 plasma concentration also is elevated significantly in this 

animal model of hypertension. This may indicate that blockade of ETA receptors in 
. . . . ... 

POCA-salt rats prevents the systemic contribution of ET-1 to the hypertension seen in 

this model. In contrast, blocking ET8 receptors during DOCA-salt treatment potentiates 

the. increase in arterial pressiire-during DOCA-salt treatment (Pollock et a!., 2000). 

Similarly, chronic ET 8 receptor blockade in normotensive rats elevates blood pressure in 

a salt-dependent manner (Pollock and \ollock, 2001;Williams et a!., 2004). These 

observations support the hypothesis that ET 8 receptors function. to inhibit sodium 

transport· and to increase sodium excretion. 

In genetically salt-sensitive rats (Dahl S) on a high salt diet, chronic ETA receptor 

blockade inhibits the hypertension (Barton et al., 1998;d'Uscio et a!., 1997;Kassab et a!., 
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1998;Kassab et al., 1997). Kassab et al. observed that administration of a combined 

ETA/ETa antagonist or a selective ETA receptor antagonist had similar effects in lowering 

. arterial pressure in Dahl S rats (Kassab et al., 1998;Kassab et al., 1997). In the Dahl S 

rat, GFR and renal blood flow are increased during ETA receptor blockade. The increase 

in GFR and renal blood flow in the Dahl S .rat caused an increase in sodium and water 

excretio_n, which lowered arterial_pressure (Kassab et al., 1997). These data suggest that 

the ETA receptor activation plays an important role in the altered· pressure-natriuresis 

relationship in Dahl S rats. The hemodynamic response is different from that observed 

during DOCA-salt treatment suggesting that the ET -1 system acts differently in these two 

models. 

· ' Functional role of the ET8 receptor in the long-term regulation of arterial pressure 

Tubular reabsorption within the renal medulla contributes to the relation between 

arterial pressure and changes in sodium and water excretion. Pollock and colleagues· 

have observed that ETa receptors in the renal medulla are upregulated in response to salt 

· . loading which is consistent. with the hypothesis that ETa receptors in the kidney regulate 

sodium balance (Pollock et al., 2000). ET synthesis is very high in the renal medulla 

along with a high concentration of ETa receptors. Animals on a high salt diet have 

increased urine ET excretion. Studies have shown that the infusion of the ET -1 precursor, 

. big ET:1, stimulates diuresis and natriuresis, and an ETa receptor antagonist i:an block 

this response. In addition, Vassileva et al. observed that blockade of ETa receptors leads 

to a decrease in medullary blood flow which may lead to tubular sodium and water 

retention (Vassileva et al., 2003). Pollock et al. has also recently shown that chronic ET8 

. receptor blockade. leads to an increase in arterial pressure, and that this increase is 
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exaggerated in animals on a high salt diet (Pollock and Pollock, 2001; Williams et al., 

2004). Therefore, chronic blockade of ETB receptors represents a model of salt-sensitive 

hypertension. An ETA receptor antagonist will attenuate the hypertension produced by 

chronic ETB receptor blockade (Pollock and Pollock, 2001 ). Taking all the above studies 

together, one can hypothesize that ETA receptor activation maintains the arterial pressure 

elevated through other mechanisms in the absence of ET B receptor function. 

Genetic Manipulations of the ET-1 System in Hypertension 

.... · Gene"targeting strategies have provided a more specific evaluation of ET-1-

regulated salt and water excretion. Unfortunately, any rodent that contains a knockout 

component of the ET-1 system has a fatal phenotype (Baynash et al., 1994;Hosoda et al., 

1994;Kurihara et al., 1995;Kurihara et al., 1994;Puffenberger et al., 1994). In order to 

·.'' acquire ·a· beti:er understanding of the role of ETB receptors in the regulation of salt and 

water balance, rats were made deficient of the ETB receptor. The spotting lethal rat 

carries a naturally occurring deletion of the ET B receptor gene that res)llts in deadly 

. megacolon (Gariepy et al., 1998). Gariepy et al. rescue·d these rats with a dopamine-~-

hydroxylase promoter that directed tissue-specific ETB trans gene expression to support 

normal enteric nervous system development (Gariepy et al., 2000). Rats homozygous for 

the ET B receptor gene have a higher basal arterial pressure compared to their control 

counterparts (Eimarakby et al., 2004;0hkita et al., 200S.;Taylor et al., 2003). Similar to 

pharmacological ET B receptor blockade, these rats become hypertensive when challenged 

with a high salt diet (Elmarakby et al., 2004;Gariepy et al:, 2000;0hkita et al., 

2005;Taylor et al., 2003). However, the hypertension was attenuated completely with the 

administration of amiloride, an epithelial sodium channel inhibitor (Gariepy et al., 2000). 
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These findings suggest that ET B receptors in the kidney regulate arterial pressure via the· 

I 
inhibition of sodium transport and the down-regulation of amiloride-sensitive sodium 

channels. Interestingly, ETA receptor blockade abolishes the hypertension in these rats to 

the same effect as chronic ET B receptor blockade (Elmarakby et a!., 2004;0hkita et a!., 
. ·. ' 

Z005). This suggests that the hypertension in these rats is maintained by increased ETA 

receptor activation. 

Many in vitro studies have demonstrated that ET -1 inhibits sodium and water 

. transport in the cortical and inner medullary .collecting ducts via· th« activation of ETB 

receptors. However, confirming these experiments in an in vivo setting has been quite 

difficult. Administration of ET agonists or antagonists usually produces changes in renal 

perfusion pressure, renal blood flow, or glomerular filtration rate that can influence both 

· sodium and. water excretion (Kohan, 1997). CD ET-1 KO mice have an impaired ability 

. . 
to excrete a sodium load· that causes them to have higher basal pressures as well as salt~ 

sensitive hypertension (Ahn et a!., 2004). Under high salt conditions, these mice have a 

significantly lower ET-1 excretion compared to their control counterparts (Ahnet a!., 

2004). Reduced medullary ET-1 production has been seen in the·SHR and Dahl S rats 

indicating the lack of ET -!-mediated inhibition of sodium and water reabsorption 

contributing to hypertension in these models (Goligorsky et a!., 1991 ;Hughes et a!., 

1992;Kitamura eta!., 1989). This also is supported by observations in humans with salt-

sensitive hypertension that excrete less ET-1 compared to normotensive controls 

(Hoffman eta!., 1994;Hwang eta!., 1998;Zoccali eta!., 1995). CD ET-1 KO mice also 

have an impaired diuresis in response to chronic water loading and have higher A VP-

mediated cAMP accumulation in the inner medullary collecting ducts (Ge et a!., 2005a). 
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·These data suggest that ET -1 decreases vasopressin sensitivity by preventing the increase 

in cAMP accumulation. During an acute water load, CD ET-1 KO mice also exhibit an 

attenuated increase in water excretion and ET-1 excretion compared to controls who have 

increased ET-1 mRNA in the inner medullary collecting duct (Ge eta!., 2005a). These 

data further support the hypothesis that ET -1 in the renal collecting duct contributes to 

the diuretic response to an acute and chronic water load. 

CD ETA KO mice, which were generated in the saine manner as CD ET-1 KO 

mice, have no differences in systemic blood pressure and sodium excretion in response to 

. a normal or high salt diet compared to controls (Ge eta!., 2005b). However, CD ETA KO 

mice have increased plasma A VP levels with no change in water excretion during chronic 

water loading (Ge et al., 2005b). This sug~ests that collecting duct specific ETA receptors 

decrease renal sensitivity to A VP. This indicates that ETA receptors in the collecting duct 

·do not play a role in mediating c·ollecting duct derived-ET-1 effects on long-term arterial 

pressure regulation and sodium transport. 

ET-1 and Oxidative Stress 

. Oxidative stress occurs when the production of reactive oxygen species (ROS) is 

greater than the ~ndogenous antioxidant capacity of the organism (Vaziri et al., 2002). 

ROS contribute to the pathogenesis and maintenance of hypertension and have been 

implicated in all forms of hypertension. Increased ROS leads to the depletion of nitric 

oxide and .results in the production of more reactive species such as peroxynitrite (Vaziri 

et a!., 2002). Other compounds that are derived from superoxide are H20 2 and the OH 

radical (Droge, 2002). Studies have shown that H20 2 is increased in· the Dahl 

hypertensive rat along with superoxide (Swei et al., 1997). Li eta!. have demonstrated 
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· th!!t superoxide causes vascular smooth muscle to proliferate while H,02 stimulates 

apoptosis (Li et al., 1997). The increase in ROS causes the increase in oxidized lipids 

that can modify structural and functional proteins leading to the formation of advanced 

glycation end products. These products have been shown to increase the risk of chronic 
·. ' .. 

renal failure (Vaziri et al., 2002). 

While there is increasing evidence that oxidative stress contributes to salt-

sensitive hypertension, the mechanisms have not been defined completely. Much 

attention has been paid to mechanisms of increasing ROS, but oxidative stress may also 

be increased. during hypertension due to decreased antioxidant pathways.· Studies have 

shown that superoxide dismutase activity is reduced significantly in hypertensive patients 

as well as animal models of hypertension (Buczynski et al., 1993;Meng et al., 2002;Park 

et al., 2002). Meng ·et al. demonstrated that Dahl salt-sensitive rats have decrease (renal 

medulla) Cu/Zn SOD and (renal cortical and medulla) Mn SOD proteins levels that may 

have contributed to the increases in renal cortical and medullary superoxiqe production 

(Meng et al., 2002) . 

. Superoxide possesses vasoconstrictor properties itself, and ET-1 has been shown 

to increase superoxide production through ETA receptor activation in vascular smooth 

cells and in rat aorta (Callera et al., 2003 ;Elmarakby et al., 2004;Li et al., 2003). 

Previously from our laboratory, we observed that ET 8 deficient rats on high salt had 

. significantly higher levels of oxidative stress and plasma ET-1 concentrations compared 

to wild-type rats (Elmarakby et al., 2004;Taylor et al., 2003). In this same study, 

chronically blocking ETA receptors in these rats significantly decreased oxidative stress-

and lowered blood pressure suggesting that ETA receptor activation may contribute to the 
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increase in arterial pressure by stimulating oxidative stress (Elmarakby et al., 2004). 

Animals on a high salt diet have an increase in urine ET -1 levels (Pollock and Pollock, 

2001 ;Taylor et al., 2003) as well as higher indices of oxidative stress (Beswick et al., 

2001a;Beswick et al., 200lb;Callera et al., 2003;Li et al., 2003;Meng et al., 2003;Meng et 

al., 2002;Xu et al., 2004). More recently, it was shown that elevations in arterial pressure 

produced by chronic infusion of exogenous ET-1 were reduced by treatment with tempo! 

(Sedeek et al., 2003). These data suggest that ET-1 stimulates superoxide production via 

the ETA receptor, and superoxide plays an important role in models of hypertension that . 

·have high ET ~ 1 levels. -· 
ET-1 and CYP4A 

Arachidonic Acid (AA) is metabolized by cytochrome P450 (CYP450) enzymes 

in the kidney to epoxyeicosatrienoic acids (EETs) and hydroxyeicosatetraenoic acid 

· llETEs. The role of CYP450 hydroxylase metabolites in the maintenance· of artt:.rial· 

pressure is complex because of their contrasting hypertensive and antihypertensive 

properties (Roman, 2002). One CYP450 enzyme· in particular, CYP4A, has been shown 

.to. be expressed in preglomerular renal arterioles, glomeruli, proximal tubules, and the 

thick ascending limb (TAHL). CYP4A is the enzyme responsible for the synthesis of 20-

HETE in the kidney. 20-HETE has been shown to inhibit sodium transport in the 

proximal tubule and TAHL, and the induction of 20-HETE in the kidney decreases blood 

pressure in hypertensive rats (Roman, 2002). Similarly, EETs have also been observed to 

decrease sodium transport in the same tubular segments of the nephron (Roman, 2002). 

Inhibitors of soluble epoxide hydrolase, the enzyme that metabolizes EETs to less active 

compounds, reduce blood pressure in hypertensive rats (Roman, 2002). Unlike EETs, 20-

23 



.. ; .: 

HETE is also a potent vasoconstrictor, and studies have shown that blockade of 20-HETE 

formation de.creas~s arterial pressure in experimental models of hypertension (Roman, 

2002). 

When binding to both ETA and ETa receptors, ET-1 stimulates phospholipase A2 

~ctivation to release AA that is metabolized further by CYP450 and cyclooxygenase 

. (COX) enzymes in endothelial cells, vascular smooth muscle cells, and the kidney 

(Douglas and Ohlstein, 1997;0yekan et al., 1997;Schiffrin and Touyz, 1998;Wu-Wong et 

al., 1996). Irnig et al. observed that CYP450 and COX metabolites are involved in the 

ET-1 induced reduction in renal blood flow (Imig et al., 2000). Inhibition of CYP450 

hydroxylase and COX enzymes blocked the decrease in afferent arteriole diameter 

produced by ET-1, and CYP450 epoxygenase blockade enhanced the ET-1 mediated 

response (Imig et al., 2000). In this same study, ET -1 prod:uced a rapid increase in . 

·intracellular ca•2 followed by··a steady-state concentration, and inhibition of CYP450 

hydroxlase blocked the steady-state conc~ntration of ca•2 pioduced by ET-L A major 

. product of CYP450 hydroxylase is 20-HETE, which is an endogenous renal 

microvascular vasoconstrictor (Irnig et al., 1996;Ma et al., 1993). These data suggest that 

20-HETE may act downstream of ET-1 to potentiate ET-1 induced .renal 

vasoconstriction. 

Interestingly, 20-HETE has actions to reduce sodium transport, and like ETa 

receptor activation, has been implicated in salt-dependent hypertension (Dos Santos et al., 

2004;Hoagland et al., 2004;Hoagland et al., 2003;Wilson et al., 1998;Zhang et al., 1998). 

Previous studies have provided evidence that 20-HETE contributes to ET-1 mediated 

natriuretic responses (Escalante et al., 2002). Blockade of CYP4A and 20-HETE 
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prevented the increase in urinary sodium excretion produced by ET -1 (Oyekan et a!., 

.1998). Similarly, inhibition of 20-HETE formation in isolated proximal tubules prevented 

the blockade of ion transport produced by ET-1 indicating that 20-HETE acts as a second 

messenger of ET-1 in the proximal tubule (Oyekan et a!., 1998). Because the ET-1 

mediated diuretic and natriuretic effects are through ET B activation, it is reasonable to 

. presume that ET -1. stimulates 20~HETE formation through ET B receptors. Clofibrate, a 

peroxisome proliferator activated receptor (PP AR) alpha agonist, has been shown to 

·reduce arterial pressure in Dahl salt-sensitive rats.on high salt diet by inducing the genes 

that code for CYP4A enzymes in the renal cortex (Alonso-Galicia et al., 1998;Roman et 

a!., 1993). These studies suggest that 20-HETE regulates arterial pressure by inhibiting 

sodium reabsorption. 

ET-1 and TxAl relative to TP Receptor Activation 

Thromboxane synthase produces TxA2 from PGH2 (Tanabe eta!., 1995). TxA2 is 

< ... · .:' .. able to bindto its designated receptor, the TP receptor, and has been implicated as a 

contributor to cardiovascular diseases such as hypertension. TP receptors have been 

localized on the glomerular capillaries in the. renal cortex where upon activation lead to 

reduced GFR (Wilkes et a!., 1989). Animals placed on a high salt diet have an 
... :. 

upregulation of thromboxane synthase mRNA with increased TxB2 (the stable form of 

TxA2) excretion (Welch et a!., 1997). Administration of a TxA2 mimetic increases blood 

pressure, an effect that is enhanced by a high salt diet (Welch et al., 1997). This suggests 

that TxA2 may have an influence on sodium and water reabsorption. 

Endothelin (ET -1) is potent vasoconstrictor when binding to the ETA receptor on 

vascular smooth muscle; however, ET-1 can also cause dilation when binding to the ETB 
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receptor on endothelial cells (Pollock, 2000;Rubanyi and Polakoff, 1994). In the renal 

circulation, the ET-1 precursor, Big ET-1, has been shown to vasodilate the medullary 

circulation while stimulating cortical vasoconstriction (Gurbanov et al., 1996;Vassileva et 

al., 2003). These responses have opposing effects on the kidney's ability to excrete 

sodium and water. During the blockade ofET" receptors, Big ET-1 infusion significantly 

enhanced the decrease in cortical blood flow and decreased medullary blood flow ... ,•. . . . 

· ··. presumably due to reinoval ofET8 dependent vasodilation and enhanced clearance ofET-

1 from the circulation (Vassileva et al., 2003). ET-1 has the ability to stimulate other 

physiological factors that may contribute to its hemodynamic effects iilclud~g the release 

of.thromboxane (TxA:z) and the generation ofisoprostanes. 

ET~1 activates phospholipase A2 to increase arachidonic acid-derived metabolites 

such as PGI2, PG~, and TXA2, leukotriene B4, and 5-HETE (Hollenberg et al., 1994). In 

vivo experiments from Munger and colleagues demcnstrated that inhibition of TP 

"' . . . . receptors had no effect on the response to exogenous ET -1 to decrease GFR and renal 

plasma flow ·(Munger et al., 1993). This suggests that TP receptor activation does not 

contribute to the reduced GFR and renal plasma flow mediated by ET -1. In contrast, 

others have reported that ET -1 dependent contractions are mediated by TxA2 in aorta 

(Taddei and Vanhoutte, 1993) suggesting tissue-specific involvement of TP.receptors in 

the response to ET -1. 

8-isoprostanes have also been shown to be an agonist for the TP receptor and 

causes vasoconstriction (Gardan et al., 2000;Halushka et al., 1995;Hantz et al., 2001). 

Recently, our laboratory showed that rats on a high salt diet along with chronic ET" 

receptor blockade or deficient of ET" receptors have increased plasma· 8-isprostanes, 
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which is an indirect measurement of oxidative stress (Elmarakby et a!., 2004;Williams et 

a!., 2004). The administration of the superoxide dismutase miiJietic, tempo!, inhibited the 

. increase in plasma 8-isoprostanes after three days of treatment (Williams et a!., 2004). 

Similarly, blockade of ETA receptors attenuated the elevation of 8-isoprostanes in ETa 

deficient rats on high salt for two weeks (Elmarakby et a!., 2004 ). Taken together, these 

data indicate that ET-1 increases 8-isoprotanes via the ETA receptor, and therefore, TP 

receptor activation may contribute to the increase in arterial pressure during ET • receptor 

blockade. Therefore, the present study was' conducted to determine the relationship 

between ET-1 and TP receptor activation during ETa receptor blockade, thatis, under 

conditions of increasing endogenous ET-1 activation of the ETA receptor. 
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INTERACTION OF ET ·1 WITH VASOACTIVE MEDIATORS 

I ... Superoxide contribution to the hypertension produced by chronic ETa receptor blockade. 

· z: Up-regulation of CY!'4A wili inhibit the hypertension produced by chronic ETa receptor 
blockade. 

3. Inhibition ofTP receptors will attenuate the increase in arterial pressure produced by ET-1 
during ETa receptor blockade. 
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METHODS AND MATERIALS 

Specific Aim 1: Superoxide contribution to the hypertension produced by chronic ETB 

receptor blockade. Experiments were conducted to determine whether superoxide 

contributes to the hypertension produced by chronic ET 8 receptor blockade. 

Animal Protocol. Rats were given free access to chow that contained either 

normal (0.8%) or high (10%) NaCI for two weeks. During the second week, separate 

. groups of rats on normal or high N aCl diets were given the ET 8 receptor antagonist, A-

192621, at a dose of 10mg/kg/day in the food with or without tempo! (a SOD mimetic) in 

the drinking water (1mM). This dose of A-192621 has been shown to be effective in 

blocking ET8 mediated hemodynamic and renal responses (Pollock and Pollock, 

· 2001;Vassileva :et al., 2003;von Geldern et al., 1999). Administration of tempo! at this 

cdncentration in the drinking water has been shown by several labs to reduce superoxide 

levels in kidney and vascular tissue (Beswick et al., 2001 b;Schnackenberg and Wilcox, 

1999). At the end of each week, rats were placed in metabolic cages for 24 hr urine 

collection. After 3 or 7 days of treatment with A-192621 and/or tempo!, rats were 

anesthetized with Na pentobarbital (65mg/kg i.p.) and blood was withdrawn from the 

abdominal aorta for analysis. 

Telemetry blood pressure measurements. Telemetry transmitters (Data Sciences, 

St. Paul, MN) were implanted according to the manufacturer's specifications into male 

Sprague-Dawley rats (175-200g; Harlan Laboratories, Indianapolis, IN) as described 

previously (Pollock and Pollock, 2001). In brief, a midline incision was used to expose 

the abdominal aorta that was occluded momentarily to allow implantation of the 

. transmitter catheter that was seemed in place with tissue glue. The transmitter body was 
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sutured to the abdominal wall while closing the incision. The skin was closed with 

staples that were removed 7-10 days later after the incision was healed. Rats were 

returned to their individual cages and allowed to recover for at least one week before 

being used in experiments. The cages were placed on top of the telemetry receivers, and 

arterial pressure measurements were recorded continuously except on days when rats 

were placed in metabolic cages. 

Assays and Chemicals. Plasma concentrations of ET and 8-iso prostaglandin F2• 

(8-isoprostane) were analyzed by enzyme immunoassay (R & D Systems, Minneapolis, 

MN and Cayman Chemical, Ann Arbor, MI, respectively). Urine H20 2 was determined 

by the amplex red fluorescent dye assay (Molecular Probes, Eugene, OR). All normal and 

high.NaCl rat chow was obtained from Harlan Teklad (Madison, WI). A-192621 was 

kindly provided by Abbott Laboratories (Abbott Park, IL). Tempo! was obtained from 

Sigma Chemical Company (St. Louis, MO). 

Statistical analysis. ANOV A for repeated measures combined with post hoc 

· .: : · contrasts were used for statistical evaluation of mean values each week for telemetry 

measurements (SuperANOVA, Abacus Concepts Inc.). Two-way ANOV A with 

Bonferroni post-tests were used for renal function data and the biochemical assays 

(Graph Pad Prism 4, Graph Pad Software, Inc.). Values are reported as means± SE with 

P < 0.05 being considered significant. 

Specific Aim 2: Up-regulation of CYP4A will inhibit the hypertension produced by 

chronic ETB receptor blockade. The purpose of this study was to determine the influence 

of PP AR-alpha activation and up-regulation of CYP4A in the salt-sensitive hypertension 

produced by chronic ET 8 receptor blockade. 
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Protocol. Rats were given free access to chow that contained either normal 

(0.8%) or high (8%) NaCI for ten days. After three days of baseline, rats were placed in 

metabolic cages for 24 hr urine collection. Subsequently, rats were divided into three 

groups treated as follows: (I) clofibrate, a PPAR-alpha agonist, at 80mg/day in the 

drinking water, (2) A-192621, a selective ET8 receptor antagonist, at IOmg/kg/day in the 

food, and (3) clofibrate and A-192621. The doses of A-192621 and clofibrate were 

chosen from previously published studies (Pollock and Pollock, 2001;Roman et al., 

1993;Williams et al., 2004). Rats ,were placed again in metabolic cages on the seventh 

day of drug treatment. After 7 days of treatment with A-192621 and/or clofibrate, rats 

were anesthetized with pentobarbital "(65mg/kg i.p.), and kidneys were removed and 

separated into the renal cortex and renal medulla before being frozen in liquid nitrogen. 

Telemetry blood pressure measurements. The same surgical protocol was used 

to implant telemetry transmitters in rats (see page 29). 

Immunoblot Analysis of CYP4A Protein. Kidney cortex and medulla were 

. · homogenized .in buffer containing 100 mrnol!L Tris-HCl and 1.15% KCl, pH 7.4. 

Homogenates were centrifuged at lO,OOOg for 30 minutes. Protein was separated by 

electrophoresis on 10% stacking Tris-glycine gels before being transferred 

electrophoretically to nitrocellulose membranes. The primary antibodies used were goat 

anti-rat CYP4Al polyclonal antibody (1:2000; BD Gentest, Woburn, MA) and rabbit 

anti~rat CYP2C23 poly clonal antibody (I :5000; Dr Capedevila, Nashville, TN). The blots 

then were washed in a PBS-D.!% Tween 20 solution and incubated with their respective 

secondary antibodies for 1 hour at room temperature and washed again. The secondary 

antibodies for CYF4Al and CYP2C23 were donkey antigoat IgG-HRP (1:40,000) and 
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goat anti-rabbit IgG-HRP (1: 100,000), respectively. Detection was accomplished with the 

use of enhanced chemiluminescence (ECL, Amersham Corp), and blots were exposed to 

x-ray film (Hyperfilm-ECL, Amersham Corp). CYP4Al band intensity was measured 

dimsitometrically, and the values were normalized to expression of B-actin .. 

Statistical Analysis. ANOV A for repeated measures combined with post hoc tests 

were used for statistical evaluation of mean values for every 12hrs for telemetry 

measurements (SuperANOVA, Abacus Concepts Inc.). ANOVA combined with 

·Newrrian-Keuls Multiple Comparison Tests were used for statistical evaluation of mean 

values for 24hr arterial pressure and heart rate telemetry measurements, and CYP4A 

protein expression (Graph Pad Prism 4, Graph Pad Software, Inc.). Values are reported as 

means ± SE with P < 0.05 being considered significant. 

. Specific Aim 3:·Inhibition of TP receptors will attenuate the increase in arterial pressure 

produced by ET-1 during ETB receptor blockade. Experiments were conducted to 

determine whether TP receptor activation contributes to the renal hemodynamic response 

ofET-1 during ET8 blockade. 

Intrarenal.Blood Flow Protocol. Male Sprague-Dawley rats (250 to 350 g, 

Harlan Laboratories) were anesthetized with Inactin (50 mglk:g IP) and surgically 

prepared for the measurement of mean arterial pressure (MAP) and intrarenal blood flow. 

Catheters were inserted into the femoral artery for recording MAP and femoral vein for 

· infusion of ET -1 and receptor antagonists. A jugular vein catheter was used for infusion 

of bovine serum albumin (6.2% in saline) during surgery (1.25% b. wt). ·Following 

surgery, saline (0.9% NaCl) was infused in both catheters af a rate of 10 }lllmin. 

Medullary blood flow and cortical blood flow (MBF and CBF, respectively) were 
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measured by single-fiber, laser Doppler flowmetry, as previously reported (Mattson et al., 

1992;Vassileva et al., 2003). After a 30-minute period of recovery from surgery, 30 

minutes of baseline measurements of MAP, CBF, and MBF were taken. Rats were then 

given a continuous intravenous dose of either saline (0.9% NaCl) or SQ29548 (2 mglkg 

·per hour atlO pL/min i.v .), TP receptorinhibitor, for 75 minutes. Rats were also given a 

bolus of either 0.9% NaCl or the ETB receptor antagonist, A-192621 (10 mg/kg in 1 

rnl/kg i.v.). Fifteen minutes after the antagonist was given, ET-1 was infused 

i!lqavenously for 1 hour at a dose 6 pmollkg per minute (10 pL/min); control groups 

received· saline vehicle. The function of the laser Doppler fibers was verified at the 

beginning of the experiment by recording the chang~s of the regional blood flow in 

response to compression of the aorta above the r~nal arteries. Positioning of the fibers 

was verified at the end. of the experiments by dissection. Blood was taken at the end of -

. ihe experiment, plasma separated and immediately frozen (stored in -80".C) for later 

analysis. 

Chemicals and Assays. A-192621 was kindly provided by Abbott Laboratories 

(Abbott Park, ll..). SQ29548 was obtained from Cayman Chemical (Cayman Chemical, 

Ann, Arbor, Ml). Plasma concentrations of TxB2 and 8-iso prostaglandin F2~ (8-

isoprostane) were analyzed by enzyme immunoassay (Cayman Chemical, Ann Arbor, 

Ml). 

Statistical Analysis. ANOV A for repeated measures combined with univariate 

tests were used for statistical comparison of mean values for 15 min time intervals 

(SuperANOVA, Abacus Concepts Inc.). An unpaired t-test was used to compare mean 
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values for plasma concentrations (Graph Pad Prism 4, Graph Pad Software, Inc.). Values 

are reported as means± SE with P < 0.05 being considered significant. 
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RESULTS 

Specific Aim 1: Superoxide contribution to the hypertension produced by chronic ETB 

receptor blockade. 

Metabolic Cage Data. These are results from Sprague Dawley rats either on normal or 

high salt diet placed in metabolic cages for 24hr measurements of body weight, food 

· intake, water: intake, urine volume, and sodium excretion. The baseline period is one 

week prior to A-192621 and tempo! treatment, and the experimental period is one week 

after A-192621 and tempo! treatment. 
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Table 1. Metabolic cage data of rats treated with tempo!, A-192621, and A-192621 plus tempo! 

Normal Salt Diet 
Control Tempo! A-192621 A-19262lffempol 

Baseline Experimental Baseline EXperimental Baseline Experimental Baseline Experimental 
Body Weight 293 ± 15 316 ±-12 291 ± 12 315 ± 11 290 ± 11 315 ± 5 301 ± 10 316 ± 10 
(g) 

Food Intake 18.93 ± 1.5 21.2T± 0.8. 17.45 ± 1.3 19:91 ± 1.4 19.28 ± 0.7 22.84 ± 0.9• 20.78 ± 1.1 20.32± 2.2 
(g/day) 
Water Intake 27.24 ± 1.4 31.91 ± 1.5• 27.18 ± 1.6 '29.47 ±2.9 29.93 ± 2.5 35.61 ± 1.2 32.75 ± 2.9 29.63 ± 5.9 
(mUdav) 
Urine Volume 10.12± 0.6 11.52 ± 0.8 10.76 ± 1.2 11.29 ± 1.4 11.88 ± 1.0 14.25 ± 1.2 12.39 ± 1.4 13.05 ±0.6 
cniuday) 
Na-+ Excretion 0.73 ± 0.02 0.77 i0.14 0.80 ± 0.13 0.81 ± 0.14 0.86 ± 0.09 1.18 ±.0.08• 0.83 ± 0.11 0.90 ± 0.12 
(mEg/day) 

High Salt Diet 
Control Tempo! A-192621 A-19262lffempol 

Baseline Experimental Baseline Experimental Baseline Experimental Baseline Experimental 
Body Weight 375 ± 17 386 ± 17 390 ± 14 394 ± 14 384 ± 17 388 ± 15 380 ± 14 360 ± 15# 
(g) 
Food Intake 23.99 ± 2.0 21.95 ± 1.7 21.99 ± 2.1 22.50 ± 1.6 21.50 ± 2.0 17.65 ± 2.1 23.02± 2.0 14.56 ± 1.7• 
(g/day) .. 
Water Intake 119 ± 6.0 106±5.3 104 ± 5.5 84 ± 5.2• 115±7.8 118±14.2 112±3.9 75 ± 7.0•# 
(mUday) ' Urine Volume 106 ± 4.5 101 ± 4.7 92 ± 6.0 73 ± 4.5• 105 ± 6.5 110± 13.8 101 ± 3.8 63 ± 10.7•# 
(mUday) 
Na-+ Excretion 31.64 ± 2.0 27.53 ± 3.5 26.99 ± 1.4 18.04 ± 3.7• 31.52 ± 4.2 22.55 ± 4.3 28.44 ± 2.0 15.19 ± 2.8• 
(mEg/day) 

* P < 0.05 vs. baseline 
# P < 0.05 vs. change between baseline and experimental periods of the control group under same diet 
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On a normal salt diet, all groups of rats had similar baseline MAP measurements 

· · with the overail24hr average being 98 ± 1 mmHg (Figure 3). Treatment with the ET8 -

·. 

-- · ... 

selective antagonist, A-192621 (lOmg!kg/day), significantly increased MAP compared to 

control (114 ± 4 and 101 ± 3 mmHg, respective~y). Tempolhad no effect on MAP in 

either control (97 ± 5 mmHg) or A-192621 (111 ± 3 mmHg) treated rats. 
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E -a- tempo! 
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~ 

' ' ' ... 
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:E 80 
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Figure 3. Mean arterial pressure (MAP) in conscious rats maintained 
on a normal sodium diet followed by. treatment with an ET8 receptor 

. antagonist, A-192621 and/or tempo/, an SOD mimetic. The arrow 
: indicates the beginning of the treatment period. A-192621 was placed 

in the food at a concentration to deliver 10mglkg/day, and tempo/ was 
dissolved in tap water at a concentration of 1mM. Values are means± 
SEfor 12hr periods. * P < 0.05 vs. control group (n=6). 
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Rats on a high salt diet had a baseline 24hr average MAP of 109 ± 1 prior to 

tempol orA-192621 treatment (Figure 4) that was significantly greater than rats on a 

normal salt diet (P < 0.05). As previously reported, ET8 receptor blockade increased 

MAP more in rats on a high salt diet (140 ± 5 mmHg) compared to rats on a normal salt 

diet. Tempol significantly lowered MAP in rats on high salt compared to rats on high salt 

alone (100 ± 3 and lli ±. 2 mmHg, respectively (P<O.OS)). During the final 3 days of 

tempol treatment, tempol had no sustained effect on MAP in A-192621 treated rats (138 

± 5 mmHg) but significantly attenuated the rate at which MAP increased during A-

1.92621 treatment under high salt conditions.· 
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t: 
< 100 
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Figure 4. Mean arterial pressure (MAP) in conscious rats maintained 
on a high sodium diet followed by treatment with an ET8 receptor 
antagonist, A-192621 and/or tempol, an SOD mimetic. The arrow 
indicates the beginning of the treatment period. A-192621 was placed 
in the food at a ·concentration to deliver 10mg!kg!day, and tempol was 
dissolved in tap water at a concentration of lmM. Values are means± 
SEfor 12hr periods. * P < 0.05 vs. control group (n=6). 
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The high salt diet had no significant effect on plasma ET concentrations (Figure 

5). Tempo! hadn.o effect on plasma ET levels in rats on a normal salt or high salt diet. 

Rats treated with A -192621 had significantly higher plasma ET levels compared to 

control on both normal and high salt diets, while tempo! had no effect on the increase in 

. plasma ET compared to rats treated with A-192621 alone on either diet. 
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Figure 5. Plasma endothelin (ET) levels in (A) normal salt and (B) high salt rats at the end of the 
study. Values are means± SE. * P < 0.05 vs. control group (n=6). 
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Plasma concentrations of 8-isoprostane, often used as an index of oxidative stress, 

were not different among the groups of rats after 7 days of treatment with tempo! and/or 

· · A-192621 regardless of dietary salt content (Figure 4). However, the high salt diet itself 

produced a significant increase in plasma 8-isoprostane levels (P < 0.005). A-192621 

significantly increased plasma 8-isoprostanes compared to control rats after 3 days, but 

. not after 7 days of treatment. While tempo! had no effect on plasma 8-isoprostane in rats 

treated with high salt alone, tempo! significantly inhibited the increase in 8-isoprostane 

levels produced by A-192621 after three days of treatment. 
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Figure 6. Plasma 8-isoprostanes levels, indicator of oxidative stress, in (A) normal salt rats, 
(B) in high salt rats on the third day of drug treatment, and (C) in high salt rats at the end of 
the study (n=6). Values are means± SE. # P < 0.05 vs. normal salt rats; • P < 0.05 vs. control 
group within the diet conditions and t P < 0.05 vs. A-192621/tempol group within the diet 
conditions (n=6). 
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H,02 excretion was significantly higher in rats on a high salt diet at the end of the 

drug treatment period compared to rats either on a normal salt diet or on a high salt diet 

with 3 days of drug treatment (Figure 7). In rats on a high salt diet and 7 days of drug 

treatment, tempo! appears to increase H20 2 excretion in the high salt alone and the A-

192621 treated rats. 
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Figure 7. H20 2 excretion in (A) normal salt rats, (B) in high salt rats on the 
third day of drug treatment, and (C) in high salt rats at the end of the study 
(n=4-6). Values are means = SE. # P < 0.05 vs. normal salt rats and high salt 
rats on the third day of drug treatment .. 
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Specific Aim 2: Up-regulation of CYP4A will inhibit the hypertension produced by 

chronic ETB rece_ptor blockade. 

Prior to treatment with A-192621 or clofibrate, 24hr food and water intake as well 

. a& urine volume and sodium excretion were not different among groups of rats, on normal 

·. o~ high salt die~. Similarly, at the end of the drug treatment period, fo~d and water 

intake were not different among groups of rats on the same diet, nor were there any 

differences in urine volume and sodium excretimi (Table 2). 
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Table 2: Metabolic cage arid Telemetry data of rats treated with clofibrate, A-192621, 

and A-192621 plus clofibrate 

Clofibrate A-192621 A-192621+ 
·.· Clofibrate 

Male Rats Normal Salt Diet {n = 4) 
Food Intake (g/day) 16.3 ± 1.3 17.5±1.5 19.5 ±0.7 

Water Intake (rnL/day) 22.3 ±2.5 22.5 ±2.1 20.8 ± 1.4 

Urine Volume (rnL/day) 15.0 ±2.0 14.8±0.5 12.5 ±0.9 

Na• excretion (mEq/day) 1.6 ± 0.1 1.4 ± 0.2 1.6 ± 0.1 

. MAP (ll]Il!Hg) 100 ±3 124±5* 119 ± 5* 

HR (bpm) 385 ± 8 384±4 389 ±9 

Male Rats - High Salt Diet {n = 7) 
Food Intake (g/day) . 19.4 ± 0.5 20.6±2.0 18.8 ± 1.4 

Water Intake (rnL/day) 75.0±2.5 95.4± 8.5 79.8 ±5.7 

Urine Volume (rnL/day) 59.4±3.2 77.3 ± 8.17 68.0±5.7 

Na• exc~etion.(inEq/day) 24.8 ±0.7 25.1 ±2.0 24.6 ± 1.4 

MAP (rnrnHg) 107±4 i51 ± 6* 132±4*t 

HR (bpm) 366 ±9 360±7 352±7 

Female Rats - High Salt Diet {n = 4) 

Food Intake (g/day) )5.2 ± 1.1 14.9±0.6 15.4 ± 0.7 

.. ·Water Intake (rnL/day) 83.2 ± 11.9 72.1 ±4.4 80.1 ± 5.6 

Urine Volume (rnL/day) 67.0 ± 11.8 56.3 ±4.2 58.9 ± 3.9 

Na• excretion (mEq/day) 18.0 ± L1 16.6 ±0.7 18.3 ± 0.9 

MAP (rnrnHg) 103 ±5 135 ± 4* 125 ± 4* 

HR (bpm) 382 ± 15 377 ± 11 365 ± 8 
,,·, 

* P < 0.05 vs. clofibrate group on appropriate diet 
t P < 0.05 vs. A-192621 group on appropriate diet 
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On ·a normal salt diet, all groups of rats had a similar baseline arterial pressure 

averaging-106±2 mrnHg during the final 24hr of blood pressure measurement prior to 

drug treatment (Figure 8). Blockade of ET. receptors with A-192621 (IOmg/kg/day) 

significantly increased MAP by 15±3 mmHg on the final day compared to baseline 

(P<0.05) and was not statistically different from male rats treated with A-192621 plus 

clofibrate; MAP increased by 7±2 mmHg in the latter group. There were no significant 

differences in heart rate between the groups of rats on a normal salt diet (Table 2). 
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Figure 8. Mean arterial pressure (MAP) in conscious male rats maintained on a normal· 
sodium diet (0.8% NaCl diet) during treatment with an EI'8 receptor antagonist, A-192621 
(10mg!kglday) and/or clofibrate (80mg!day), a PPAR-alpha agonist. The arrow indicates the 
beginning of the drug treatment period. Values are means ± SE for 12hr periods. * P < 0.05 
vs. clofib:ate group (n = 4 per group). 
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As shown in Figure 9, placing male rats on a high salt diet produced a small but 

significant increase in basal artenal pressures compared to male rats on a normal salt diet; 

24hr MAP was 118±2 mmHg by the third day on the high salt diet. Treatment with A-

192621 significantly increased MAP in male rats compared to baseline and compared to 

rats treated with clofibrate alone; the change in 24hr MAP was 34±3 vs. -8±1 mmHg in . . . 

A~l92621 vs. clofibrate treated rats, respectively, P<0.05. The decrease in MAP 

produced by clofibrate treatment alone in rats on a high salt diet was small, but 

significant compared to baseline. Administration of clofibrate significantly inhibited the 

increasein MAP produced by A-192621; the change in 24hr MAP was 19±4 mmHg 

(P<0.05 vs. A-192621 alone). There were no significant differences in heart rate among 

groups of rats on a high salt diet (Table 2) . 

. . 

; .· 
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Figure 9. Mean arterial pressure (MAP) in conscious male rats maintained on. a high 
sodiwn diet (8.0% NaCl diet) during treatment with an ET8 receptor antagonist, A-192621 

· (10mglkglday) and/or clofibrate (80mglday), a PPAR-alpha agonist. The high salt diet 
started on day zero, and the arrow indicates the beginning of the drug treatment period. 
Values are means± SEfor 12hr periods. * P < 0.05 vs. clofibrate group and t P < 0.05 vs. 
A-192621 (n = 7 per group). 
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Similar to male rats, blockade of ETB receptors in female rats on a high salt diet 

significantly increased MAP (Figure 10). The change in MAP from baseline was 29±4 

mmHg in. female rats treated with A-192621 alone that was reduced significantly in rats 

given A-192621 plus clofibrate; the change in MAP was 15±2 miillfg in the latter group. 

Clofibrate alone did not have a significant effect on MAP in female rats on a high salt 

diet. The different drug treatments had no effect on heart rate in female rats (Table 2). 
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Figure 10. Mean arterial pressure (MAP) in conscious female rats maintained on a high 
sodium diet (8.0% NaCl diet) during treatment with an ET8 receptor antagonist, A-192621 
(10mglkg!day) and/or clofibrate (80mg!day), a PPAR-alpha agonist. The high salt diet started 
on day zero, and the arrow indicates the beginning of the drug treatment period. Values are . . 
means :1: SEfor 12hr periods.* P < 0.05 vs. clofibrate group and t P < 0.05 vs. A-192621 (n =. 
4 per group) .. 
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In male rats on a high salt diet, there was a tendency for clofibrate treatment to 

increase renal cortical CYP4A protein expression, but this did not reach statistical 

significance compared to untreated control rats (Figure llA). Chronic A-192621 

· . . treatment significantly decreased renal cortical CYP4A protein expression compared to 

untreated control rats. Administration of clofibrate significantly increased cortical 

CYP4A protein expression in male rats on a high salt diet treated with A-192621. 

Clofibrate treatment significantly increased CYP4A expression in the renal medulla of 
; ... '·. 

. . 
rats on high salt alone and rats fed a high salt diet during chfonic ET B receptor blockade . 

(Figure liB). A-192621 treatment alone had no effect on renal medullary CYP4A 

expression. 

'· 

. · ... 
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Figure 11. . The ratio of renal cortical (A) and medullary (B) CYP4A protein expression 
normalized to {3-actin protein expression in_ male rats on a high salt diet. Values are means :!: 

SE. * P < 0.05 vs. control group and t P < 0.05 vs. A-192621 (n = 4 per group). 
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Neither clofibrate nor A-192621 treatments had any effect on CYP2C23 protein 

expression in the renal cortex or renal medulla (Figure 12A and Figure 12B, 

respectively) . 

A. 

Control A-192621 Clofibrate· A-192621+ 
Clofibrate 

B. I . @!I!!!..:....: .... 
§!§ - - - --- --- ~-:..._ __ 
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Figure 12. Renal cortical (A) and medullary (BY CYP2C23 protein expression in male 
rats on a high salt diet. · 
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Specific Aim 3: Inhibition of TP receptors will attenuate the increase in arterial pressure 

produced by ET -1 during ETB receptor blockade. 

Intravenous infusion ET-1 significantly increased MAP (Figure 13), and the 

administration of the TP receptor blocker, SQ29548, prevented this respo.nse; the change 

· in MAP was 14±2% and-3±4% with SQ29548 (P<0.05) during the final 15 min of 

infusion. The ET-1-mediated increase in MAP was potentiated in rats treated with an ETB 

receptor antagonist, A-192621 (32±5%). Pre-treatment with SQ29548 inhibited the rise 

in MAP in the ET-1 plusA-192621 treated group (18±4%), but again, was greater than 

rats not given A-192621. 
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Figure 13. Mean arterial pressure (MAP) in anesthetized rats represented as % change ft;om baseline. 
Rats were given an infusion of the TP receptor inhibitor, SQ29548 (2 mglkg per hour N), and a bolus 
dose of ET8 receptor antagonist, A-192621 (10 mglkg N), followed by a constant infusion of ET-1 (6 
pmollkg per minute). The a"ow indicates the beginning of the treatment period. Values are means ± SE . 
. • P < 0.05 vs. ET-1 and t P < 0.05 vs. ET-1 + A-19621 . 
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ET -1 infusion significantly decreased CBF (Figure 14) while the inhibition of TP 

receptors had no significant effect on this response; the change in CBF was· -15.2±3.3% 

and -6.2±7.6%, respectively (both P<O.OS vs. baseline), during the final 15 min of 

infusion. ET -1 infusion during the blockade of ETa receptors decreased CBF to a · .. 

significant greater extent compared to ET-1 alone (-44.9±4.5%). SQ29548 treatment had 

no effect on the ET-1.mediated decrease in CB:F d,uring acute ETa receptor blockade(-

35.4± 7.7%). 
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Figure 14. Cortical blood flow (CBF) in anesthetized rats represented as% change from-baseline. RatS were 
given an infusion of the TP receptor inhibitor, SQ29548 (2 mglkg per hour IV), and a bolus dose of Er8 
receptor antagonist, A-192621 (10 mg/kg IV), followed by a constant infusion of Er-1 (6 pmollkg per 
minute). The arrow indicates the beginning of the treatment peTiod. Values are means :t SE. * P < 0.05 vs. 
Er-1. 
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. Although not statistically significant, ET -1 tended to increase MBF and was not 

affected by pre-treatment with SQ29548; the changes in MBF were 7.7±4.9% and 

6.5±5.2% without and with 'SQ29548, respectively (Figure 15). In rats pre-treated with 

A-192621, ET-1 produced a significant decrease in MBF compared to ET-1 alone(-

16.5±6.2%). Similar to CBF, TP receptor inhibition had no effect on the decrease in 

MBF produced by ET-1 during A-192621 treatment (-21.7±4.4%). 
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Figure 15. Medullary blood flow (MBF) in anesthetized rats represented as % change from baseline. Rats 
were given an infusion of the TP receptor inhibitor, SQ29548 (2 mglkg per hour IV), and a bolus dose of ET8 

receptor antagonist, A-192621 (10 mglkg IV), followed by a constant infusion of ET-1 (6 pmol/kg pe~ 
minute). The arrow indicates the beginning of the treatment period. Values are means ± SE.- * P < 0.05 vs. 
ET-1. 
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To determine whether ETB blockade had any influence on TP receptor ligands 

during ET-1 infusion, plasma TxB2 and 8-isoprostane was measured in rats at the end of 

the infusion period (Figure 16). Plasma concentrations of TxB2, a metabolite of TxA2, 

were higher in rats pre-treated with a bolus dose of A-192621 compared to ET-1 alone 

· · although this increase was of borderline significance (402±67 pg/mL and 207±72 pg/mL, 

respectively, (P = 0.07). 8-isoprostane plasma levels, often used as an index of oxidative 

stress, were not different between ET-1 and ET-1 plus A-192621 groups (89±32 pg/mL 

and 67±10 pg/mL, respectively). 
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Figure 16. Plasma concentrations taken at the end of the study. (A) Plasma TxB2 levels,· 
metabolite of TxA2, and (B) plasma 8cisoprostanes, indicator of oxidative stress. Values are 
means zSE, ET-1 (n=6) and ET-1+A-192621 (n=7). 
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DISCUSSION 

Specific Aiml: Superoxide contribution to the hypertension produced by chronic ET!!. 

receptor blockade. 

Li et al. have demonstrated that ET -1 stimulates superoxide production .via ETA 

.·: · receptor-mediated activation of NADPH oxidase in rat carotid artery (Li et al., 2003). 

Furthermore, Sedeek et al. recently reported that tempo! lowers arterial pressure during 

chronic ET infusion (Sedeek et al., 2003). This led us to hypothesize that superoxide 

m_ay contribute to the hypertension produced by ET 8 receptor blockade; a condition 

· .. where endogenous ET .levels are increased. The main findings from this study indicate .· .. 

that treatment with the SOD mi~etic, tempo!, attenuates _ihe development of hypertension 

in rats on a· high salt diet-given an ET8 receptor antagonist in the initial days of treatment. 

Therefore; superoxide appears to contribute, ·at least partially, to the hypertension 

·.·.: .. 
·associated with chronic ET 8 receptor blockade. We also observed that chronic treatment 

with tempo! lowered MAP in rats given a high salt diet alone. Tempo! had no effect on 

MAP in rats on a normal salt diet with or without ET8 receptor blockade. Given 

numerous reports that tempo! effectively reduces superoxide levels with this dosing 
· ... 

regimen (Beswick et al.,'2001b;Schnai:keiJ.berg and Wilcox, 1999) these data support a 

role for superoxide in the maintenance of arterialpressure in rats on a high salt diet. 

Our laboratory recently has provided evidence that blocking the ET 8 receptor 

leads to elevations in plasma ET levels and MAP that are exacerbated in rats on a high . 

salt diet (Pollock and Pollock, 2001 ). Thus, a lack of ET 8 receptor function results in a 

salt-sensitive form of hypertension. Administering an ETA antagonist will attenuate the 

hypertension whether rats are on a normal or a high salt diet (Pollock and Pollock, 2001). 
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Therefore, the hypertension may be the result of reduced ET" mediated vasodilation and 

diuretic/natriuretic activity in.combination with increased ETA receptor activation·. The 

current study expands on these initial findings to demonstrate only a minor role of 

· superoxide in regulating arterial pressure during chronic ET" receptor blockade with 

endogenous ET -1. 

We found it somewhat surprising that tempo! had no effect on the increase in 

MAP produced by chronic ET" receptor blockade in rats on a normal salt diet. If it is 

assumed that the hypertension produced by ET. blockade is a result of increased ET 

levels and ETA-mediated vasoconstriction, then this result is in direct contrast to studies 

. using a chronic infusion of exogenous ET -1 (Sedeek et al.; 2003). Therefore, our results 

lead us to speculate that the elevations in MAP produced by ET. blockade are more a 

function of a lack of ET.-induced vasodilation and diuretic/natriuretic activity rather than 

simply a reduction in ET clearance with an associated increase in ETA activation. 

· · In rats on a high salt diet, it is not clear why tempo! was unable to sustain the 

inhibition of the hypertension produced by ET" receptor blockade. Although it is 

possible that the influence of superoxide wanes over time, there are alternate 

explanations. As a SOD mimetic, tempo! converts superoxide to Hp2, which is acted 

upon by endogenous catalase to produce 0 2 and H20. The combination of tempo! and 

ET" receptor blockade during a high salt conditions may result in more H20 2 production 

than can be handled by endogenous H20 2 scavenging systems. After 7 days of treatment, 

tempo! increased H20 2 excretion with or without ET" receptor blockade. Increased renal · 

H20 2 may limit the ability o{tempol to lower MAP under these circumstances, because 

chronic increases in HP2 in the renal medulla cause hypertension (Makino et a!., 2003) .. 
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Alternatively, since ETB receptors appear to play an important role in the renal response 

to a high salt diet, (Pollock and Pollock, 2001) scavenging superoxide may not be 

sufficient-to restore sodium balance without an accompanying increase in MAP. Overall, 

these findings support a role for superoxide in contributing to salt-dependent 

hypertension; however, the mechanisms and conditions still require further definition 

.because dismutating superoxide is not sufficient to produce a sustained normalization of 

blood pressure. 

The ability of tempo! to decrease MAP significantly in rats ori a high salt diet 

indicates that high salt alone increases oxidative stress. In this study, a high salt diet 

significantly raised plasma 8-isoprostanes and H20 2 excretion compared to rats on a 

normal salt diet. High salt intake also is associated with increased intrarenal production 

of ET in normal rats and in several models of salt-dependent hypertension (Fujita et al., 

1995). These models also are uniquely sensitive to blood pressure lowering during ETA 

receptor·blockade (Allcock et al., 1998;Bird et al.,,1995;Callera et al., 2003;Fujita et al., 

1995;Fujita et al., 1996a;Fujita et al., 1996b;Pollock and Pollock, 2001 ;Schiffrin et al., 

1997b ). Antioxidant ·treatment with tempo! also lowers arterial pressure in these models 

(Beswick eta!., 2001b;Meng et al., 2003;Schnackenberg and Wilcox, 1999;Welch et al., 

. 2003;Xu et ar., .2004). In vitro and in vivo studies have shown that both angiotensin II 

(Ang II) and ET-1 are important stimulators of superoxide production (Callera eta!., 

2003;Li et al., 2003;Sedeek eta!., 2003;Touyz andSchiffrin, 1999;Touyz and Schiffrin, 

2001 ;Touyz et al., 2003). Since Ang II production is low during intreased salt intake, our 

data are·consistentwith'the possibility that ET-1 could contribute to elevated oxidative 

stress during increased dietary salt. 
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Measuring lipid peroxidation frequently is used as an indirect assessment of 

oxidative stress in various diseases such as hypertension. The oxidation of arachidonic 

acid.to form 8-iso-prostaglandin F2 alpha, also known as 8-isoprostane, often is used as 

an index of oxidative stress in vivo (Meng et al., 2002;Schnackenberg and Wilcox, 

1999;Sedeek et al., 2003). ·Consistent with the concept that high salt increases oxidative 

stress, we observed that plasma 8-isoprostane levels were significantly higher in Sprague-

Dawley rats on a high salt diet compared· to the normal salt diet. Previous studies in Dahl 

salt-sensitive rats have shown that plasma 8-isoprostane levels are elevated significantly 

in the second week of high salt treatment compared to Dahl salt-resistant rats (Meng et 

al., 2002). Even though tempo! decreased MAP in rats treated with high salt, tempo! did 

not attenuate the increase in plasma 8-isoprostanes at the end of the 7-day drug treatment 

period. There are several potential explanations for these results .. First, Xu et al. recently 

observed that acute administration of tempo! lowers blood pressure without reducing 

superoxide levels in aorta or vena cava (Xu et al., 2004). The effect of tempo! was 

associated with decreases in renal nerve activity, and so the authors proposed that tempo! 

may have actions other than decreasing vascular superoxide. It is possible that tempo! . . 

may lower superoxide in a local environment sufficient to -lower arterial pressure, but not . . . 
-

enough to reduce measurable plasma levels of oxidized lipids such as 8-isoprostane. 

·Other explanations for our findings may be that 8-isoprostane simpiy is not a very 

sensitive measure of oxidative stress, or other factors besides superoxide may be 

contributing to 8-isoprostane formation. 

Although all animals on a high. salt diet had significantly higher plasma 8-

isoprostane levels, tempo! had no effect on this increase. However, 8-isoprostane was 
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increased significantly in rats on a high salt diet treated with A-192621 after 3 days of 

treatment. Tempo! inhibited_ the increase in 8-isoprostane produced by A-192621 at the 

same time MAP was reduced. However, by the end of the one-week protocol, A-192621 

-did not increase 8-isoprostane above untreated levels, and tempo! had no effect on either 

blood pressure or plasma 8-isoprostane. These observations suggest that high salt 

induces oxidative stress in normal rats, but that the initial phase of A-192621-induced 

hypertension is dependent upon superoxide. 

Under normal and high salt conditions, ETs receptor blockade significantly 

increased plasma ET levels compared to their control counterparts which, as discussed 

above, could be contributing to the elevation in ~P. A-192621 treatment tended to 

stimulate a greater increase in plasma ET in rats on high salt compared to rats on a 

normal salt diet (P = 0.06). We have shown previously that high salt significantly 

increased urinary ET (Pollock and Pollock, 2001), and so a slightly greater effect of A-

192621 in rats on high salt diet is consistent with a greater increase in ET production 

'under high salt conditions. Increasing salt diet alone had no significant effect on plasma 

ET levels in untreated animals, but this is not surprising because plasma ET levels are ·not 

always a reliable indicator of local production (Goddard and Webb, 2000). 

Specific Aim 2: Up-regulation of CTI4A will inhibit the hypertension produced by 

· chronic ET!! receptor blockade. 

These results indicate that the elevation in arterial pressure is due to the blockade 

of the anti-hypertensive effects of ETs receptors and to the stimulation of the pro-

hypertensive effects of ETA receptors. The important findings from the present study 

indicate that blocking ET s receptors in rats on a high salt diet decreases renal cortical 
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CYP4A protein expression, and that the administration of clofibrate, a PP AR alpha 

agonist, reversed both the decrease in renal CYP4A expression and the increase in arterial 

pressure produced by chronic ET 8 receptor blockade. 

The current study examined whether the salt-dependent hypertension produced by 

chronic ET 8 receptor blockade is related to a reduction in the protein levels of CYP4A 

enzymes. Previous studies have demonstrated that the induction of the renal CYP4A 

enzyme attenuates the development of hypertension in Dahl salt-sensitive rats (Alonso-

. Galicia eta!., 1998;Roman eta!., 1993;Wilson eta!., 1998) and that the inhibition of 20-

HETE, a metabolite·of CYP4A, causes hypertension (Hoagland eta!., ·2003;Stec eta!., 

1997). Additionally, 20-HETE's antihypertensive actions can be attributed to inhibition 

of sodium transport by the proximal tubule and thick ascending limb of the loop of Henle 

(Escalante et ai:, 2002;Hoagland eta!., 2004;Roman, 2002). Blockade of ion transport in 

freshly isolated proximal tubules by ET -1 is attenuated by inhibiting 20-HETE synthesis 

(Escalante et a!., 2002). The significance of these fmdings and the current study provide 

support for the hypothesis that ET-1 increases CYP4A expression through the activation .. 

. of ET 8 receptors that would result in an inhibition of sodium transport in the cortical 

region of the kidney via 20-HETE. 

PP AR-alpha receptors are expressed highly in the proximal tubules, but their 

functional role remains unclear (Braissant et al., 1996;Kliewer eta!., 1994). Roman eta!. 

demonstrated that PPAR-alpha activation increased CYP4A, leading to enhanced 20-

HETE synthesis and normalization of arterial pressure in Dahl salt-sensitive rats (Alonso

Galicia et al., 1998;Roman et a!., 1993; Wilson et a!., 1998). Our findings are somewhat 

similar, as A-192621 caused a significant increase in MAP in rats fed a high salt diet, and 
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the administration of clofibrate inhibited this response. In contrast, clofibrate had no 

effect on arterial pressure in rats treated with A-192621 on a normal salt diet. 

All studies investigating the effects of chronic blockade of ET B receptors have 

been conducted in male rats (Pollock and Pollock, 200l;Williams et al., 2004). This is the 

· ·· ·first study to our knowledge that has examined chronic ET B inhibition in female rats. A-

192621 treatment in female rats on a high salt diet caused an increase in MAP, which was 

very similar to the male rats on a high salt diet. Conversely, female ET B deficient sl/sl 

rats on a high sodium diet have significantly higher arterial pressures compared to their 

male "counterparts (Taylor et al., 2003). This may be attributed to female ETB deficient 

rats not having functional ET B receptors in their kidneys for the~ entire period of 

development. Clofibrate treatment significantly lowered MAP in A-192621 treated 

female rats on high salt diet much to the same degree as male rats. Similarly, clofibrate 

has been sliown to reduce arterial pressure in female Dahl S rats by inducing C)'"P4A 

protein expression in the renal cortex (Alonso-Galicia et al., 1998). Previous studies have 

demonstrated that androgens regulate expression of CYP450 enzymes, and androgens 

alone upregulate CYP450 enzymes (Nakagawa et· al., 2003;Sundseth and Waxman, 

1992). Iii the present" study, clofibrate was able to increase CYP4A protein expression· 

significantly in male rats on a high salt diet during chronic ET B receptor blockade. 

We cannot ignore completely the possible role of increased renal production of 

epoxyeicosatrienoic acids in mediating the decrease in arterial blood pressure in male rats 

on a high salt diet during chronic ET B blockade. PP AR-alpha activation has been shown 

to induce renal CYP2C23-dependent AA-expoxygenase activity under pathological and 

nonpathological conditions (Muller et al., 2004;Vera et al., 2005). Contrary to the effects 
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of A-192621 treatment on CYP4A expression in rats on high salt, chronic ETa blockade . . 

.· did not change CYP2C23 protein expression. Furthermore, clofibrate administration did 

not influence CYP2C23 expression in A-192621 treated rats on a high salt diet. These 

data suggest that ETa receptor activation does not regulate CYP2C23 enzyme expression 

in the kidney. 

Our finding that chronic ETa blockade did not change CYP4A protein expression 

in the renal medulla is somewhat unexpected given the observed changes in cortical 

expression. There is an abundance of ETa receptors located in the renal medulla that 

.· ... · promote sodium and water excretion by increasing medullary blood flow and/or through 

direct inhibition of tubular transport (Gurbanov et al., 1996;Plato et al., 2000). Other 

studies have observed that ET increases production of PG~ in several cell types within 

the renal medulla (Kohan, 1993;Kohan et al., 1993;Zeidel et al., 1989). Furthermore, 

· .. blockade of PG~ leads to a potentiation of ET -1 induced vasoconstriction (Kohan et al., 
: -. 

1993;Silldorff et al., 1995). Therefore, it would appear as though the primary 

mechanisms for inhibiting transport via ETa receptors in the medulla are through the 

release of NO and PG~ production and may not be dependent on CYP450 metabolites. 

' ... 
Further studies need to be done to clarify this possibility. 

During chronic ETa blockade, the downregulation of CYP4A protein expression 

in the cortex may contribute to salt-dependent hypertension, because the CYP4A 

metabolites have been shown to inhibit sodium transport from the lumen of the proximal 

tubule, the thick ascending limb, and the collecting duct (Escalante et al., 1991;Escalante 

et al., 2002;Schwartzman et al., 1985). An important fmding from the current study was 

that inhibition of ETa receptors significantly decreased CYP4A protein expression. These 
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data suggest that ET -1 and ETa receptors in rats on a high salt diet function to maintain 

· . CYP4A enzyme expression and possibly 20-HETE production. These results indicate that 

chronic treatment with a PP AR-alpha agonist can blunt the increase in arterial pressure 

produced by chronic ETa receptor blockade, and that ET-1, via the ETa receptor, 

regulates CYP4A protein expression in the renal cortex. Further studies are required to 

eluCidate the specific mechanisms linking ET-1 and CYP4A. 

Specific Aim 3: Inhibition of TP receptors will attenuate the increase in arterial pressure 

produced. by ET -1 during ETB receptor. blockade. 

The current study investigated the role of TP receptors in ET-1-induced changes 

in MAP and intrarenal blood flow in the rat. TP receptor blockade completely inhibited 

the increase in blood pressure with no effect on renal hemodynamics. This finding is 

similar to the previous report by Munger et a!. who observed that TP receptor blockade 

.inhibited·increases in MAP produced by ET-1 yet without any effect on decreases in 

whole kidD.ey blood flow and GFR (Munger et al., 1993); We extend these observations 

to investigate conditions in which endogenous ET-1 is increased by inhibiting ETa 

receptor activity. It is well established that blockade of ETa receptors reduces the 

clearance of circulating ET-·1 and increases ETA receptor activity (Pollock, 2000). In 

contrast to conditions with an intact ETa receptor, the TP receptor antagonist only 

partially inhibited the pressor response to ET -1. These findings suggest that the ETa 

receptor normally functions to reduce the pressor actions of ET -1 that occur independent 

of TP receptor activity. 

There is considerable evidence that both ET -1 and thromboxanes participate in 

the pathogenesis of hypertension or their activities are different in models of hypertension 
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compared to normotensive controls. However, the relationship between these two 

systems has not been adequately resolved. Some experiments have shown that ET-1-

dependent vascular contractions are mediated by TxA2 (Reynolds and Mok, 1990;Taddei 

and Vanhoutte, 1993). In the guinea pig perfused lung, ET-1 induced a significant 

increase in TxA2 production and ETB receptor blockade inhibited this response 

(D'Orleans-Juste et al., 1994;Lewis eta!., 1999;Noguchi eta!., 1993). This suggests that 

ET-1 stimulates the release of TxA2 via the ETB receptor in the lung. However, Asano et 

al. observed that the ET-1 induced aortic contraction, primarily and ETA-mediated 

mechanism, was very sensitive to a TxA2 synthase or a TP receptor blocker in 

hypertensive rats, but not normotensive rats (Asano eta!., 1994). Another study showed 

that the ET -1 stimulated release of PGH2, a TP receptor agonist, contributed to the 

contraction of ET -1, and antagonism of TP receptors decreased the sensitivity to ET -1 

(Moreau et al., 1996) .. The administration of bosentan, a non-selective ETA and ETB 

· receptor antagonist, blocked the ET -1 activation of TP receptors in this model (Moreau et 

al., 1996). These data indicate that TP receptor stimulation may contribute to the 

physiological and pathophysiological response ofET-1. 

Previously, our laboratory found that acute blockade of ET B receptors followed by 

an infusion of big ET -1 produced a further increase in arterial pressure compared to big 

ET-1 alone (Vassileva eta!., 2003). This was conflrmei:l. in the current study using ET-1. 

These experiments also confrrmed that A-192621 treatment along with an ET-1 infusion 

produced a significantly larger increase in· arterial pressure compared to ET -1 alone. Our 

laboratory has also demonstrated that chronic ET B receptor blockade leads to salt

dependent hypertension that can be blocked by an ETA receptor antagonist (Pollock and 
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Pollock, 200 I). These fmdings are consistent with the idea that blockade of ET 8 receptors 

results in increased ETA receptor activation (Reinhart et al., 2002). This suggests ·that 

other modulators being generated are due to either reduced ET 8 receptor activity or 

increased ETA receptor, both of which could contribute the observed vascular response. 

We know that ET-I has been shown to increase 8-isoprostane and TxA, via the ETA· 

. receptor. (Elmarakby et al.~ 2004;Hollenberg et al., I994), and both are known to activate 

the TP receptor. Given that TP receptor blockade had no influence on the changes in 

intrarenal blood flow, these findings demonstrate that neither of these mechanisms 

influencing ET-induced vasoconstriction are influenced by TP receptors in the renal 

cortiCal or medullary circulation in contrast to the systemic circulation. 

Gurbanov et al. observed that a bolus infusion of ET -I increased MBF transiently 

while decreasing CBF in rats on a normal diet (Gurbanov et al., I996). Previously, we 

did not see an incr~ase in MBF with a continuous infusion of the ET -I precursor, Big ET

I, unless .. animals were plac~ on a high salt diet despite a large reduction in CBF on 

either a normal or high salt diet (Vassileva et 'at, 2003). In the present study, we used a 

slow infusion of ET -I in rats on a normal salt diet and observed significant decreases in 

renal CBF but not MBF. SQ29548 had no effect on ET-induced .changes in CBF and 

MBF indicating that TP receptors do not play role in the renal hemodynamic response to 

ET -I. These data are consistent with a previous study demonstrating that TP receptors 

did not contribute to reductions in whole-kidney GFR and renal plasma flow produced by 

ET-I (Munger et al., I993}. Pre-treatment with a bolus dose of A-I9262I exacerbated 

the decrease in CBF while exposing a reduction in MBF. These results are in line with 

the idea that the vasodilatory capabilities of ET -I in the medullary circulation are ET 8 
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receptor dependent as previously suggested (Gurbanov et al., 1996;Vassileva et al., 

2003). The potentiated decrease in CBF and the reduction of MBF observed by.ET-1 

during ET 8 blockade is clearly not due to TP receptor activation. 

Hantz et al. observed that stimulation of TP receptors with a TxA2 mimetic and 8-

isoprostane produced similar results as ET -1 causing cortical constriction and medullary 

·dilation (Hantz et aL, 2001). This response was ·illhibited by an ETA receptor antagonist, 

an ET 8 receptor antagonist, or an endothelin converting enzyme inhibitor implying that 

ET -1 participates in the renal hemodynamic response to TP receptor stimulation. 

Therefore, in the renal circulation, TP receptor activation may precedes ET-1 production 

in contrast to the systemic circulation. Further studies need to be done to distinguish the 

pathways connecting ET -1 and TP receptor activation in the renal versus other 

circulations. 

In summary, we observed that TP receptors contribute to the acute pressor 

response to exogenous ET-1 without any effect on changes in intrarenal hemodynamics. 

In contrast; during ET~ receptor blockade, TP receptors account for only a portion of the 

pressor response, but do not contribute to the potentiated renal vasoconstrictor actions of 

ET-i during ET8 receptor blockade. Whether the interaction between ET"l and TP 

· receptors ·outside the kidney plays a functional role in the pathogenic or long-term actions 

of ET -1 will require further study. 
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SUMMARY 

When endogenous ET is elevated by ETB receptor blockade, treatment with a 

SOD mimetic attenuated the development of hypertension, although this effect was not 

sustained and only evident during high salt intake. These findings indicate that either 

tempo! has a limited ability to reduce oxidative stress under these conditions or that 

·superoxide has a limited role in the hypertension produced by the absence of ET B 

receptor function. At the end of the study, our 8-isoprostane data would suggest that· 

tempo! did. not reduce superoxide despite having significant effects on MAP. These 

observations suggest that tempo! may be reducing MAP by a means other than 

scavenging superoxide and/or that 8-isoprostane measurements are not a very reliable 

indicator of oxidative stress. The present study also demonstrated that SOD mimetics 

may have limited efficacy in salt sensitive hypertension, and we speculate that these 

drugs may allow the accumulation of ll20 2 in the kidney where H20 2 can induce 

hypertension. This possibility is supported by the observed increase in H,02 excretion 

during tempo! administration. 

When examining the role of CYP4A in our salt-sensitive model of hypertension, 

our data suggest that CYP4A may play an important role in the development of 

· hypertension during chronic ET 11 receptor blockade. When chronically blocking ET B 

receptors in rats on high salt diet, CYP4A protein expression in· the renal cortex was 

significantly decreased. This led us to speculate that the decrease in CYP4A expression 

translates to a decrease in 20-HETE synthesis that would increase tubular sodium 

reabsorption. Therefore, this study also provides further support for the hypothesis that 
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20-HETE may act as a second messenger of ET-1 to inhibit sodium transport in tbe 

cortical region of tbe kidney. 

ETA receptor antagonism will. completely block tbe hypertension produced by 

chronic ET" receptor blockade. This indicates tbat tbere may be a vasoactive mediator 

that maintains arterial pressure via tbe ETA receptor. One of tbose mediators is TxA2• 

Inhibiting TP receptor activation prevents tbe increase in arterial pressure in rats infused· 

witb ET-1 aniipre-treated witb an ETB receptor antagonist. It is not clear whetber tbis 

can be attributed to an increase in TxA2 production because tbe increase in TxB2 plasma 

levels was not significant. Interestingly, inhibition of TP receptors did not influence the 

changes in tbe renal hemodynamic responses to ET-1 witb or witbout ET" blockade . 

These data suggest that TP receptor activation participates in tbe systemic h)'pertension 

produced by ET-1 and during acute ET" blockade . 
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PERSPECTIVES 

The implications from these studies are that blocking ETa receptors causes salt

sensitive hypertension in which superoxide, TP receptor activation, and 20-HETE play 

significant roles in the development of the hypertension. The early stages of the 

hypertension are superoxide dependent which is indicative from ·the arterial pressure and 

plasma 8-isoprostane data during the first three days of drug treatment in Specific Aim 

#1 (see Figures 4 and 6). 'However, the major concerns of this particular study are that 

.. rats receiving tempol had significantly lower food and water intakes during the last four 

days of drug treatment and that we did not measure an indicator of oxidative stress in the 

kidney. At least in the short-term regulation of arterial pressure, TxA2, not 8-isoprostane, 

seems to be the primary agonist for TP receptor activation as observed in Specific Aim 

#3 (see Figure 16) during ETa blockade. In spite of this, inhibition of TP receptors had 

no effect on the acute renal hemodynamic response to ET-1 with/without ETa blockade 

Specific Aim #3 (see Figures 14 and 15). At least acutely, this suggests that TP receptor 

activation is not involved in the renal function changes produced by ET -1. Further studies 

need to be done to explore the possibilities of TP receptor contribution in a chronic 

setting of this model. 

With the exception of the experiments done in Specific Aim #3, majority of the 

data from these studies focuses on the long-term control of arterial pressure, which is 

regulated by the kidney. While these studies did not investigate the role of renal 

superoxide production, previous studies have shown that superoxide levels in the kidney 

are increased in most animal models of hypertension. Decreasing renal NO availability is 

one of the primacy mechanisms in which superoxide contributes to an elevated arterial 
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pressure. NO is considered to be a natriuretic factor and to limit sodium reabsorption by 

inhibiting the Na•/H• exchanger and the Na•fK• ATPase in which both of these sodium 

transporters enable sodium to enter the renal interstitium. The secretion of renin from the 

juxtaglomerular cells also is -inhibited by NO, so superoxide maybe preventing the action 

of NO to inhibit the secretion of renin. This suggests that rats fed a high salt diet during 

chronic ET 8 blockade may not be able to suppress their renin levels and that the renin . 

angiotensin system may very well be· involved in this salt-sensitive model of 

hypertension. However, unpublished data from our laboratory indicates that blocking 

renin-angiotensin system did not decrease arterial pressure during chronic ET 8 receptor 

blockade. 

From these studies, we observed that the CYP4A metabolite, 20-HETE, is 

· perhaps involved in the hypertension produced by chronic ET 8 .blockade. The loss of 

ET8 receptor&.ctivation possibly leads to a decrease in 20-HETE synthesis in the renal 

cortex. Most of the tubular reabsorption of sodium occurs in the proximal tubules where 

.. ET-1 and 20-HETE have been shown to inhibit sodium transport by reducing Na•fK• · 

ATPase activity. Animals. fed a high salt diet have a higher ET -1 excretion compared to 

animals a normal diet, and ET -1 urine levels are indicative of ET -1 being produced in the 

, kidney. At high concentrations, ET -1 inhibits sodium transport in the proximal tubule by 

binding to the ET 8 receptor. The mediator that is generated via the ET 8 receptor may 

very well be 20-HETE, since 20-HETE does inhibit sodium reabsorption in this same 

segment of the nephron. Increased sodium transport at the proximal tubule would 

eventually lead to a higher sodium balance and would require a higher arterial pressure in 

order to obtain a normal sodium balance. 20-HETE perhaps is another important 

76 



... 

mediator that is loss during ETB blockade. While clofibrate did normalize CYP4A 

expression in the renal cortex of these rats, the PP AR -alpha agonist does have other 

effects such increasing NO. Clofibrate may be increasing the two most important 

mediators ge11erated by ET B receptor activation, NO and 20-HETE, to decrease arteria! 

pressure in this model of salt-sensitive hypertension. 

In conclusion, results from these studies support our hypothesis that the 

production of different physiological factors via increased ETA stimulation contribute to 

the hypertension produced by ET B. receptor blockade. We also learned from these studies 

that the absence of ET B receptor function not only is associated with decreased NO, but 

there is also a CYP450 metabolite component, presumably 20-HETE, that is lost during 

ETB blockade. All three of these mechanisms/pathways contribute to the salt-sensitive 

hypertension produced· chronic ET B receptor blockade. 
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APPENDIX 

Our laboratory has previously reported that nitric oxide synthase 3 (NOS3) 

protein expression is increased in the kidney of DOCA-salt hypertensive rats. We 

hypothesized that NOS activity may be increased in this model. Male Sprage-Dawley rats 

· were uninephrectomized and implanted with either a DOCA or placebo pellet 

subcutaneously. Placebo treated rats were given tap water ad libitum, while DOCA 

· treated rats received 0.9% NaCl solution to drink. After three weeks, animals were 

sacrificed, and kidneys removed for measurement ofNOS activity by determining the 

conversion of [3H]-L-arginine to ['H]-L-citrulline. Total NOS activity in the inner 

medulla of the DOCA animals was not significantly different from placebo controls. 

· Geldanamycin, an Hsp 90 inhibitor, was used in the NOS activity measurements to 

determine the contribution of Hsp 90 to total NOS activity. Geldanamycin produced a 

greater inhibition of NOS activity in placebo compared to DOCA rats in the inner 

medulla and the outer medulla. These data demonstrate that there is a possible inhibition 

of the NOS3 enzyme. We postulate that this inhibitory effect may be due to the lack of a 

regulatory protein, such as Hsp-90. 
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Figure A. Systolic Pressure measured at the end of the experimental. 
protocol in Placebo and l)OCA-salt treated rats (n = 6). 

107 



Totai.NOS Activity 
(pmol/30min/mfl of protein) 

Cortex 

Placebo DOCA 

Outer Medulla 

Placebo DOCA 

Figure B._ Total NOS Activity in the Corte;c and outer medulla of 
Placebo and DOCA-salt treated rats (n = 6). 
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Figure C. Total NOS Activity in the inner medulla of Placebo and . 
. DOCA-salt treated rats (n = 3). 
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Figure D. Contribution of Hsp90 to NOS Activity in the cortex, outer 
medulla, and inner medulla of Placebo and DOCA-salt treated rats (n = 3-6) . 
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Figure· E. Mean arterial pressure (MAP) in conscious rats maintained on a high 
sodium diet followed by treatment with an ETB receptor antagonist, A-192621 (10 
mglkg per day) and/or EUK-134, a SOD/catalase mimetic (0.4 mglkg per day). 
Values are means for 12hr periods. 
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Figure F. Mean arterial pressure (MAP) in conscious rats maintained on a .high .. 
sodium diet followed by treatment with an ETB receptor antagonist, A-.192621. ( 10 
mg/kg per·day) and/or EUK-134, a SOD/catalase mimetic (3.5 mglkg per day). 
Values are means for 12hr periods. 

112 




