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The renin angiotensin system and endothelin (ET) systems play critical roles in 

regulating kidney function and blood pressure. Angiotensin (Ang) II exerts its 

pro hypertensive effects through A Tl receptor activation. ET -1 has similar effects 

mediated by ETA receptor stimulation. In contrast, ET -1, via ET s receptors, mediates 

vasodilation, anti-inflammation, and natriuresis. In the clinical setting, hypertension is 

more common in men than in premenopausal women of the same age. Moreover, in a 

number of animal models of genetic or experimental hypertension, females are somewhat 

protected from high blood pressure compared to males. We previously found that 

hypertensive male rats, induced by chronic Ang II infusion, have impaired ET 8 receptor 

function. Because ET s receptors are highly expressed in the renal medulla, the overall 

aim of this dissertation is to determine the role of Ang II in mediating renal medullary 

ET s receptor function, and to determine if differences in renal medullary ET 8 receptor 

function contribute to the sex differences observed in Ang II hypertension. 

The fust aim was to test the hypothesis that renal medullary ET 8 receptor function 

is impaired in male Ang II hypertensive rats. However, ET-mediated natriuresis is 

preserved in female rats in response to chronic Ang II infusion. We compared the diuretic 

and natriuretic responses to intramedullary infusion of the ET s receptor agonist, 

sarafotoxin 6c (S6c), in male and female rats treated with.Ang II (260 ng/kg/min s.c.) or 

vehicle for 14 days. Male Ang II hypertensive rats had impaired ETs-dependent sodium 

and water excretion. In contrast, renal medullary ET 8 receptor function was preserved in 



female Ang II-treated rats. Moreover, ETA-mediated diuretic and natriuretic responses 

were maintained in female Ang II hypertensive rats. These data demonstrate that, in 

contrast to male Ang II hypertensive rats, ET receptor-induced diuretic and natriuretic 

responses are preserved in female rats during chronic Ang II infusion. 

The second aim was to determine ifETs receptors limit the hypertensive response 

and renal injury induced by chronic Ang II infusion in female rats compared to males. 

Male and female rats received Ang II infusion (150 ng/kg/min; sc.) along with a high salt 

diet (4% Na) for 4 weeks; blood pressure was measured by telemetry. After one week of 

Ang II infusion with a high salt diet, subsets of both male and female rats received the 

ET8 antagonist, A-192621, at three doses on consecutive weeks (1, 3, and 10 mg/kg/d in 

food). Male rats had significantly higher blood pressure compared to females after 4 

weeks of Ang II. A-192621 resulted in a dose-dependent increase in blood pressure in 

female Ang II hypertensive rat while there was no significant change in males. After 4 

weeks of Ang II infusion, the levels of proteinuria and nephrinuria were higher in male 

rats compared to female. A-192621 did not further increase urinary excretion of protein 

or nephrin in either male or female Ang II hypertensive rats. In conclusion, ET 8 receptors 

provide more protection against hypertension during chronic Ang II infusion in female 

rats compared to male. 

The third aim was to determine the physiological role of Ang II in regulating renal 

ETa receptor function during salt deprivation, a model with high levels of endogenous 

Ang II. After 2 weeks of normal (0.4% Na) or low (0.01-0.02% Na) salt feeding, the 

activation of ET B receptors in the renal medulla increased urine flow and sodium 

excretion of rats on normal salt diet. While urinary ET-1 excretion was comparable 



between a normal and low salt diet, ET B-dependent diuresis and natriuresis in response to 

acute intramedullary infusion of S6c was reduced in the low salt treated rats. Chronic 

treatment with the A Tl receptor antagonist, candesartan, restored ET B-induced water and 

sodium excretion in rats fed low salt diet. These findings support the hypothesis that A Tl 

receptors regulate renal medullary ET 8 receptor function in a low salt diet model to 

conserve sodium. 

From these studies, we conclude that Ang II"via the A Tl receptor attenuates renal 

medullary ET 8 receptor function resulting in sodium and water retention. During 

pathological situations, Ang II has a greater inhibitory effect on ET B receptor function in 

male rats compared to females, leading to a greater increase in blood pressure in response 

to chronic Ang II infusion. 

KEY WORDS: endothelin B receptor, angiotensin II, sodium excretion, blood pressure, 

renal medulla, low salt diet, sex difference 
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I. INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

Guyton and colleagues introduced the concept that alterations in renal function 

lead to adjustments of blood pressure. Moreover, renal transplant studies in humans and 

experimental animals demonstrated that the long-term level of blood pressure in the 

recipient is dependent on the genetic background of the donor kidneys. For example, 

kidney transplantation from a normotensive donor to genetic hypertensive rats, including 

Dahl-salt sensitive or spontaneously hypertensive rats, normalized their blood pressure. 

These data suggest that the kidneys play an important role in the control of long-term 

blood pressure. 

The major function of the kidneys is to regulate water and sodium excretion to 

maintain balance. The ability of the kidneys to alter urine flow and sodium excretion in 

response to changes in blood pressure or renal perfusion pressure is called "pressure

natriuresis". Hypertension can develop when the excretory function of the kidneys is 

impaired and shifts the pressure natriuresis curve toward higher pressures. Because the 

renal cortical blood flow and glomerular filtration rate are autoregulated, the alteration in 

renal medullary hemodynamics and tubular function may play a role in the changes in 

pressure-natriuresis mechanism. 

The endothelin (ET) system and renin-angiotensin aldosterone system (RAAS) 

are critical in the regulation of sodium balance and blood pressure. Components of the 

ET system are highly expressed in the kidneys, with highest expression in the renal 

medulla. ET -1 and ET 8 receptors are highly expressed in the vasa recta endothelium and 
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renal medullary epithelium, especially the collecting ducts. ET -1 vm ET 8 receptor 

functions to increase renal medullary blood flow and to facilitate salt and water excretion. 

In contrast, ETA receptors generally oppose the actions of ET B receptors through 

vasoconstriction. 

The RAAS is physiologically activated under circumstances of sodium and 

volume depletion to act as a defensive mechanism against a low salt state or hypotension. 

In contrast, the overactivation of the RAAS is linked to th~ pathogenesis of hypertension 

and inhibition of this system effectively reduces blood pressure. Angiotensin (Ang) II via 

Ang II type 1 (A TI) receptor activation mediates vasoconstriction and renal sodium 

reabsorption. Ang II also has an indirect anti-natriuretic effect via activation of 

aldosterone release and signaling. 

Many lines of evidence demonstrate that Ang II regulates the ET system. Frorh in 

vitro studies, Ang II, as well as aldosterone, increase edn-1 gene transcription. Moreover, 

Ang II elevates ET -1 production from the vascular endothelium ari.d kidneys. Ang II also 

reduces ETA and ETa receptor binding in cultured inner medullary collecting duct cells. 

Additionally, female sex steroids, such as estrogen, appear to regulate ETa receptor 

expression in both endothelial and smooth muscle cells. 

Hypertension is one of the most common worldwide diseases affecting humans. 

Almost 1 in 3 people in the United States and over 1 billion people worldwide are 

affected by hypertension. It is interesting that pre-menopausal women have a lower 

prevalence of hypertension than men at the same age. After 45 years of age; however, the 

percentages of men and women with hypertension are comparable. Similarly, female rats 

are more resistant to blood pressure elevation than males in animal models of 
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hypertension, including chronic Ang II infusion. This suggests that females are more 

protected than men against high blood pressure. However, the mechanisms underlying 

the sex differences in blood pressure response are still unknown. 

As mentioned above, ET s receptors are highly expressed in the renal medulla and 

function to regulate excretion of salt and water, which is ultimately involved in blood 

pressure control. Previously, our laboratory has shown that both male and female 

normotensive rats increased sodium excretion during intramedullary infusion of the ET 8 

receptor agonist, demonstrating an ET8 -dependent mechanism. Moreover, ETA receptors 

in the renal medulla also functioned to promote sodium excretion in female normotensive 

rats but not in male normotensive rats. The question of whether renal medullary ET 

receptor function contributes to sex differences in blood pressure elevation in response to 

Ang II infusion has not been investigated. Therefore, specific aim 1 was to test tile 

llypotllesis tllat re11al medullary ET8 receptor fu11ctio11 is impaired i11 male A11g I1 

llyperte11sive rats. However, ET-mediated 11atriuresis is preserved i11 female rats i11 

respo11se to cllro11ic A11g Il i11fusio11 

Previously, we reported that the pharmacological blockade of ET 8 receptors did 

not further elevate blood pressure or renal injury in male Ang II hypertensive rats on a 

high salt diet, suggesting that the protective role of systemic ET s receptor function is 

impaired in male Ang II hypertensive rats. Because specific aim I deals with the 

protective effects of renal medullary ET receptor function in male and female Ang II 

hypertensive rats, the nature of how ET s receptors function in the renal medulla, and 

perhaps in other tissues, contributing to sex differences in blood pressure regulation and 

renal injury in response to chronic Ang II infusion remains somewhat speculative. 

3 



Specific aim 2 was to test tile llypotllesis that ETB receptors limit tile ltypertensive 

response and renal injury induced by chronic Ang II infusion in female rats compared 

to males. 

The response to exogenous Ang II could produce a variety of indirect effects on 

the ET system related to hypertension, independent of a direct action of Ang II. A low 

salt diet physiologically activates the RAAS. in both the plasma and kidney without an 

elevation in blood pressure. The increases in Ang II and aldosterone function to retain 

sodium during salt deprivation. Different salt intakes have been ·shown to affect the ET 

system and RAAS. A high salt diet, which reduces circulating Ang II, activates the renal 

ET system by increasing renal·ET-1 production and renal ETs receptor expression. 

However, the interplay between the ET system and RAAS in the kidney during low salt 

feeding is still unknown. Specific aim 3 was to test tile llypotllesis that endogenous Ang 

II reduces tile renal ET system, especially ETB receptor function in tile renal medulla, 

during salt deprivation. 
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B. REVIEW OF LITERATURE 

1. The kidney and blood pressure regulation 

Normal blood pressure is defmed as 120/80 mmHg; which means a peak of 120 

mmHg in each heart beat cycle and a minimum of 80 mmHg between heartbeats. In 

general, the mean arterial pressure, which is calculated as the 1/3 systolic blood pressure 

+ 2/3 of diastolic blood pressure, has been used as the perfusion pressure to the organs in 

the body. According to the calculation, mean arterial pressure is normally maintained at 

approximately 100 mmHg. When there is a sudden change in blood pressure, many 

systems in the body participate to help control blood pressure. The nervous system, via 

baroreceptors, and hormones, including the renin-angiotensin aldosterone system 

(RAAS) are activated after the change in blood pressure and. respond within seconds to 

hours. Next, the kidney-fluid volume system reacts within hours to days to help return the 

blood pressure towards normal (Guyton, 1991). 

1.1 Tile kidney and its functions 

The kidney is a paired, bean-shaped structure that is located behind the 

peritoneum on each side of the vertebral column. Each kidney is comprised of two basic 

regions: the renal cortex and renal medulla. The renal medulla can be divided into the 

outer and inner medulla. The cortex contains glomeruli, capillaries, and a large number of 

tubules. The medulla consists of tubules and small blood vessels. 

The functional unit of the kidney is the nephron, which consists of a glomerulus 

and a tubule. A glomerulus is a cluster of capillaries and tubular elemepts that form the 

blood-filtering unit. The tubule is an epithelial structure, which converts filtered fluid to 

urine. Tubules are generally divided into different segments: Bowman's capsule, 
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proximal tubule, thin and thick ascending limbs of the loop of Henle, the distal tubule and 

the collecting duct (CD). 

The renal vascular system starts from a single renal artery, which is later divided 

into high-resistance afferent arterioles in the cortex. These afferent arterioles give rise to 

a high-pressure glomerular capillary network for filtration and then rejoin to form high

resistance efferent arterioles. For the superficial nephrons, the efferent arterioles are the 

origin of peritubular capillaries, which supply oxygen and nutrients to the tubules in the 

cortex. Some glomeruli are located at the junction of the cortex and medulla, called 

juxtamedullary nephrons. The efferent arterioles of these nephrons form hairpin-shaped 

vessels, named vasa recta, in the renal medulla. Although the endothelial cell layer is 

continuous from the efferent arterioles' to the vasa recta, the smooth muscle cells of the 

efferent arterioles are replaced by pericytes (Kriz, 1981; Pallone et al., 2003). The kidney 

receives approximately 20% of the cardiac output; with 90% of the blood entering the 

kidneys supplying the superficial nephrons and only 10% of blood perfusing 

juxtamedullary glomeruli and the medulla (Mattson, 2003). 

The kidneys play an important role in maintaining the body fluids and urinary 

sodium balance, which is ultimately involved in blood pressure control. Each nephron 

functions to recover most of the fluid and solutes from the glomerular filtrate. Every part 

of the nephron contributes to sodium reabsorption, including proximal tubule (65% of 

filtered sodium), thick ascending limbs (THAL; 25%) (Greger, 1985), distal tubule (8%), 

and CD (3-5%) (Greger, 2000). Even though the CD is responsible for only a small 

fraction of the sodium load, it is the last part of nephron and is critical in the fine tune 

control of salt and water excretion. 
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.1.2 Tile kidney and long-term blood pressure control 

Several lines of evidence show that the kidney plays a key role in blood pressure 

regulation. Goldblatt demonstrated that the primary diseases of preglomerular renal 

arterioles, leading to ischemic renal injury and the release of factors including renin, 

cause an increase in systemic vascular resistance and blood pressure. In his model, 

reduction of renal blood flow (RBF) by clamping the renal artery resulted in rapid 

development of hypertension in dogs (Goldblatt eta!., 1934). 

By using animal models and mathematical modeling, changes in total peripheral 

vascular resistance or cardiac output are not sufficient to cause sustained hypertension. In 

contrast, the defect of the pressure natriuresis. mechanism by the kidney leads to 

hypertension. The activation of pressure natriuresis promotes excretion of water and 

sodium until the blood volume is reduced sufficiently to return blood pressure to normal 

levels. However, reduction of the renal capacity to . excrete water and electrolytes, 

especially sodium, leads to accumulation of extracellular fluid and then raises blood 

pressure to a higher level. This increase in blood pressure is required for the re

establishment of sodium balance and thus a normal sodium output is maintained at the 

new higher level of blood pressure (Borst and Borst-De Geus, 1963; Guyton, 1991; 

Guyton et a!., 1972). 

The importance of the kidney in blood pressure regulation is highlighted by renal 

cross-transplantation studies, where kidneys from various strains of rats that present 

genetic models of hypertension, such as the Dahl-saltsensitive .(DS) rats (Dahl and Heine, 

1975; Dahl et al., 1972), or spontaneously hypertensive rats (SHR) (Kawabe eta!., 1978; 

Rettig et a!., 1989), were transferred to normotensive rats. Normotensive rats with the 
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renal graft from hypertensive rat strains show an increase in blood pressure. In contrast, 

renal grafts from normotensive donors to hypertensive rats result in reduced blood 

pressure in recipient rats. These data indicate that the level of blood pressure of the 

recipient is critically dependent on the donor kidney. 

1.3 Renal medulla and blood pressure control 

Because glomerular filtration rate (GFR), RBF, and peritubular capillaries are 

well autoregulated, changes in sodium excretion in response to changes in renal perfusion 

pressure (RPP), known as the pressure-natriuresis relationship, occur in the absences of 

alteration in GFR and RBF. Even though vasa recta capillaries are derived from efferent 

arterioles of juxtaglomerular nephrons, the modulation of renal medullary blood flow is 

independent of changes in vascular resistance in the renal cortex {Pallone et a!., 2003). 

Thus, changes .of renal medullary hemodynamic and tubular- reabsorption may take 

responsibility for the pressure-natriuresis response. 

1.3.1 Renal medullary hemodynamics in the control of sodium excretion: the 

importance of the renal medullary circulation in regulating fluid and electrolyte excretion 

stems from the observation that the intrarenal arterial infusion of vasodilators, such as 

acetylcholine, secretin, and bradykinin, led to aii increase in RBF. While secretin did not 

increase interstitial pressure and sodium excretion, acetylcholine and bradykinin caused 

an elevation in blood flow to the inner medulla, as well as water and sodium excretion 

(Fadem eta!., 1982; Marchand eta!., 1977). These data suggest that an increase in renal 

medullary hemodynamics could increase sodium excretion. 

Further evidence from both in vivo and in vitro studies showed that an increase in 

RPP leads to an elevation in the flow .to vasa recta capillaries of the renal medulla without 
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and alteration in RBF or GFR.. The increase in vasa recta capillary pressure caused 1) a 

transient inhibition of water uptake from renal medullary interstitium, 2) produced the 

rise in renal interstitial pressure and a washout of the medullary interstitial osmotic 

gradient (Pallone et a!., 2003), and 3) decreased water and sodium reabsorption from 

renal tubules, such as proximal tubule, THAL, CDs, which resulted in an increase in 

sodium excretion (Roman, 1988). Moreover, the interrelationship between RPP and 

sodium excretion seems to be regulated by the balance of nitric oxide (NO) and oxidative 

stress production in the renal medulla (Jin et al., 2009). 

1.3.2 Renal tubular functions on sodium and other electrolyte reabsorption: the 

tubular system in the renal medulla is comprised of the U shape of thin descending and 

. ascending limbs, THALs and CDs. The thin ascending limbs are permeable to water, but 

not other solutes. In contrast, the THALs and CDs are responsible for the reabsorption of 

sodium and other solutes. The CDs are a major. water permeable segment and are under 

the regulation of vasopressin. 

Approximately one quarter of the filtered load of sodium is taken up in THAL, 

via both transcellular and paracellular pathways: Transcellular reabsorption is an process 

via luminal Na+/K+/2 Cl" cotransporters, where Na+, K+ and Cl" enter to THAL cells. Na+ 

transport across the basolateral membrane occurs via basolatera!Na+/K+ ATPase. cr ions 

exit across the basolateral plasma membrane via cr channels and/or K+ /Cr cotransport. 

K+ ions across back to the luminal side via renal outer medullary K+ channel (ROMK). 

The recycling of K+ generates the lumen-positive voltage and helps to reabsorb Na + via 

the paracellular pathway (Greger and Schlatter, 1983; Hebert, 1998). The THALs are also 

a principal site for reclaiming the divalent cations, including Ca2+ and Mg2+, as well as 
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HCOJ-. A more active Na+/K+/2cr cotransporter leads to an increase in the positive 

charge of the tubular lumen of the THAL, thereby favoring the paracellular uptake of the 

divalent cations (DiStefano et al., 1993; Friedman and Gesek, 1995). HC03- reabsorption 

in THALs is due to secretion ofW via luminal Na+/H+ exchange (Good, 1993; Greger, 

2000). 

The CDs, which are divided into cortical and medullary segments, serve to fine

tune the excretion of water, Na+, cr and HC03-. The CDs are composed of two cell 

types: principal and intercalated cells. The amounts of principle and intercalated cells are 

reduced from cortical CDs towards the inner medulla. Cortical CDs consist of 70% 

principle cells and 30% intercalated cells; however, the inner medullary collecting cells 

expressed 90% principle cells and 10% intercalated cells (Zeidel, 1993). 

Na + reabsorption in CDs are mediated by the principal cells, while cr 

reabsorption or HC03- secretion are mainly regulated by the intercalated cells (Schuster 

and Stokes, 1987). The principal cells express the epithelial sodium channel (ENaC) and 

Na+/K+ ATPase. ENaC, which is a heteromer comprising of a, ~'andy subunits (Canessa 

et al., 1994), mediates the apical entry of Na +into the cells a1_1d the Na + IK+ pump on the 

basolateral side moves N a+ into the blood in which it also provides the electrochemical 

driving force for the apical entry of Na +. The CDs have a relatively high permeability to 

K+ in apical membrane of the principal cells and have a lumen-negative potential. K+ ions, 

which are actively taken up at the basolateral membranes via Na + IK+ pump, exit across 

the apical membrane by a favorable electrochemical driving force (Greger, 1997). cr 

reabsorption in the CD occurs by two differences mechanisms, via the paracellular 

pathway in the principle cells, and via Cr/HC03- exchange in the intercalated cells 
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(Schuster and Stokes, 1987). 

2. Hypertension and sex 

2.1 Definition and prevalence of hypertension 

Hypertension is one of the most common worldwide diseases affecting humans. 

Almost 1 in 3 people in the United States and over 1 billion people worldwide are 

affected by hypertension (Roger et a!., 2012). Moreover, projeCtions show that by 2030, 

an additional 27 million people could have high blood pressure (Heidenreich et a!., 2011 ). 

Hypertension is defined as having an average systolic blood pressure reading of at least 

140 mmHg or an average diastolic reading of at least 90 mmHg or taking 

antihypertensive medication. Many lines of evidence show that hypertension is the most 

important modifiable risk factor for coronary heart disease, stroke, congestive heart 

failure, end-stage renal disease, and peripheral vascular disease. Furthermore, the 

estimated direct and indirect cost of treating hypertension for 2008 was $50.6 billion 

(Roger eta!., 2012). The National Health and Nutrition Examination Survey (NHANES) 

data show that a higher percentage of men have higher blood pressure 

than premenopausal women and are at greater risk for cardiovascular and renal diseases. 

From 45 to 64 years of age, the percentages of men and women with hypertension are 

similar. After 65 years of age, women have a higher percentage of hypertension 

compared to men (Roger eta!., 2012). From NHANES 1988-1994 to NHANES 1999-

2008, the prevalence of hypertension is slightly increased in both sexes. Women have a 

higher prevalence of anti-hypertensive medication use, mainly diuretics and angiotensin

converting enzyme (ACE) inhibitors, as well as medication adherence compared to men 
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(Gu et a!., 2008; Kim et al., 2006). However, the incidence of achieved blood pressure 

control is less in women than in men (Roger et al., 20 12). These results suggest that the 

mechanisms responsible for the development or maintenance of hypertension may be 

different between men and women. 

2.2 Sex di./.rerences in blood pressure regulation in experimental animals 

The sex-associated differences in blood pressure observed in humans have also 

been found in various animal models. In animal models of genetic hypertension, 

including SHR (Ganten et a!., 1989; Reckelhoff et al., 2000; Sullivan et al., 2007), DS 

(Crofton et al., 1993; Dahl et al., 1975; Kawanishi et al., 2007) or New Zealand 

genetically hypertensive rats (Ashton and Balment, 1991), males have higher blood 

pressure than females at similar ages. Similarly, sex differences ill the development of 

hypertension are ·also found in animal models of pharmacological manipulation of 

hypertension, such as angiotensin (Ang) II hypertensive animals (Sampson et al., 2008; 

Tatchum-Tal om et al., 2005), or deoxycorticosterone acetate (DOCA)-salt hypertensive 

rats (Ouchi et al., 1987). 

2.3 Sex differences in pressure natriuresis in animal llypertensive models 

As mentioned in the previous section, the kidneys play a key role in the regulation 

of sodium balance and blood pressure. A rightward shift of the pressure-natriuresis 

relationship or a decrease in renal sodium excretion leads to a long-teim increase in blood 

pressure and the development of hypertension. In normal rats, Reckelhoff et al. 

demonstrated that sex~differences in the pressure-natriuresis relationship in SHR are 

regulated by sex hormones (Reckelhoff et al., 1998). Female SHR demonstrated a greater 

sodium excretion than males at a similar renal perfusion pressure or blood pressure. Thus, 
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the pressure-natriuresis curve, which ·refers to the relationship between blood pressure. 

and the ability of the kidney to excrete sodiinn, appears to be shifted leftwards in female 

SHR as compared to male SHR. Castration of male SHR could restore the pressure~ 

natriuresis relationship. While ovariectomy has no effect, administration of testosterone 

led to a higher blood pressure to excrete sodium at the similar levels as in ovarectomized . . 

female rats, suggesting a rightward shift of pressure natriuresis curves. in testosterone 

treatment animals. Similar to SHR, male DS rats have a rightward shift of the pressure 

natriuresis relationship compared to females. Male and female DS rats have a comparable 

blood pressure during a low salt intake. However, female DS rats' on a high salt diet have 

a snialler increase in blood pressure compared to male DS rats on a high salt diet 

(Hinojosa-Laborde etc a!., 2000). Moreover, ovariectomy· of female rats leads to an 

accelerated development of salt-sensitive· hypertension in females DS rats on a high salt 

diet (Dahl et a!., 1975), and castration of males reduces the sensitivity of salt-induced 

hypertension (Rowland and Fregly, 1992). These data suggest that sex differences in 

blood pressure elevation may be caused by changes in the excretory ability of the kidneys 

in response to changes in blood pressure; which seems to beregulated by sex steroids. 

3. Endothelin system. 

3.1 Discovery of endotllelin 

The vascular endothelium plays an important role in regulating vascular function 

via the release of vasoactive ~ubstances: Prostaglandin E (PGE) is the first vasodilator 

substance described, which also inhibits platelet aggregation (Horton and Mairi, 1963). In 

the early 1980s, Furchgott discovered a non-prostaglandin endothelial derived-relaxing 
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factor, which is now known as NO (Furchgott and Zawadzki, 1980). A few years later, 

Hickey et a!. first reported the existence of a peptidic substance released from cultured 

porcine aortic endothelial cells acting as an endothelial-derived contracting factor 

(Hickey et a!., 1985). Y anagisawa et a!. isolated and sequenced this novel peptide and 

gave it the name, endothelin (ET). These investigators also described that ET induced a 

slow onset and long lasting contraction (Yanagisawa eta!., 1988b). ET-1 is a 21-amino 

acid peptide with a hydrophobic C-terminal region and two inter-chain sulfide bonds 

between cysteine residues residing near the N-terminus, containing a highly conserved 

structure among species, including human, porcine and rat (Yanagisawa eta!., 1988a). 

Two structurally related peptides named ET-2 and ET-3 are encoded by separate genes 

and contain two and six amino acid difference from ET-1 (Inoue eta!., 1989a). Moreover, 

the three ET isopeptides have structures and biological activity similarly to the 

sarafotoxins, a family of isopeptides isolated from the venom of the snake Atrataspis 

engaddensis (Sokolovsky, 1992). 

3.2 Discovery of endotllelin receptors 

A bolus injection of each of the three ET isopeptides produces an initial transient 

depressor response followed by a prolonged increase in blood pressure, which can last as 

long as 30 min (Inoue eta!., 1989a; Yanagisawa eta!., 1988b). All three isopeptides are 

roughly equipotent in inducing the early transient depressor response. However, the 

pressor effect is much longer in ET-1 an,d ET-2 compared to ET-3 (Inoue eta!., 1989a). 

These results initially suggested the .possible existence of ET receptor subtypes. Based on 

the receptor affinities of three ET isopeptides to transfected mammalian cells, two 

cDNAs were cloned and named ETA and ET B receptors (Arai et a!., 1990; Sakurai et a!., 

14 . 



1990). ET-1 and ET-2 have an equal affinity to ETA receptors, but ET-3 has less affinity 

to the ETA receptor. In contrast, all three isopeptides have nearly identical affinity for the 

ET 8 receptor. 

3.3 Biosynthesis of endotltelin and its regulation 

Of the ET isopeptides, ET-1 is the primary isoform found in the circulation and 

most studies would suggest that ET-1 mediates the majority of the cardiovascular and 

renal effects related to the ET system. The synthesis of a biologically active 21-arnino 

acid ET -1 is involved in the multiple steps. The transcription of human ednl gene 

encodes roughly 2-kilobase pair mRNA which is translated into 212-amino acid 

preproET-1 (Inoue et a!., 1989b). Next, furin-like proteases cleave preproET-1 to 38 

amino acid big ET-1. Big ET-1 can be found in the circulation; however, the 

vasoconstrictor potency is far less than vasoactive ET -1. The final process is that 

endothelin-converting enzymes (ECEs) proteolyze bigET-1 to ET-1 (Masaki eta!., 1991). 

ECEs are integral membrane-bound zinc metalloproteases. There .. are at least three 

isoforms, named ECE-1, ECE-2 and ECE-3. ECE-1 is the major isoform responsible for 

the conversion of big ET -1 to ET -1. ECE-1 ·is expressed in many tissues, such as 

endothelial cells, as well as kidneys, and is found intracelhilarly and on.the cell surface 

(Yanagisawa et a!., 2000). There are at least four human ECE-1 splice variants that are 

derived from a single gene by alternative splicing (Schweizer et a!., 1997). ECE-2 is an 

intracellular enzyme and has a high activity in an acidic environment (pH 5.5). ECE-2 

also. efficiently catalyzes the conversion of big ET -1 (Turner and Murphy, 1996) and 

plays a role in local generation of ET -1 in brain and heart (Y anagisawa et a!., 2000). 

There is some thought that there are other ways, such as chymase and neutral 
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endopeptidase (Fecteau et a!., 2005), to generate ET-1 since mice lacking ECE-1 and 

ECE-2 still have a significant level of circulating ET-1 (Yanagisawa et a!., 2000). 

Neutral endopeptidase neprilysin and deamidase play a role in enzymatic degradation of 

ET-1 (Abassi et a!., 1993). The significant part of ET-1 clearance also occurs through 

receptor binding and internalization, mainly via ET s receptors (Loffler et a!., 1993 ). 

3.4 Physiological roles of elldotllelill ;, vascular ju11ctio11 

ET -1 plays an important role in physiological maintenance of vascular tone, 

mainly by vasoconstriction, and blood pressure. ET -1 acts more like an autocrine or 

paracrine factor than an endocrine factor. In animal or human studies, the plasma 

concentration ofET-1 is very low, ranging 0.3-3 pg/rnl (Battistini eta!., 1993; Treiber et 

a!., 2000), which is below the concentration that could elicit vasoconstriction. In fact, the 

local ET -1 levels around the smooth muscle cells are thought to be much higher than 

within the vascular lumen. This is based on the fact that around 80% of ET -1 is secreted 

on the basal side of endothelial cells (Wagner eta!., 1992). 

ETA receptors are highly expressed in vascular smooth muscle cells, while ET s 

receptors expression is comparatively less on these cells. The ratio of ETA and ET s on 

vascular smooth muscle cells is different based on the vascular bed, but in general, 

arteries contain a higher ETA: ETs ratio than veins (Lipa eta!., 1999). In contrast, ETs 

receptors are highly distributed on vascular endothelium. 

Both ETA and ET s receptors are G-protein-coupled receptors, which contain a 

seven-transmembrane domain. The activation of ETA and ET 8 receptors on vascular 

smooth muscle result in the activation of phospholipase C (PLC), which leads to the 

activation of several signaling pathways, including protein kinase C (PKC), mitogen-
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activated protein kinase (MAPK) family, janus kinase (JAK)-signal transducer and 

activator of transcription (STAT). The stimulation of these pathways causes 

vasoconstriction, cell proliferation, cell growth, and pro~inflanunatory effects. The 

activation of ET 8 receptors on endothelial cell causes vasodilation via the stimulation of 

NO and prostacyclin production (Tostes et a!., 2008). Moreover, ET s receptors, mainly in 

lung and kidneys, act as a clearance receptor, because rats with genetic deficiency or 

pharmacological blockade of ET s receptors have a markedly increased plasma ET -1 level 

(Gariepy et al., 2000). There. are some thoughts that ETA receptors are also responsible 

for ET-1 clearance because nonselective ETAIETs receptor blockade is much further 

increased plasma ET -1 level in normal rats compared to ET 8 receptor blockade alone 

(Opgenorth et al., 2000). This is also supported by the fact that ET -1 binds irreversibly to 

both ETA and ET s receptors. From animal studies, the coronary, mesenteric and renal 

vascular beds are particularly sensitive to the vasoconstrictor effects ofET-1 (Clozel and 

Clozel, 1989; Han eta!., 1989). 

3.5 Pllysiological siguijicauce of eudotlleliu iu reual fuuctiou 

The entire ET system is highly expressed in the kidney and most abundantly in 

the renal medulla. Almost every cell type in the. kidney produces ET-1 and expresses ET 

receptors (Kohan et a!., 2011 ). ET -1 is mainly produced from vascular endothelial cells 

and tubular epithelial cells. Based on the fact .that ET -I secretion is primarily towards the 

basal side of cells in culture, it is believed that renal tubular cells most likely release ET-1 

mainly towards the interstitial space rather than into the lumen to activate ETA and ET B 

receptors. ETA receptors are highly expressed in I) vascular smooth muscle cells of 

afferent and ·efferent arterioles, 2) pericytes associated with vasa recta capillaries, 3) 
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mesangial cells, and 4) podocytes, but expression in tubular epithelial cells is fairly low. 

ET 8 receptors ·are also expressed on vascular smooth muscle cells of afferent and efferent 

arterioles, but their functional distribution is clearly less than the ETA receptor and varies 

along the length of the vascular tree. The activation of ETA or ETa receptors on vascular 

smooth muscle cell increases intracellular Ca2
+ leading to vasoconstriction. In contrast, 

ETa receptors are highly distributed on vascular endothelial cells, vasa recta capillaries 

and renal tubular cells, and are in especially high abundance in inner medullary collecting 

duct (IMCD) cells (Yamamoto and Uemura, 1998). The activation of ET s receptors on 

endothelial and tubular cells stimulates NO production, leading to vasodilation and 

natriuresis (Pollock and Pollock, 2008). Thus, ET -1 has disparate actions on the kidney 

depending on the site of action, vascular or tubular, which each can have profound effects 

on hemodynamics and fluid and electrolyte transport. It is important to note that the 

majority of studies involving regulation of renal function by the ET system has been 

conducted in male animals or unidentified sex, unless noted. 

3.5.1 ET-1 in the renal vascular system: The kidney is the most sensitive organ to 

the vasoconstrictor properties of exogenous ET-1 (Clozel and Clozel, 1'989). 

Intravascular administration of moderate doses of ET -1 increases renal vascular 

resistance and causes a reduction of glomerular filtration and RBF, which was abolished 

by ETA receptor blockade (Brooks et al., 1994; Pollock and Opgenorth, 1994). Higher 

doses ofET-1 result in ETa-dependent vasoconstriction as well (Pollock and Opgenorth, 

1993). ET ·1 has more profound vasoconstrictor effects on the afferent arteriole compared 

to the efferent arteriole (Inscho et al., 2005; Loutzenhiser et al., 1990; Schildroth et al., 

2011; Takenaka et al., 1993). Both ETA and ETa receptors can produce vasoconstriction 
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in isolated afferent and efferent arterioles (Edwards et al., 1990; Inscho et al., 2005; 

Schildroth et a!., 20 II) with some reports that ET B constriction increases along the renal 

microcirculation (Schildroth et al., 2011). However, activation of ETs receptors on the 

efferent arteriole leads to vasodilation presumably via endothelial cells (Inscho et a!., 

2005). It is possible that these differences could be due to differential ET receptor 

distribution in cortical versus juxtarnedullary nephrons, but this idea has yet to be 

explored experimentally. 

The vasa recta capillaries provide the majority of blood supply to the renal 

medulla. These capillaries are derived from efferent arterioles of the juxtamedullary 

nephron (Pallone et a!., 1990). Both ET receptors are located on vasa recta so that the ET 

system appears to regulate medullary blood flow, which controls the medullary osmotic 

concentration gradient, Starling forces within the tubular-vascular system, and ultimately 

sodium and water excretion. Stimulation of ETA receptors on pericytes reduces capillary 

diameter and thus medullary blood flow, while ET 8 receptor activation on vasa recta 

endothelium is thought to have an opposite effect through the release NO (Kohan, 2006). 

These effects are independent of changes in total RBF or cortical blood flow (Vassileva 

et a!., 2003 ). 

3.5.2 ET-1 in podocytes and mesangial cells: Increasing evidence suggests that 

activation of the ET system in podocytes and mesangial cells contributes to glomerular 

dysfunction in a variety of glomerular diseases, and is a contributing factor towards 

proteinuria. Mesangial cells release ET -1 under various stimuli, including in response to 

vasoactive substances, growth factors, and oxidative stress (Sorokin and Kohan, 2003). 

Podocytes and mesangial cells express mRNA for both ETA and ETs receptors, although 
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there is no clear evidence for functional ETB-mediated effects (Kohan et al., 2011). ETA 

receptor activity promotes actin cytoskeleton remodeling, nephrin shedding and increased 

expression of pro-inflammatory factors in podocytes (Fligny et al., 20ll; Morigi et al., 

2006). Similarly, ET -1 induces contraction, proliferation, and hypertrophy, of mesangial 

cells as well as collagen deposition through activation of ETA receptors (Sorokin and 

Kohan, 2003). In contrast, ET8 receptors alleviate ETA-dependent mesangial cell 

contraction via an increase in PGEz and NO production (Sorokin and Kohan, 2003). 

3.5.3 ET-1 and renal tubular function: While most renal tubular cells express 

mRNA for both ETA and ETa receptors, the latter predominantly exist in the proximal 

tubule, THAL, and CD (Yamamoto and Uemura, 1998). The highest expression ofET-1, 

as well as ET8 receptors, is in the IMCD, a major cell type in the renal medulla. ET-1, 

mainly via ET 8 receptor activation, inhibits sodium transport or channel activity along 

the nephron, leading to increased water and sodium excretion. Moreover, the diuretic and 

natriuretic effects of ET -1 can be independent of hemodynamic changes (Perico et al., 

1991 ). There are a variety of mechanisms by which ET -1 can inhibit transport. ET -1 

suppresses Na+/K+ ATPase in proximal tubule and CD cells (Garvin and Sanders, 1991; 

Zeidel eta!., 1989). ET-1 inhibits Cl' flux in isolated TAL, which can be blocked by an 

ETB antagonist (Plato eta!., 2000). ET-1 also reduces Na+/K+/2Cl' co-transporter activity 

in isolated TAL via aNO synthase (NOS) 3 dependent pathway (Herrera et a!., 2009). 

Lastly, ET-1 directly reduces the ENaC activity via NO and MAPK pathway in CD 

(Bugaj eta!., 2008; Stricklett eta!., 2006). 

Genetically modified animal models, which were evaluated using both male and 

female mice, reveal the importance of the CD ET system in blood pressure regulation, 
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CO-specific ET -1 and ET 8 receptor knockout mice have increased blood pressure while 

maintained on a normal salt diet (Ahn et a!., 2004; Ge et a!., 2006). Moreover, the 

pressure-natriuresis relationship is blunted in CD ET-1 knockout mice compared to 

genetic controls (Schneider et a!., 2008). In contrast, CO-specific ETA receptor knockout 

mice have comparable blood pressure to genetic controls (Ge et a!., 2005). On a high salt 

diet, CO-specific ET -1 and ET 8 receptor knockout mice have further elevations of blood 

pressure. However, the CO-specific ET-1 knockout mice have· an increase in blood 

pressure roughly twice as large as mice lacking the ET B receptor in CD after placing the 

animals on a high salt diet (Ahnet a!., 2004; Ge eta!., 2006). Importantly, CD ETNs 

double knockout mice have a similar blood pressure response as CD ET-1 knockout 

animal during a high salt diet (Ge eta!., 2008), suggesting that ET8 receptors play a key 

role in .sodium excretion and blood pressure control, while ETA receptors may also 

contribute blood pressure control in a yet undefined synergistic manner. 

Accumulating evidence over the past 10 years also demonstrates that an 

interaction between the ET system and NO pathway regulates sodium balance. 

Stimulation of the ET 8 receptor in the renal medulla of rats with an ET 8 receptor agonist, 

sarafotoxin 6c (S6c ), increased water and sodium excretion independent of changes in 

blood pressure and medullary blood flow, in which ET 8 induced diuresis and natriuresis 

is NOSl-dependent (Nakano et a!., 2008). Furthermore, ETA receptors also mediate 

diuretic and natriuretic responses, but only in female rats. The infusion ET-1 .into the 

renal medulla of male and female ET s-deficient rats or genetic controls caused an 

increased in water and sodium excretion in female rats, while male rats did not respond to 

ET-1 in terms of a diuresis or natriuresis. These different responses to ET-1 infusion 
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could be explained by the reduction of medullary blood flow in male rats that was not 

seen in female rats. Moreover, ET-1-induced water and sodium excretion in female ET8 -

deficient rats is mediated by ETA-dependent and NOSl-dependent mechanisms because 

administration of ETA receptor blockade or a selective NOSl inhibitor into renal medulla 

could abolish the response to intra-medullary ET -1 infusion. In addition, ovarectomized 

female ET 8 -deficient. rats had an _attenuated response to ET -1 infusion and were 

associated with a reduction in medullary blood flow much like male rats (Nakano and 

Pollock, 2009). This study emphasizes the relationship between renal medullary 

hemodynamic and tubular function in controlling sodium excretion (Figure 1 ). 

Furthermore, they demonstrate the importance of sex hormones on renal medullary ET -!

mediated responses in males versus females. 

4. Renin-Angiotensin Aldosterone system (RAAS) 

4.1 Discovery ofrenin angiotensin aldosterone system 

In 1898, Tigerstedt and Bergman discovered that cold-water extract from the 

rabbit kidney cortex that could increase blood pressure. Later, the major substance in the 

extract was named "renin". Moreover, the long-lasting pressor effect of the kidney extract 

was not due to the sympathetic activation. (Marks and Maxwell, 1979; Tigerstedt and 

Bergman, 1898). More than 30 years later, two independent laboratories simultaneously 

identified the pressor substances released from ischemia kidneys. Fasciolo et al. repeated 

Goldblatt's experiments, with partial constriction of the renal artery with a silver clip, and 

found that the ischemic kidney secreted a vasoactive agent (Fasciolo et al., 1938). They 

also reported that renin acts on a protein substrate in plasma, called hypertensinogen, to 
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Renal vasculature Renal tubules 

Figure 1. The physiological function of the renal medullary endothelin system in control 

of sodium and water excretion. 
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generate a quick pressor substance with a short duration, named hypertensin (Braun-

Menendez et a!., 1940). At the same time, Kohlstaedt et a!. reported that the pressor 

activity of renal extracts was much higher when injected intravenously to cats or dogs or 

other experimental animals. The perfusion of Ringer's solution into isolated dog or rabbit 

tails did not cause vasoconstriction (Kohlstaedt eta!., 1938). They further rethe pressor 

activity of renin could be activated by a protein-like substance contained in plasma, 

named renin activator (Page, 1939). Page and Helmer reported that the interaction 

between renin and. renin activator formed a strong pressor substance; called angiotonin 

(Page and Helmer, 1940). In 1958, Braun-Menendez and Page agreed to name the pressor 

substance angiotensin, a name derived from half ofeach.original name, and to call the 

plasma substrate angiotensinogen (Braun-Menenilez and Page, 1958). Skeggs et al. 

purified Ang and found that it contained two different forms, Ang I and Ang II. A 

decapeptide. Ang I is a product derived from renin and angiotensinogen and an 

octapeptide Ang II is produced from the conversion of Ang I by angiotensin converting 

enzyme (Skeggs eta!., 1956; Skeggs eta!., 1954). 

Aldosterone, first known as "electrocortin", came from the unfractioiuited extracts 

from an adrenal cortex, and regulated Na+ and K+ metabolism, In 1953, Simpson and his 

colleague purified aldosterone (Simpson et a!., 1953), and later reported its structure 

(Simpson eta!., 1954). Afew years later, Giroud et ai. reported that the zona glomerulosa 

of the adrenal gland. was the source of aldosterone production (Giroud et aL; 1956b ). The 

relationship between Ang II and aldosterone was proposed by Deane and Mason. They 

hypothesized that the Ang II directly stimulated aldosterone secretion and that this effect 

could be augmented with dietary sodium restriction (Deane and Masson, 1951). In 1961, 
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Mulrow and Ganong documented that Ang II stimulates aldosterone secretion (Mulrow 

and Ganong, 1961 ). Giroud and colleagues also reported that K+ is another major 

stimulus for aldosterone secretion (Giroud et al., 1956a). 

4.2 Biosy11tllesis of re11i11 a11giote11sill aldostero11e system 

The RAAS is involved in the regulation of both blood pressure and fluid ~nd 

electrolyte balance. The classical RAAS pathway starts from the release of renin into the 

plasma from juxtaglomerular cells (JG) in response to a fall in afferent arteriole pressure, 

a decrease in NaCl delivery to the macular densa of the distal tubule, and an increase in 

sympathetic activity on JG cells. Renin acts to cleave theN-terminal of angiotensinogen, 

which is constitutively released from the liver, forming the decapeptide Ang I. This step 

is considered to be the rate-limiting step of the RAAS. Ang I is hydrolyzed by 

angiotensin-converting enzyme (ACE), which removes the C-terminal dipeptide to form 

the octapeptide Ang II. ACE is mainly found in the endothelial cells of the lung, brain, 

heart, vascular endothelium, and tubular epithelial cells. ACE also degrades bradykinin to 

inactive fragments (Carey and Siragy, 2003; Griendling eta!., 1993; Kobori et al., 2007). 

Ang II is primarily an active product ofthe RAAS. The major biological actions 

of Ang II are mediated by two G protein-coupled receptors, Ang II type 1 (AT1) and Ang 

II type 2 (AT2) receptors, A T1 receptors mediate most of physiological and pathological 

actions on the cardiovascular and renal systems of Ang II. A T1 receptors are highly 

expressed in brain, heart, adrenal gland, vascular smooth muscle cells, and tubular 

epithelial cells (Johnston, 1992; Skeggs et a!., 1976). The activation of ATl receptors 

leads to an increase in several secondary messengers, such as PLC, phospholipase A2, 

and phospholipase D. The activation of these pathways facilitates sympathetic nerve 

activity, vasoconstriction, oxidative stress, cell proliferation, aldosterone secretion, and 
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tubular sodium reabsorption. In contrast, A T2 receptors are highly abundant in fetal 

tissue, which may play a role in fetal development (Grady et al., 1991). However, AT2 

receptor knockout mice express. a normal growth and development, suggesting that A T2 

receptors are not important in fetal development. In the kidneys of adult rodents and 

humans, AT2 receptor levels are very low compared to AT1 receptor expression (Grone 

et a!., 1992; Ozono et a!., 1997), and are mainly expressed on glomeruli and in interstitial 

cells of renal cortex during. dietary sodium depletion (Ozono et al., 1997). Interestingly, 

mice lacking A T2 receptors have art impaired drinking response (Hein et a!., 1995). The 

stimulation of A T2 recepiors in the kidney mediates vasodill!tion and sodium excretion 

by increasing the production of bradykinin and NO/cGMP (Ichiki eta!., 1995; Siragy and 

Carey, 1999). 

Besides Ang II, Ang 1-7 is also a biological active peptide of the RAAS by 

counteracting Ang II activity. ACE2, which is highly expressed in the testis, heart, and 

kidney, is a major enzyme to generate Ang 1-7 by cleaving Ang I orAng II to form Ang 

1-9 and Ang 1-7, respectively (Donoghue eta!., 2000; Vickers et a!., 2002). Then, Ang 1-

9 is subsequently converted to Ang 1-7 through ACE. Moreover, neprilysin (NEP) is one 

of the enzymes that produce Ang 1-7 directly from Ang I and Ang 1-9 (Campbell eta!., 

2004). The biological actions of Ang 1-7 are mediated by the orphan receptor, Mas, and 

AT2 receptor (Santos ·et a!., 2003). The activation of Mas and AT2 receptors causes 

vasodilation, anti-inflammation, anti-fibrotic, and anti-proliferation, which counteract the 

Ang II/AT! receptor activity (Gomes eta!., 2012). Several lines of evidence indicate that 

Ang II metabolism is differentially regulated in males and females. Even though ACE2 

gene is located on the X chromosome (Komatsu et a!., 2002), male animals have higher 
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ACE2 level compared to females (Liu eta!., 2010; Pendergrass eta!., 2008). However, 

female animals have favorable effects of Ang 1-7 via A T2 and Mas receptors on blood 

pressure lowering ·since the level of Ang 1-7, AT2 and Mas receptors is greater in female 

animals compared to males (Sampson et a!., 2008; Silva-Antonialli et a!., 2004; Sullivan 

eta!., 201 0). 

This dissertation will be focused mainly on the role of Ang II on vascular and 

renal function in which the majority of studies has been conducted in male animals or 

unidentified sex, otherwise noted. 

4.3 Physiological roles of Ang II in vascular function 

Ang II has a diverse effect on vascular functions. The vascular RAAS contributes 

to the maintenance of cardiovascular homeostasis through the balance of its effects on 

both A 'r1 and AT2 receptors. Acute Ang II stimulation causes vasoconstriction and a 

rapid rise in blood pressure, whereas chronic Ang II stimulation leads to vascular smooth 

muscle cell proliferation and structural remodeling, important in sustained blood pressure 

elevation. Ang II via the A T1 receptor mediates the contractile response by an increase in 

intracellular calcium and PLC activity.· Moreover, Ang II via A T1 receptors activates 

vascular NADPH oxidase production of reactive oxygen species (ROS). An increase in 

ROS stimulates signaling pathways, such as MAPK and tyrosine kinase (Marrero et a!., 

1995; Schieffer et a!., 1996), which mediate the proliferation of vascular smooth muscle 

cells and fibroblasts as well as activating an inflammatory process (Garrido and 

Griendling, 2009). In addition, Ang II increases the production of matrix 

metalloproteinases (MMPs) and tissue inhibitors of MMPs. The activation of these 

pathways leads to vascular damage, hypertrophy, and remodeling (Malemud, 2006; Pan 
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et al., 2008). In contrastto A T1 receptor-mediated effects, activation of AT2 receptors 

leads to vasodilation via NO-cGMP pathway (Siragy and Carey, 1997). AT2 receptors 

also inhibit growth, induce differentiation, as well as mediate apoptosis (Johren et al., 

2004). 

4.4 Pllysiological significance of Ang II in rena/function 

The kidney contains every component of the RAAS with the 

compartmentalization in tubular and interstitial networks. The intrarenal RAAS acts as a 

paracrine substance in the control of kidney function by having direct effects on renal 

microcirculation and renal tubules. The activation of intrarenal Ang II leads to renal 

vasoconstriction, tubular sodium reabsorption, sensitivity of tubuloglomerular feedback 

(TGF), modulation of pressure-natriuresis (Wang et al., 2000), and promotion of renal 

tissue growth. 

4.4.1 Ang II in the renal vascular system: the regulation of Ang II on renal 

hemodynamics is important to the blood pressure response. Ang II directly increased both 

the afferent and efferent arteriolar resistances (Carmines et al., 1987; Navar and Rosivall, 

1984) and mesangial cell contraction (Paul et a!., 2006). These effects result in the 

reduction of RBF, GFR, and filtered sodium load. The increase in blood pressure, renal 

vascular resistance, as well as the decrease in RBF in response to Ang II were greater in 

male animals compared to females, which is correlated to an increase in AT1 receptors in 

renal vessels (Schneider et al., 2010). Moreover, Ang 1-7 via Mas and AT2 receptors 

causeed vasodilation in renal vessels (Safari e"t al., 2012). Ang II also modulates the 

sensitivity of the TGF mechanism, which provides a balance between the tubular 

reabsorption and the filtered load by regulating GFR. Ang II shifts TGF responsiveness to 
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the point that allows GFR to be maintained at a lower distal nephron volume delivery and 

ultimately reduced sodium excretion (Navar et a!., 1996; Paul et a!., 2006). Ang II 

increased TGF sensitivity in male animals. However, females had attenuated pressor 

response and resetting of TGF to Ang II, which may be explained by an increase in A T2 

receptor activity in female animals (Brown et a!., 20 12). 

4.4.2 Ang II in renal tubular function: the RAAS increases sodium and water 

reabsorption through direct action on renal tubular transport in both basolateral and 

luminal membranes along the nephron. Ang II via ATl receptors is one of the most 

powerful sodium-retaining hormones. Ang II increases sodium and bicarbonate 

reabsorption by activating luminal Na+/H+ exchange activity, and basolateral Na+/K+ 

ATPase and Na+/HC03- cotransporter of proximal tubular cells (Garvin, 1991; Liu and 

Cogan, .1988; Mitchell et a!., 1992). Ang II enhances THAL sodium transport-related 

oxygen consumption; including Na+/K.+/2 cr and Na+/K+ pump activity (Herrera eta!., 

2010; Silva and Garvin, 2008). Ang II increases.sodium entry to the tubular cells through 

ENaC in principal cells of the CD (Mamenko eta!., 2012; Peti-Peterdi eta!., 2002; Sun et 

a!., 20 12). Furthermore, Ang II increases vasopressin-stimulated urea permeability and 

stimulates the phosphorylation of the urea transportet in the IMCD, leading to an increase 

in water reabsorption (Kato et a!., 2000). In contrast to A Tl-mediated actions, the 

stimulation of AT2 receptors in the proximal tubules promoted sodium excretion in 

female rats by inhibiting Na+/K+ ATPase activity (Hakam and Hussain, 2006;Padia eta!., 

2008). 

Ang II also has an indirect effect on sodium reabsorption via stimulation of 

aldosterone secretion from the adrenal gland. Aldosterone has a high affinity for 
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mineralocorticoid receptors (MR), which are expressed on vascular endothelium, cardiac 

myocytes and the epithelium of the colon and the renal tubules. The distal tubules and 

COs, especially the principle cells, highly express MR. Aldosterone via MR activation 

promotes Na + reabsorption by increasing ENaC expression and activity as well as other 

transport related proteins (Paul eta!., 2006). 

5. The interaction between RAAS and endothelin system 

5.1 RAAS and ET-1 production 

ET -1 synthesis is believed to be regulated at the transcriptional level. Many 

factors or regulatory pathways, especially RAAS, could mediate ednl gene activity. Ang 

II via the protein PKC-dependent pathway recruits activator protein-! (AP-I) to its 

response element on the ednl promotor to induce ednl transcription. In in vitro 

experiments, Ang II increases ET -I release· and ET-1 mRNA levels in cultured 

endothelial cells (Chua eta!., 1993; Imai eta!., 1992) and rat and human mesangial cells 

(Kohno et a!., 1992). Aldosterone has been shown to stimulate ednl expression in 

vascular smooth muscle cells, and renal epithelial cells. Aldosterone via MR recruits 

transcription factors bound to the steroid response element on the ednl promotor (Stow et 

a!., 2009). Aldosterone also increases ET-1 expression in both rat vascular smooth 

muscle cells (Bakris and Re, 1993; Wolf et a!., 2006) and in a mouse cortical CD cell line 

(Gumz eta!., 2003). 

Animal·models that have an increase ofRAAS activity, also have an increase in 

ET-1 production, especially within the kidneys. Urinary ET-1 has been convincingly 

shown to be of renal origin, a large amount being from IMCD, because most of the 
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filtered ET -1 is cleaved in the kidney by a neutral endopeptidase, which is abundant in 

the proximal tubule. Moreover, a very little amount of circulating radiolabeled ET-1 is 

excreted in urine. (Abassi et al., 1992). Furthermore, the main source of renal ET-1 is the 

IMCD cells (Kohan and Fiedorek, 1991). CD ET-1 knockout mice have roughly 50% 

reduction of urinary ET-1 excretion compared to flox control mice (Ahnet al., 2004). 

Rats that received a chronic Ang II infusion had an elevation in renal prepro-ET 

mRNA expression (Alexander et al., 2001) and urinary ET-1 excretion, which was 

exacerbated by coadministration with a high salt diet (Sasser et al., 2002). Similarly, 

DOCA-salt rats, an animal model of minerocorticoid-induced hypertension, had 

increased ET -1 content and mRNA expression in both thoracic aorta and the mesenteric 

vascular bed with no change in plasma ET-1 level (Lariviere et al., 1993). Moreover, 

DOCA-salt rats have increased urinary ET-1 excretion, which was correlated to an 

increase in ET-1 mRNA expression in renal medulla (Hsieh et al., 2000). 

5.2 RAAS and ET receptor expression and activity 

Ang II and aldosterone have been shown to regulate ET receptor expression in 

both in vitro and in vivo models. Ang II upregulates ETA receptor mRNA expression in 

human vascular smooth muscle cells (Hatakeyama et al., 1994). In contrast, Ang II 

reduces ETA and ETs receptor expression in cultured IMCD cells (Wong and Tsui, 2001). 

The activation of RAAS in animals changes ET receptor activities. Rats subjected to 

chronic Ang II infusion have an increase in ETA receptor activity .since an ETA receptor 

antagonist reduces blood pressure in Ang II hypertensive rats (Alexander et al., 2001; 

Ballew and Fink, 2001; Boesen et al., 2010). 
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ET 8 receptor blockade has. no effect (Ballew and Fink, 200 I) or only produces a 

slight increase of blood pressure (Boesen et a!., 201 0} in Ang II -infused animal models, 

suggesting that ET 8 receptors, to a certain degree, may loss a protective effect against 

blood pressure elevation in response to Ang II infusion. In contrast, ETa receptor activity 

may serve to maintain a lower blood pressure because an ET s receptor antagonist further 

increases blood pressure in DOCA-salt rats (Pollock et a!., 2000). Moreover, ETa 

receptors in the renal medulla are up-regulated in this model (Hsieh et a!., 2000; Pollock 

et a!., 2000). 

In summary, the RAAS and ET system play important roles in regulating sodium 

balance. The RAAS exerts an anti-natriuretic response by increasing sodium reabsorption 

along the nephron of both renal cortex and medulla. In contrast, the ET system, especially 

in renal medulla, functions to promote sodium excretion. The interaction of these two 

systems has been widely shown in in vitro studies. However, regulation of the ET system 

by RAAS in animal models is not fully understood. The purpose of this work is to 

examine the interplay between RAAS and ET system in the kidney, especially in the 

renal medulla in terms of sodium regulation in both male and female rats. 
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II. MATERIALS AND METHODS 

1. Animals 

The experiments described in this dissertation used male or female Sprague

Dawley rats from Harlan Laboratories (Indianapolis, IN) in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals, and approved and 

monitored by the Georgia Health Sciences University Institutional Animal Care and Use 

Committee. Animals were housed under conditions of constant temperature and humidity 

and exposed to a 12:12-h light-dark cycle. All rats were given free access to rat chow and 

tap water. 

2. Chronic infusion of a pressor dose of Ang II 

Male and female rats (6-8 wk old) received angiotensin (Ang) II (Phoenix 

Pharmac.euticai, Inc., Burlingame, CA) at a rate of 260 ng/kg/min or saline vehicle 

subcutaneously via osmotic minipump (Alzet model 2002, DURECT, Cupertino, CA) for 

14 days. All rats were on a normal chow diet (0.4% NaCl, Teklad, Madison, WI). After 2 

wk of treatment, rats were anesthetized and surgery was performed to exami1,1e renal 

medullary ET B excretory function. In another group of rats, renal inner medullary tissue 

was collected and stored at -80 oc for inRNA and receptor binding analyses. 

3. Chronic infusion of a sub-pressor of Ang II with a high salt diet 

Male and female rats (5-6 wk old) were implanted with a telemetry implant in 

abdominal aorta. Rats recovered from surgery for a week while having free access to tap 

water and normal salt diet. After this recovery period, blood pressure was recorded 

throughout the experiment. After 4 days of baseline blood pressure recording, rats 

received Ang II at the rate 150 ng!kg/min or vehicle (saline containing 0. I %BSA) 
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subcutaneously via osmotic minipump (Alzet model 2004, DURECT, Cupertino, CA) for 

4 wk. All rats were switched to a high salt diet ( 4% NaCl, Teklad, Madison, WI). After 1 

wk ofArig II infusion, ET8 antagonist A-192621 (Abbott Laboratories, Abbott Par\<., IL) 

was administered in the food at a dose of 1, 3 or 10 mg/kg/day. Each dose of ET s 

antagonist was given for a week by starting at 1 mg/kg/day and switched to 3 and 10 

mg/kg/day, accordingly. Rats were placed in metabolic cages at the end of each period to 

record food and water consumption, and to collect urine for determination ·of urine 

volume, urinary excretion of sodium, protein; 11ephrin, netrin-1, and KIM-1, and 

creatinine clearance. 

4. Low salt feeding and chronic administration of angiotensin or aldosterone 

receptor antagonist 

Male rats (6-8 wk old) were fed a normal (0.4% NaCl, Teklad, Madison, WI) or 

low (0.01-0.02% NaCl, Teklad, Madison, WI) salt diet for 2 wk. In a subset group of rats, 

the A T1 receptor antagonist, candesartan· (5 mg/kg/d in drinking water), or 

mineralocorticoid receptor (MR) antagonist, spironolactone (1 00 mg/kg/d in food, Sigma, 

St. Louis, MO), was co-administrated with a normal or low salt diet for 2 wk. During the 

final two days of the experiment, the rats were placed in metabolic cages in order to 

measure food and water consumption, and to collect urine for determination of urine 

volume, urinary sodium excretion, urinary ET -1 excretion, and creatinine clearance. At 

the end of the experiment, some rats of each group were used for acute surgical 

preparation to examine renal medullary ET 8 receptor function. Others were anesthetized 

with pentobarbital (50 mg/kg; i.p.) and blood was collected in EDTA (Sigma, St. Louis, 

MO)-primed syringes, and centrifuged at 1 ,550x g for 10 minutes. Plasma was stored at -
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80 oc for further analyses. Kidneys were removed and dissected. Renal inner medullary 

tissue was isolated and stored at -80 oc for mRNA and receptor binding analysis. 

5. Osmotic minipump implantation 

Rats received Ang II or vehicle via a subcutaneous osmotic mini-pump for 2-4 wk. 

The animals were anesthetized with isoflurane (2% by inhalation). The skin was shaved 

on the dorsal .area between. the scapulae and sterilized with .betadine and washed with 

ethanol. Using sterile instruments, a small incision of approximately 1.S em .in length was 

made in the skin, and a small subcutaneous pocket was formed by gentle blunt dissection 

and an osmotic minipump was inserted into the pocket. Penicillin (0.1 ml) and marcaine 

(0.05 ml) were applied into the pocket. The skin incision was closed with wound clips. 

6. Surgical preparation and acute intramedullary infusion of ET receptor agonist 

or antagonist in anesthetized rats 

Rats were anesthetized with inactin (Thiobutabarbital sodium, 100 mg/kg i.p., 

Sigma, St. Louis, MO) and placed on a servo-controlled heating table to maintain rectal 

temperature constant at 37°C. The trachea was cannulated (PE20S) to facilitate breathing. 

The jugular vein was catheterized (PESO) for infusion of PBS (0.9% NaCl) containing4% 

BSA at a rate of 30 f.Ll/min and changed to 1S f.ll/min after surgery to maintain euvolemia. 

The left femoral artery was catheterized (PESO) for monitoring blood pressure using a 

MacLab data acquisition system (AD Instruments, Milford, MA). A midline incision was 

made and a catheter (stretched PElO) .inserted S mm in the left kidney to infused saline 

(0,9% NaCl) at O.S ml/h during baseline period. Saline or drugs (ET s receptor agonist 

sarafotoxin 6c (S6c; 0.45 f.lg/kg/min; American Peptide, Inc., Sunnyvale, CA), ET-1 

(0.45 f.lg/kg/min; American Peptide, Inc., Sunnyvale, CA), or BQ-123 (seiective ETA 
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antagonist; 4 nmollkg/min; American Peptide, Inc., Sunnyvale, CA) were infused directly 

into the renal medulla for 80 min. Medullary blood flow was measured by single-fiber, 

laser Doppler flowrnetry (Transonic Systems Inc, Ithaca, NY). The ureter of each kidney 

was cannulated separately (PEl 0) to collect urine. Urine collection protocols were started 

after a 60-min equilibration period. Urine colle_ction during the first two 20-min period 

was. collected and the last 20-min period was used as the baseline excretion. Then, drugs 

were infused for four-20 min period in which the last 20"min period was reported as the 

experimental period. At the end of each experiment, the kidneys were dissected to ensure 

that the catheter was in the appropriate position within the renal medulla. 

7. Glomerular filtration rate in anesthesized rats 

Glomerular filtration rate (GFR) was determined by plasma. clearance of 

fluorescein isothiocyanate (FITC)-inulin, The surgery was performed as described above. 

FITC-inulin (30 mg/ml; Sigma, St. Louis, MO) dissolved in 4% BSA in PBS (0.9% 

saline) was infused intravenously at I 0 J.Ll/min after finished surgery and continued 

throughout the experiment. Saline or S6c (0.45 J.Lg/kg!h) was infused into the renal 

medulla of male vehicle or Ang II hypertensive rats. Blood samples were taken at the 

midpoint of each urine collection period. Collected samples were diluted and the 

fluorescence signal was measured with a micro-plate reader. 

8. Glomerular filtration rate in conscious rats 

Male Sprague-Dawley rats (300-325 g, Harlan, Madison, WI) were anesthetized 

with · pentobarbital. (50 mg/kg), and atropine (40 mg/rat) was administered 

intraperitoneally. Under aseptic conditions, a catheter was inserted in the abdominal aorta, 

below the renal artery. Then, a femoral vein catheter was implanted. Both catheters were 
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exteriorized through the lateral abdominal wall and routed subcutaneously to the scapular 

region and exteriorized over the scapulae. The rats were placed in individual metabolic 

cages and allowed to recover from surgery. The arterial catheter was filled with heparin 

solution (1000 USP U/ml) and connected to a pressure transducer for continuous 

measurement of blood pressure. The venous catheter was continuously infused with 

saline or saline containing [125I]iothalamate (Glofil, QOL Medical, Kirkland, WA). All 

solutions were infused through a Millipore filter (0.22 f!m, Millipore Corp., Bedford, 

MA). Total sodium intake throughout the experiment was maintained constant at 

approximately 2.3 mmol/day by continuous intravenous infusion of 15 ml/day sterile 

0.9% saline combined with sodium-deficient rat chow (0.006 mmol sodiurn/g, Harlan, 

Teklad, Madison, WI). After 5 days of acclimation, rats received vehicle or Ang II 

infusion subcutaneously at the dose of 260 ng/kg/min for 2 weeks via osmotic mini pump. 

GFR was measured on baseline, day 4, day 8, and ·day 12 after Ang II infusion. After a 

24-h intravenous infusion of [ 125I]iothalamate, blood was taken via the artery catheter and 

centrifuge at 1,550x g for 10 min. Plasma was used to measure the concentration of 

[
125I]iothalamate. The isotope infusion rate was substituted for urinary isotope excretion 

rate to calculate clearance. 

9. Tail-cuff plethsomyography 

Systolic blood pressure (SBP) was measured during baseline and day 14 of 

vehicle and Ang II infusion (260 ng/kg/min, sc.) in male and female rats by tail-cuff 

plethsomyography (IITC Life Sciences, Inc., Woodland Hills, CA). The average of four 

to six independent readings of SBP from each animal was reported. 
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10. Telemetry blood pressure measurement 

Rats were anesthetized with isoflurane (2% by inhalation) and underwent surgery 

for implantation of radiotelemetry transmitters (PA-C40, Data Sciences International, St 

Paul, MN) into the abdominal aorta according to the manufacturer's specifications. 

Conscious blood pressure was collected for 10 s every 10 min for 5 weeks. Mean arterial 

pressures (MAP) was reported as 24 hr averages. 

11. Quantitative Real-time PCR 

Tissue mRNA was isolated from renal inner medulla of rats following the 

procedure described by the manufacturer (RNase Plus Mini kit, Qiagen, Valencia, CA). 

RNA (1 Jlg) was reverse transcribed (QuantiTect RT.kit,Qiagen, Valencia, CA), and the 

resulting eDNA was mixed with commercial rat actin, GAPDH, ET-1, ETA or ETa 

receptor primers (Qiagen, ValenCia, CA), as well as SYBR green to quantify the relative 

content of mRNA by real-time PCR (iCycler real-time PCR detection system, Bio-Rad). 

Fluorescence data were reported in each cycle to determine the cycle threshold (CT) 

values. ETA or ETn relative to GAPDH mRNA expression was calculated as the change 

(8CT) between CT of target gene and CT of GAPDH. To calculate 88CT, the expression 

in individual animals in all groups was also normalized to the average expression in the 

male vehicle group. The relative fold expression was calculated as 2-(M\>. 

12. Receptor-binding assay 

To determine the amount of ETA and ETa receptors present in renal medulla, 

renal inner medulla was harvested and frozen at -80°C. Inner medullary tissues were 

homogenized in homogenization buffer (250 mM sucrose, 50 mM Tris-HCl pH 7.4, 5 

mM EDTA, 15 J.!M PMSF). The homogenate was centrifuged at l,OOOx g for 30 min at 

38 



4°C. This supernatant was collected and centrifuged at 30,000x g for 45 min at 4°C. The 

pellet was resuspended in homogenization buffer to obtain the membrane fraction (MF). 

Protein concentrations of MF were determined by the Bradford assay. Membrane 

preparation and binding buffer (20 nM Tris-HCl pH 7.4, 100 mM NaCl, 10 mM MgCh, 3 

mM EDTA, 0.2% BSA, 0.1 mM PMSF, 5 Jlg/ml pepstatin A) were added to each well of 

a 96-well microliter plate. 1 mg of wheat germ agglutinin polyvinyltoluene beads (Perkin 

Elmer, Waltham, MA) was added to each well and the membrane proteins were left to 

couple to the beads for 3 h at room temperature. Next, 50 f!l of binding buffer, 25 f!l of 

e25I]-ET-1 (Perkin Elmer, Waltham, MA) at the fmal concentration of 0.01-1 nM or 

[
125!]-ET-3 (Perkin Elmer, Waltham, MA) at the final concentration of 0.06-1 nM were 

added to each well. 25 Jll of unlabeled ET-1 and ET-3 (American peptide, Sunnyvale, 

CA) at final concentration of 10 J.!M was used to determine nonspecific binding. After 18 

h incubation, the plate was centrifuged for 5 min at 1,000x g and counted on a Top Count 

microplate scintillation counter (Packard, Meriden, CT). All measurements were 

performed in duplicate, and all dilutions of radioactive and nonradioactive peptides were 

made in siliconized tubes. The maximal binding capacity (Bmax) and the dissociation 

constant (K!) were determined by Scatchard analysis (Prism, GraphPad Software, San 

Diego, CA). e25l]ET-3 binding was used to determine the maximum binding (Bmax) 

values for ETs receptor expression. To determine ETA receptor number, the Bmax value 

for [125I]ET-3 binding will be subtracted from the Bmax value for e25I]ET-1 binding. Kd 

was determined by receptor binding affinity. 
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13. Plasma Ang II analysis 

Plasma Ang II was extracted in I 00% methanol using Strata Phenyl column 

(Phenomenex, Torrance, CA) and was evaporated to dryness in a vacuum centrifuge, 

Sample was reconstituted in assay buffer and was quantified for plasma Ang II 

concentration via enzyme immunoassay as detailed by manufacturer's instructions 

(Cayman Chemicals, Ann Arbor, MI). Antibody cross-reactivities were 100% with Ang 

II, 36% with Ang III, 33% Ang 3-8, and <0.01% with Ang 1-7 

14. Urinary ET-1 assay 

ET -I was determined by radioimmunoassay (Peninsula Laboratories Inc., San 

Carlos, CA). According to the manufacturer's instructions, there was 100% cross

reactivity with ET-1 (rat), 19% cross-reactivity with Big ET-1 (rat), and 7% cross

reactivity with ET -3 (rat). 

15. Creatinine assay 

Plasma and urine creatinine concentrations were measured by the picric acid 

colorimetric method. A picric acid solution was created by a tenfold dilution of saturated 

picric acid with I% NaOH. 50 Ill of plasma or .50 Ill of a 1:20 or I :25 dilution of urine 

was added to 200 Ill of the picric acid-NaOH solution in a microtiter plate. The samples 

were allowed to incubate for 15 min before being read at 490 nm in a microplate reader 

set to correct for absorbance at 620 nm. A standard curve was prepared on the same assay 

plate to derive the creatinine concentration (Allcock eta!., 1998). 

16. Biochemistry assays 

Urinary sodium concentration was measured by flame photometry. Urinary 

protein concentration was determined using the Bradford colorimetric method (Bio-Rad 
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Laboratories, Hercules, CA). Nephrin concentration was determined in urine via ELISA 

kit (Exocell Inc., Philadelphia, PA). For tubular injury parameters, urinary concentrations 

of kidney injury molecule-1 (K.IM-1) and netrin-1 were analyzed using ELISA kits from 

R&D Systems (Minneapolis, MN) and Biotang (Waltham, MA), respectively. 
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III. RESULTS 

Specific aim 1 

Our group demonstrated that 

ET 8 receptor blockade increased blood 

pressure in male normotensive rats on 

a high salt diet. However, blood 

pressure elevation in response to ET B 

receptor blockade was blunted in male 
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Ang II hypertensive rats on a high salt diet, suggesting that ET 8 receptor function may be 

impaired in male Ang II hypertensive rats. 

ET B receptors are highly expressed in the renal medulla. Loss of ET B receptor 

function in both rat and mouse genetic models both globally or within the renal CD 

system results in hypertension that becomes exaggerated by a high salt diet. In contrast, 

endothelial ET B knockout mice had endothelial dysfunction with plasma ET -1 level 

elevation. However, these mice did not show alteration of their blood pressure, 

suggesting that CD ET 8 receptors play a major role in the control of blood pressure. 

Females have been shown both clinically and experimentally to be less sensitive 

to the hypertensive effects of Ang II compared with males. ET B receptors in the renal 

medulla promote sodium excretion in both male and female rats. Moreover, renal 

medullary ETA receptors also facilitate sodium excretion in female rats. It is not clear 

whether the anti-hypertensive capability of the renal medullary ET system is intact in the 

chronic Ang II model of hypertension or whether sex differences exist under such 
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conditions. The goal of this aim was to test the hypotheses that 1) male Ang II 

hypertensive rats have impaired ETa-dependent sodium excretion, and 2) female Ang II 

hypertensive rats have preserved renal medullary ET receptor function. To achieve the 

goal, we performed the following experiments: 

1) to examine the acute response to intramedullary infusion of ET 8 receptor 

agonist sarafotoxin 6c in male and female rats that received chronic Ang II infusion 

2) to test the acute response to intramedullary infusion of ET -1 with or without 

ETA receptor antagonist BQ-123 in female Ang II hypertensive rats 

3) to determine the ET receptor expression in renal medulla of male and female 

Ang II hypertensive rats 
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EXPERIMENTAL PROTOCOL 

Male SD rats (8-1 0 wk old) Female SD rats (8-10 wkold) 

Vehicle (saline) orAng 11 at the dose of260 nglkglmin, s.c 
via osmotic minipump for 14 days 

I 
! 

Male vehicle
infused 

MaleAng II
infused 

Female vehicle- Female Ang II-
infused infused 

Intramedullary infusion of sali 
or S6c (3 pmollkg/min) 

Statistical analysis 

ET receptor expression 
in renal medulla 
- mRNAlevel 
- Ligand binding assay 

Intramedullary infusion of saline 
or ET-1 (3 pmollkg/min) with or 
without BQ123 (4 nmo!Jkg/min) 

Results are expressed as mean ± SE. Urine flow rate, urinary sodium excretion, 

MAP, MBF and GFR were analyzed by repeated-measures ANOVA followed by 

Bonferrohi post hoc tests among vehicle or Ang II-treated rats receiving intramedullary 

infusion of saline, S6c, ET-1 and/or BQ-123. Renal mRNA expression and receptor 

binding data were analyzed by 2-way ANOV A followed by Bonferroni post hoc tests. 

Results with p<O~OS were considered statistically significant. 
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RESULTS 

Renal medullary ETn receptor function in male Ang II hypertensive rats 

As we previously reported (Nakano et al., 2008), intramedullary infusion of S6c, 

an ET 8 receptor agonist, significantly increased urine flow rate and urinary sodium 

excretion (Figure 2A and 3A; p<0.05) compared to intramedullary infusion of saline 

(vehicle). Male Ang II-infused rats had higher mean arterial pressure (MAP) than the 

vehicle-treated group, yet intramedullary infusion of S6c failed to increase urine flow rate 

or sodium excretion (Figure 2C and 3C). The· intramedullary infusion of S6c did not 

affect MAP (Figure 4A and 4C) or medullary blood flow (MBF) in any groups (Figure 

5A and 5C). 

Glomerular filtration rate (GFR) was measured in a subset of animals to 

determine whether reduced sodium delivery to the CD could account for impairment of 

sodium excretion during intramedullary infusion of S6c in male Ang II hypertensive rats. 

GFR was similar between vehicle and Ang II hypertensive rats during intramedullary 

infusion of saline (Figure 6A). S6c infusion into the renal medulla had no effect on GFR 

in vehicle or Ang II hypertensive rats (Figure 6B). In contrast to anesthetized rats, GFR, 

which was measured by e25I] iothalamate in conscious rats, was 25% lower in Ang II 

hypertensive rats compared to vehicle-treated group after 8 day of Ang II infusion and 

maintained until the end of experiment (Figure 7) 

In conscious rats, there was no difference in SBP between male and female rats 

that received 14 days of vehicle infusion. However, fe!llale rats had a lower SBP than 

males in response to Ang II infusion (Table 1; p<0.05). 
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Male veh lcle-treated rats 

p""""' < 0.05 
Ppertod < 0.05 
PGP <0.05 

* 

Male Ang 11-treated rats 

8 

D 

Female vehicle-treated rats 

PG-oup<O.OS 
PPenxl < 0.05 
PG'P <0.05 

* 

Female Ang 11-treated rats 

Figure 2. Urine flow rate before (baseline) and during acute intramedullary infusion of 

saline or the ET s receptor agonist sarafotoxin 6c (S6c) for 80 min in anesthetized male or 

female rats that received vehicle or angiotensin (Ang) II infusion. • p<O.OS vs. baseline 

period in the same group; n=S-7 rats/group. 
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Figure 3. Urinary sodium excretion before (baseline) and during acute intramedullary 

infusion of saline or the ET 8 receptor agonist S6c for 80 min in anesthetized male or 

female rats that received vehicle or Ang II irifusion. 'p<O.OS vs. baseline period in the 

same group; n=S-7 rats/group. 
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Figure 4. Mean arterial pressure before (baseline) and during acute intramedullary 

infusion of saline or the ET s receptor agonist S6c for 80 min in anesthetized male or 

female rats that received vehicle or Ang II infusion; n=5-7 rats/group. 
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Figure 5. Medullary blood flow during acute intramedullary infusion of saline or the ET 8 

receptor agonist S6c compared to a baseline period in anesthetized male or female rats 

that received vehicle orAng II infusion; n=S-7 rats/group. 
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Figure 6. Glomerular filtration rate during an intramedullary infusion of saline or the 

ET B receptor agonist S6c for 80 min in anesthetized male or female rats that received 

vehicle orAng II infusion; n=S-6 rats/group. 
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Figure 7. Glomerular filtration rate in conscious male rats during baseline (before) and 

on day 4, 8 and 12 after vehicle or Ang II infusion at the dose of 260 ng/kg/min, s.c. 

'p<0.05 vs. Ang II in; n=S-7 rats/group. 
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Renal medullary ET B receptor function in female Ang II hypertensive rats 

Similar to male normotensive rats, intramedullary infusion of S6c significantly 

increased urin~ flow rate and sodium excretion in female vehicle-treated rats (Figure 2B 

and 3B; p<O.OS). In contrast to males, S6c infusion into the renal medulla significantly 

increased urine flow rate and sodium excretion in female Ang II hypertensive rats (figure 

2D and 3D; p<O.OS). The increase in urine flow rate and sodium excretion during S6c 

infusion in females was similar between vehicle and Ang II hypertensive rats. S6c 

infusion did not affect MAP (Figure 4B and 4D) or MBF (Figure SB and SD) in female 

Ang II hypertensive rats. 

For the time control group, intramedullary infusion of saline did not increase 

urine flow rate (Figure 2B and 2D) in female rats that received vehicle orAng II infusion. 

Urinary sodium excretion remained stable during saline infusion compared to the 

baseline period in female Ang II hypertensive rats (Figure 3D); however, saline infusion 

produced a modest, but significant increase in urinary sodium excretion over time in 

female rats that received vehicle infusion (Figure 3B; p<O.OS). 
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Table 1. Systolic blood pressure in conscious rats in both males and females before and 

after 14 days of vehicle or Ang II infusion. 

Systolic blood pressure 
· lmmHal 

Baseline Day 14 
Male 

Vehicle 124±2 126±2 

AnQ II 131+2 ' 213+6*1 

Female 

Vehicle 108±6 121±6 

AnQ II 112+4 157+7* 

'p<0.05 vs. day 0 in the same group, T p<0.05 vs. females in the same treatment ~n day 

14; n=4-6 rats/group. 
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Renal medullary ETA receptor function in female Ang II hypertensive rats 

Because we previously reported that ETA -mediated diuresis and natriuresis are 

found only in female rats and without hemodynamic changes (Nakano and Pollock, 2009), 

we further examined whether renal medullary ETA receptor function was maintained in 

female Ang II hypertensive rats. ET -1 infusion into the renal medulla of female vehicle

treated rats significantly increased urine flow rate and sodium excretion (Figure 8A and 

8C; p<0.05). From our preliminary data, the dose ofBQ-123, a selective ETA antagonist, 

at 4 nmol/kg/min inhibited the reduction of medullary blood flow in male rats during 

intramedullary ET -1 infusion, suggesting the completeness of blocking the ETA receptor. 

The co-infusion of ET-1 with BQ-123 abolished ET-1 induced water excretion (Figure 

8A; p<0.05) and partially reduced sodium excretion compared to intrameduilary infusion 

of ET -1 alone in female· vehicle-treated rats (Figure 8C). Similarly, intramedullary 

infusion of ET-1 in female Ang II hypertensive rats significantly increased urine flow 

rate and sodium excretion (Figure 8B and 8D; p<0.05). The increase of urine flow rate 

was significantly attenuated when ET-1 was co-infused with BQ-123 (Figure 8B; p<0.05), 

while the attenuated ET -1 induced natriuresis was not significantly different from ET -1 

alone (Figure 8D). Intramedullary infusion ofET•1 with or without BQ-123 did not affect 

MAP (Figure 8E and 8F) or MBF in any groups (Figure 80 and 8H). 
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Figure 8.- Effect of intramedullary infusion of ET -1 alone or ET -1 with ETA receptor 

antagonist BQ-123 on urine flow (A and B), sodium excretion (C and D), mean arterial 

pressure {E arid F), and medullary blood flow (G and H) in anesthetized female rats that 

received vehicle orAng II infusion. 'p<0.05 vs. baseline in the same group, rp<0.05 vs. 

saline in the same time·p~riod, 'p<0.05 vs. ET-1 in the same treatment; n=6-7 rats/group. 
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ET receptor mRNA expression following chronic Ang II infusion 

We next assessed mRNA expression of both ETA and ET8 receptors in renal inner 

medulla of both male and female rats that received chronic infusion of vehicle or Ang II. 

In vehicle-treated rats, ETA mRNA expression was higher in female rats compared to 

males (Figure 9A; p<0,05). Ang II infusion did not affect ETA mRNA expression in either 

male or female rats (Figure 9A). ET8 mRNA expression was also comparable in both 

male and female rats that received vehicle orAng II infusion (Figure 9B). 

ET receptor binding in renal inner medulla following chronic Ang II infusion 

Saturation of t 25I]ET-l or t 25l]ET-3 ·binding: Preliminary experiments were 

performed using membrane preparations from renal inner medulla to determine the 

optimal membrane protein concentration for the receptor binding assay with 1 nM 

C25I]ET-l or C25I]ET-3. The maximum binding for inner medullary tissue of both male 

and female rats that received vehicle and Ang II infusion was achieved at 0.3 1-1g for 

[
125I]ET-l binding and 1 1-1g for C25I]ET-3 binding (data not shown). Specific binding in 

membrane preparations from inner medulla of vehicle and Ang II hypertensive rats in 

both males and females rose with increasing [125I]ET-l or [125I]ET-3 concentrations and 

reached saturation at 0.3 nM. Specific binding.of both [125I]ET-1 and [125I]ET-3 in the 

inner medullary preparation was higher in vehicle than in Ang II hypertensive male rats 

(Figure lOA and lOC). However, C25I]ET-l and C25I]ET-3 binding were comparable in 

inner medulla of vehicle and Ang II treated female rats (Figure lOB and lOD). 
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Figure 9. mRNA expression for ETA (A) and ETa (B) receptors in renal medulla of male 

and female rats that received vehicle or Ang II infusion. All of the values were 

normalized to GAPDH: 'p<0.05 vs. males in the same treatment; n=5-6 rats/group. 
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Scatchard transformation of the specific binding of e25I)ET-1 or [125I)ET-3 of 

inner medullary preparations from both male and female vehicle and Ang II treated rats 

revealed· a monophasic curve (insets in Figure I 0), thus suggesting a single binding site 

or two binding sites with similar affinity as has been previously reported (Pollock et ai., 

2000; Taylor et al., 2003b ). 

ET receptor binding sites in renal inner medulla: ET -I has equal affinity for both 

ETA and ETa receptors, while ET-3 has higher affinity to ETa receptors and binds only 

the ET B receptor at low concentrations (Taylor et al., 2003b ). For these reasons, 

maximum binding (Bmax) values for ET-1 binding represents total ETA and ETs receptor 

binding sites, and Bmax values for ET-3 binding represents ETa receptor binding. For each 

membrane preparation, Bmax values for ET-3 binding were subtracted from Bmax values 

for ET -I binding to determine the Bmax for ETA receptors. ETA receptor binding was 

comparable between vehicle and Ang II hypertensive rats whether males or females. 

Female rats had significantly fewer ETA receptor binding sites compared to males in 

vehicle-treated groups (Figure II A; p<0.05). 

Compared to the vehicle-treated group, male rats that received chronic Ang II 

infusion had a significant reduction in the number of ET 8 receptor binding sites in renal 

inner medulla (Figure llB; p<0.05). In contrast, the number ofET a receptor binding sites 

in vehicle and Ang II treatment of female rats were similar. Interestingly, female Ang II 

hypertensive rats had a greater number of ETa receptor binding sites than male Ang II 

hypertensive rats. 
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Figure 10. Specific binding of rt25I]ET-1 and rt25I]ET-3 to membrane preparations from 

renal inner medulla of vehicle and Ang II-treated groups in both male and female rats. 

Insets show Scatchard analysis of [125I]ET-1 and [125I]ET-3 binding curve; n=3-4 

rats/group. 
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Figure 11. Maximum .binding (Bmax) for ETA and ETa receptor and dissociation 

constant (Kd) derived from [125I]ET-1 and [125I]ET-3 in renal inner medullary tissue from 

vehicle orAng II-treated rats. • p<0.05 vs. vehicle group in the same sex; n=3-4 rats/group. 
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Dissociation constant (Kci): The binding affinity of e25I]ET-1 in renal inner 

medulla was significantly higher in male Ang II-treated rats compared to male vehicle

treated animals (Figure liD; p<0.05). However, there was no difference in binding 

affinity of e25I]ET-1 between groups of female rats (Figure llC). In vehicle groups, 

female rats had higher binding affinity of e25I]ET-1 than males (Figure llC; p<0.05). 

There was no difference between sexes in the binding affinity of e25I]ET-3 between 

vehicle and Ang II-treated rats (Figure 1 ID). 

DISCUSSION 

The current study provides evidence that renal medullary ET receptor function is 

affected differently in male and female rats in response to chronic Ang II infusion. In 

males, Ang II hypertensive rats had impaired ET 8 -dependent sodium excretion, which 

was. accompanied by a reduction in ET B receptor binding in renal inner medullary tissue 

and. was independent of changes in GFR under anesthethesia. These results clearly 

demonstrate that a reduction in receptor availability contributes to reduced ET B function 

in Ang II hypertension in male rats, and furthermore, allows us to speculate that salt

sensitivity in Ang II dependent hypertension is related to a lack of ET B receptor control 

of sodium excretion. In contrast to males, renal medullary ETs function was preserved in 

female rats following chronic Ang II infusion. Furthermore, ETA-facilitated sodium 

excretion was maintained in female rats with Ang II hypertension. These findings suggest 

that renal medullary ET receptor function could serve to limit hypertension in females 

compared to males. The degree of blood pressure elevation in Ang II-induced 

hypertension is dependent upon the level of sodium intake. In a variety of animal models, 
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females often have lower blood pressure compared to males including in response to Ang 

II infusion (Sampson et a!., 2008; Tatchum-Tal om et a!., 2005). Although the cause of 

this sex difference is still unknown, our findings support the hypothesis that maintenance 

ofET receptor function in females could be a contributing factor. 

Interstitial infusion into the renal medulla is a well-known technique for 

evaluating receptor or transporter function in the renal medulla in vivo (Miyata et al., 

1998; Nakano and Pollock, 2009; Nakano eta!., 2008). The ability of the ET s receptor to 

facilitate sodium excretion in the renal medulla can be demonstrated by interstitial 

administration of a pharmacological ET s receptor activator (Nakano et a!., 2008) or 

inhibitor (Guo and Yang, 2006). In our previous study, infusion of S6c significantly 

increased urine flow and sodium excretion without affecting blood pressure or medullary 

blood flow (Nakano et a!., 2008). At a dose of S6c that produces a clear diuresis and 

natriuresis in control animals, we were unable to observe an increase in urine flow rate 

and sodium excretion in male Ang II hypertensive rats. This observation is consistent 

with our previous finding that chronic systemic blockade of the ET 8 receptor has a 

reduced influence on blood pressure in Ang II hypertensive rats compared to 

normotensive controls (Boesen et a!., 201 0). 

GFR can influence urinary sodium and water excretion by adjustments of fluid 

delivery to later parts of the nephron. In anesthetized rats, GFR was not different between 

vehicle and Ang II infused rats, which is consistent with previous findings (Kopkan eta!., 

2006; Wang eta!., 2003). We also observed that intramedullary infusion of S6c did not 

affect GFR in any groups, although given that S6c was delivered specifically to the renal 

medulla, we did not expect to see any change in GFR. Thus, the impairment of ET 8 -
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dependent natriuresis in male Ang II hypertensive rats is not due to a decrease in GFR. 

We have previously observed that intramedullary infusion of ET -I and S6c in female rats 

results in a natriuretic response without hemodynamic changes (Nakano and Pollock, 

2009; Nakano et a!., 2008). However, normotensive male rats do not have a natriuretic 

response to ET-1 due to reductions in medullary blood flow, although the ETs selective 

agonist stimulates natriuresis without hemodynamic changes (Nakano and Pollock, 2009; 

Nakano eta!., 2008). Because S6c does not produce any changes in medullary blood flow 

in either male or female rats, we could not attribute the lack of ET B dependent natriuresis 

on hemodynamic effects. 

The ET 8 receptor is highly expressed in renal medulla, especially the IMCD 

(Chow et al.,-1995; Taylor eta!., 2003b; Waeber et al., 1990), and so we hypothesized 

that the impairment of ET 8 -dependent natriuresis in Ang II hypertension was due to 

reduced ET B receptor gene expression. We did not detect any difference of renal 

medullary ETA and ETn mRNA expression in Ang II hypertension compared to vehicle in 

either male or female rats. However, maximum ET s binding was lower in male Ang II 

hypertensive rats. compared to normotensive controls. This result indicates that Ang II 

hypertension does rtot affect the transcriptional process of ET receptor gene expression. 

Several previous studies reported that changes in the ET system may not be regulated at 

the gene transcription level. For example, ETn inRNA expression is not altered, but the 

number of ET-3 receptor binding sites is significantly increased in DOCA-salt 

hypertension (Pollock et a!., 2000). At this point, we can only speculate at the reason for 

the dissociation between ETn mRNA versus binding activity and function during chronic 

Ang II infusion. It is possible that the trafficking or the degradation process of ET 8 
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receptors may increase in Ang II hypertension. In addition, reports have shown that Ang 

II increases the phosphorylation ofET receptors via PKC (Awazu eta!., 1991; Roubert et 

al., 1989) or G protein coupled receptor kinases, whi<;h leads to the down-regulation of 

these receptors (Freedman et al., 1997). 

In contrast to males, we observed that Ang II hypertension had no effect on ET n 

receptor expression in female rats. Estrogen has been reported to increase ET 8 receptor 

expression in rabbit coronary arteries (Pedersen et a!., 2008), but decrease ET 8 receptor 

expression in smooth muscle cells of hypertensive rats (David eta!., 2001; Nuedling et al., 

2003). Our previous study demonstrated that ovariectomy attenuated the natriuretic 

response to ET -1 suggesting that estrogen may be important for maintaining ET 8 and/or 

ETA receptor expression in the renal medulla. It does not appear as though Ang II 

hypertension influences estrogen-dependent maintenance of ET s receptor function since 

the natriuretic response to S6c was maintained in female rats. Whether estrogen 

regulation protects female rats from ET receptor dysfunction in Ang II hypertension is 

not easily addressed because ovariectomy attenuates the response even in normotensive 

rats. 

Our findings support the notion that renal ET A/ET8 re\!eptor imbalance may 

contribute to renal sodium retention and blood pressure elevation and is consistent with 

findings in other models of hypertension. Stroke-prone SHR rats on high salt diet have an 

increase in the ETAIETs receptor ratio (Rothermund eta!., 2001). Likewise, DS rats have 

reduced renal medullary ET s receptor expression (Speed et a!., 2011 ). In the present 

study, we found that chronic Ang II infusion in male rats reduced the expression of ET 8 

receptor, but in contrast, female Ang II hypertensive rats have similar levels of both ETA 

64 



and ET s receptor expression compared to vehicle groups. This increase in ET A/ET 8 

receptor ratio in male rats could, at least in part, explain why chronic Ang II produces a 

greater hypertension in males versus female rats (Sampson et al., 2008; Tatchum-Tal om 

et al., 2005). In the DOCA-salt model of hypertension, female rats have lower blood 

pressure than males and this difference is abolished in rats with genetic modification that 

renders the ET s receptor dysfunctional (Kawanishi et al., 2007). 

Even though males had higher blood pressure than females during chronic Ang II 

infusion in conscious rats, this blood pressure difference between male and female Ang II 

hypertensive rats was absent under inactin anesthesia. Anesthesia can reduce blood 

pressure and renal function in rats (Walker et al., 1983). This highlights a limitation of 

the current study in that renal medullary ET receptor. function was a"ssessed following 

administration of ET peptides in anesthetized rats. While the reasons for the difference in 

blood pressure measures between conscious and anesthetized rats is not clear, the lack of 

a difference in blood pressure and GFR between male and female rats indicates that these 

variables cannot account for the sex difference in ET s receptor function. It is important to 

note that our model of acute stimulation of ET receptors is a measure of receptor capacity 

that could serve to. influence the chronic pressure natriuresis relationship and not 

moment-to-moment control. 

Taken together, the present studies have demonstrated that male Ang II 

hypertensive rats have impaired renal medullary ET B receptor function, which is 

correlated to a reduction of ET 8 receptor expression in renal medulla. In contrast, female 

Ang II hypertensive rats have maintained ET 8 , as well as ETA,-dependent sodium 

excretion. These data suggest that the sex differences in renal medullary ET receptor 
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function could be involved in the difference in blood pressure response to chronic Ang II 

infusion between male and female rats. 
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Specific Aim 2 

Premenopausal women have @j 
/ '\. 

less of a prevalence of hypertension 

than men at the same age. In animal 

models of hypertension, such as 

~~--~--.-- ~ : d 
Ll HF----:::-~ Ang II 

Vasoconstriction Vasodilation Q 
Anti-natriuresis Natriuresis 

chronic Ang II infusion, female rats Inflammation Anti-inflammation 

have less severity in blood pressure elevation, as well as renal injury, compared to males. 

However, the potential mechanism of these differences is still unknown. 

The functional role of ET -1 is complicated by the opposing actions of ETA and 

ET 8 receptors in the vasculature and the kidney. ET B receptors on the endothelium have 

vasodilator, anti-inflammation effects, and renal tubules have natriuretic activities. Loss 

of ET 8 receptor function in rat and mouse genetic models, as well as pharmacological 

inhibition, results in hypertension and renal damage, which is exacerbated by high salt 

diet. 

The overall hypothesis of this study was to examine if ET B receptor activity 

contributes to sex differences in blood pressure and renal injury in response to chronic 

Ang II infusion. The goal of this study is 

1. To examine the dose-dependent blood pressure response during chronic 

administration of ET8 receptor antagonist, A-192621, in male and female Ang II 

hypertensive rats on a high salt diet ( 4% NaCl) 

2. To access the effect of ET 8 receptor blockade on renal injury (proteinuria, kidney 

i~ury molecule (KIM)-!, netrin-1, nephrinuria) in male and female Ang II 

hypertensive rats on a high salt diet 
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EXPERIMENTAL PROTOCOL 

Male SD rats (6-8 wk old) Female SD rats (6-8 wk old) 

Male 
vehicle 

~ ~ 
Implant telemetry devices followed by I wk recovery 

High salt diet (4% NaCI) for I wk 

Vehicle (saline) orAng II at the dose of !50 ng/kg/min, s.c 
via osmotic minipump for 4 wk + 4% NaCI 

~ After I wk of Ang II infusion 

A-192621 at the dose of I, 3 and I 0 mg/kg/d weekly 

l 
Male 

Vehicle 
Al92621 

I 

l l 
Male Male 

Ang II Angii 
A192621 

I 

I 

Female 
vehicle 

I 
l 

! 
Female 
Vehicle 

Al92621 

I 

- 24-hr MAP was recorded daily for 5 wk 

l 
Female 
Ang II 

I 

- Rats were placed in metabolic cages weekly for 5 wk 

Statistical analysis 

l 
Female 
Ang II 

A192621 

I 

Results are expressed as mean± SE. 24-hr MAP, UV, UNaV and urinary protein 

excretion were analyzed by repeated measures ANOVA followed by Bonferroni's post 

hoc. Creatinine clearance, and urinary excretion of nephrin, netrin-1, and KIM-1 were 

analyzed by twocway ANOVA followed by Bonferroni's post hoc. Results with p:S0.05 

were considered statistically significant. 
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RESULTS 

Sex dijfereuces iu metabolic characteristics iu rats treated witll a high salt diet, cllrouic 

Aug Jliufusiou, am/lor ET8 receptor autagouist 

As shown in Figure 12 and 13, body weight of male rats was higher than those of 

female rats at a similar age. ET 8 receptor antagonist A-192621 did not change body 

weight in either group. A high salt diet or a high salt diet with chronic Ang II infusion 

did not affect food intake in either male or female rats compared to the respective 

baseline period. In contrast, water intake was significantly increased when switched to a 

high salt diet. Food and water intake were significantly lower in female rats compared to 

males during a high salt diet. Similarly, food and water consumption was slightly lower 

in female rats compared to males during chronic Ang II infusion with a high salt diet. 

Neither food intake nor water intake was influenced by A-192621 treatment in any group. 

As expected, urine flow and urinary sodium excretion were increased in both sexes in 

response to high salt feeding compared to a normal salt diet during baseline period. 

Because female rats consumed a lesser amount of food, urinary sodium excretion was 

slightly lower compared to male rats regardless of salt diet or Ang II treatment. 

Administration of A-192621 did not affect urine flow or urinary sodium excretion. 
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Figure '12. Effects of ETs receptor antagonist A-192621 (1, 3, and 10 mg/kg/d; 7 

day/dose) on metabolic characteristics from male and female rats during baseline and 

after received a high salt diet; n=S-6 rats/group. 

70 



A-192621 (dose) 

1 3. 10 

Baselile 1 2 ·3 · .4 (wk) · 

Ang D+HI!Il salt 

400' 

A-192621'(dose) 

1 3 10 

..... i='". • ... ---=i 

•• -----il 

/ 
B .... -~---~~ 

Baseline 1 2 3 4 (VIti;) 

Angii+HI!Ilsalt 

Figure 13. Effects of ET8 receptor antagonist A-192621 (1, 3, and 10 mg/kg/d; 7 

day/dose) on metabolic characteristics from male and female rats during baseline and 

after received chronic Ang II infusion with high salt feeding; n=5-7 rats/group. 
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Effect ofET8 receptor antagonist 011 blood pressure ill male and female 11ormote11sive 

rats 011 a lligll salt diet 

Male rats had a slightly higher 24-hr MAP compared to females in the baseline 

period. High salt diet treatment for 4 weeks did not change blood pressure in either male 

(Figure 14A) or female rats (Figure 14B). Incremental increases in the dose of ET B 

receptor antagonist A-192621 caused a dose-dependent elevation in 24-hr MAP in both 

male and female rats· on a high salt diet. The increase in female rats was statistically 

significant at the doses of 3 and I 0 mglkg/d, but only at the higher dose in male rats 

(Figure 14A and 14B). Male rats had significantly higher 24-hr MAP compared to female 

rats at the end of the high dose of A-192621 with a high salt diet (138±4 vs. 127±3 

mmHg; p<O.OS) 

Effect of ET8 receptor antagonist on blood pressure ill male atrd female Ang II 

llyperte11sive rats 

After 4 weeks of Ang II infusion with a high salt diet, both male (Figure 15A) and 

female (Figure 15B) rats had a significant increase in 24-hr MAP. Male rats had 

significantly higher 24-hr MAP compared to female rats at the end of week 3 of Ang II 

infusion (170±7 vs. 127±10 mmHg; p<O.OS) and continued to be significantly higher 

until the end of the experiment (178±10 vs. 138±10 mmHg; p<O.OS). A-192621 did not 

further elevate 24-hr MAP in male Ang II hypertensive rats on a high salt diet (Figure 

15A). In contrast, the high dose of A-192621 significantly increased 24-hr MAP in 

female Ang II hypertensive rats compared to female rats receiving Ang II without ET B 

blockade (Figure 15B). 
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Figure 14. Effects of A-192621 on 24-hr MAP (A, B) and urinary protein excretion (C, 

D) in male (A, C) and female (B, D) rats on a high salt diet; n=Sc6 rats/group;·*p<O.OS vs; 

high salt feeding alone in the same sex. 
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Figure 15. Effects ofA-_192621 on 24-hr MAP(A, B) and urinary protein excretion (C, 

D) in male (A, C) and female (B, D) rats that received chronic Ang II infusion on a high 

salt diet; n=5-7 rats/group; 'p<0.05 vs. Ang II infusion with high salt feeding alone in the 

same sex. 
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Influence of ETB receptor blockade 011 renal i11jury ill male and female rats on a lligll 

salt diet 

In male rats, a high salt diet was accompanied by a time-dependent increase in 

proteinuria over the 4-week treatment period (Figure 14C) and was significantly higher 

than proteinuria in female rats (222±77 vs. 60±11 mg/d; p<0.05). In fact, a high salt diet 

had no effect on proteinuria in female rats (Figure 14D). Creatinine clearance (Cc,) was 

comparable between male and female rats on a high salt diet (Figure 16A). There were no 

significant effects of A-192621 on proteinuria and Ccr in either male or female rats on a 

high salt diet. 

Urinary nephrin .excretion, a marker of the glomerular injury, was slightly 

increased in male rats on a high salt diet compared to females (Figure 16B). Maie rats 

had a significantly higher level of nephrin excretion after A-192621 treatment compared 

to similarly treated female rats (Figure 16B). To assess tubulointerstitial injury, the 

biomarkers KIM-I and netrin-1 were measured in urine after 4 weeks of a high salt diet. 

Urinary excretion of KIM-I was higher in male rats compared to females (Figure 16C); 

however, netrin-1 in urine was similar between male and female rats (Figure 16D). 

Administration of A-192621 did not affect urinary excretion of KIM-1 and netrin-1 in 

either sex. 

Influence of ETB receptor blockade on re11al i11jury ill male a11d female Ang II 

hypertensive rats 

There was no elevation in proteinuria after the first two weeks of Ang II infusion 

in male rats on a high salt diet; however, protein excretion was abruptly increased at 
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week 3 of Ang II infusion and continued to rise until week 4 (Figure 15C). In contrast to 

males, chronic Ang II infusion in female rats on a high salt diet did not elevate 

proteinuria and had significantly less proteinuria compared to males (81±21 vs. 263±75 

mg/d; p<O.OS). A-192621 did not produce any additional increase in protein excretion in 

male Ang II infused rats (Figure ISC). There was not a significant change in proteinuria 

after A-192621 in female Ang II hypertensive rats on a high salt diet; however, there was 

a clear trend towards an increase protein excretion at the dose of 10 mglkg/d (Figure 

lSD). 

At week 4 of Ang II infusion, Ccr was unchanged in both male and female rats 

(Figure 17 A). Male Ang II hypertensive rats excreted more nephrin in their urine 

compared to female Ang II hypertensive rats. Interestingly, the sex difference in 

nephrinuria was abolished with ET 8 receptor blockade (Figure 17B). Administration of 

A-192621 did not affect Ccr and nephrinuria in· male rats, but had a tendency to reduce 

Ccr and elevate nephrin excretion in female rats. In terms of tubular injury, male rats 

tended to have an increase in urinary KIM-I excretion compared to females in response 

to chronic Ang II infusion, but this was not a statistically significant difference (Figure 

17C). Administration of A-192621 did not significantly change KIM-I and netrin-1 

excretion in either sex (Figure 17C and 17D). Compared to high salt feeding alone, rats 

received chronic Ang II infusion, especially males, had roughly 1.5-2 time increases in 

urinary excretion ofnephrin and KIM-!. 
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Figure 16. Creatinine clearance (A), urinary excretion of nephrin (B), KIM-1 (C) and 

netrin-1 (D) in male and female rats after 4 weeks of a high salt diet alone or with a high 

dose of A-192621; n=S-6 rats/group 
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Figure 17. Creatinine clearance (A), urinary excretion of nephrin (B), KIM-1 (C) and 

netrin-1 (D) in male and. female rats after 4 weeks of Ang II infusion with a high salt diet 

alone or with a high dose of A-192621; n=S-7 rats/group 
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DISCUSSION 

Hypertension and chronic kidney disease are less common in women than in men 

of the same age. In a number of experimental animal models, females are somewhat 

protected from high blood pressure and renal injury compared to males. One possible 

mechanism for this protection is the intrarenal ET system, which is highly activated 

during a high salt diet and Ang II infusion (Sasser et al., 2002). ET s receptors play an 

important role in mediating sodium excretion, vasodilation, and anti-inflammation, and 

loss of the ET 8 receptor function contributes to the development of hypertension and 

renal injury in male rats on a high salt diet. This study further elucidates the role of ET s 

receptors in blood pressure regulation as well as renoprotectlve effects in female rats in 

response to salt and chronic Ang II infusion. The major findings of this study are that 1) 

ET 8 receptors are important in blood pressure control in both male and female rats in 

response to high salt feeding and 2) ET s receptor antagonism increases the sensitivity to 

blood pressure elevation in females rats compared to males when fed a high salt diet, 3) 

while male rats have a higher increase in blood pressure compared to females, ET s 

receptor antagonism abolishes the sex differences in blood pressure response to chronic 

Ang II infusion with a high salt diet, and 4) the inhibition ofET s receptors has a tendency 

to increase glomerular injury in female Ang II hypertensive rats. Thus, this study 

provides further evidence that ET B receptors show a favorable effect in blood pressure 

control in both male and female normotensive rats on a high salt diet. Moreover, ET 8 

receptors play a protective role against blood pressure elevation and glomerular injury in 

female Ang II hypertensive .rats on a high salt diet. 
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Activation of endothelial ET s receptors in the renal vasculature, including 

afferent arterioles and vasa recta of the renal medulla, causes vasodilation," leading to an 

increase in total renal and medullary blood flow and sodium excretion (Schneider et a!., 

2007; V assileva et a!., 2003). Several lines of evidence indicate that the ET s receptors 

play a crucial role in regulating vascular and renal function to restore sodium balance 

during high salt intake, and ultimately maintain normal blood pressure. A high salt diet 

increases a degree of renal vasodilation c;:ompared to a normal salt diet (Schneider et a!., 

2007; Vassileva eta!., 2003). ET8 receptor activation on aortic endothelial cells results in 

a more pronounced vasodilation in rats on a high salt diet compared to a normal salt diet 

(Giardina et a!., 2001). Moreover, chronic hypertension produced by ET s receptor 

blockade is even greater in rats on a high salt diet compared to a normal salt diet in male 

rats (Giardina eta!., 200f; Pollock and Pollock, 2001; Williams eta!., 2004). In this study, 

we have verified previous studies that high salt feeding alone does not increase blood 

pressure in male or female Sprague-Dawley rats. We further demonstrated that the ETs 

receptor antagonism causes a dose-dependent increase in blood pressure in both male and 

female rats on a high salt diet, which reaches significance at a dose of I 0 mglkg of A-

192621. Our results support previous notions that ET s receptors play a role in sodium 

regulation and blood pressure control not only male rats, but also females ·during a high 

salt feeding, suggesting that there are no sex differences In ET s receptor-mediated blood 

pressure response to a high salt diet. 

In specific aim I, we demonstrated that male Ang II hypertensive rats have 

impaired renal medullary ET s receptor function. In contrast, female Ang II hypertensive 

rats have preserved ET s receptor function in renal medulla. We also reported that ET s 
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receptor blockade did not further increase blood pressure in male Ang II hypertensive rats 

on 8% NaCl diet (Boesen et al., 2011). While we used 4% NaCl diet in this study, we 

confirmed that male Ang II hypertensive rats did not have blood pressure response to ET B 

receptor antagonism. Moreover, we found that, in contrast to male rats, female Ang II 

hypertensive rats have an even larger increase in blood pressure when treated with an 

ET 8 receptor antagonist. Taken together, these data suggest that female rats are somewhat 

protected against Ang II -induced hypertension due to enhanced renal medullary ET s 

receptor function. 

After 4 weeks of high salt feeding, male and female rats did not have an increase 

in blood pressure; however, male rats had significantly elevated proteinuria compared to 

female rats. Because proteinuria is an established marker for renal injury, these results 

suggest that male rats are more susceptible to renal injury than females during high salt 

feeding. However, the inhibition of ET B receptors did not further increase proteinuria in 

either sex. This data is inconsistent with a previous report of increased urinary protein 

excretion in male rats lacking functional ET 8 receptors on a high salt diet compare to 

female counterparts (Taylor et al., 2003a). It is possible that the duration of ET B receptor 

antagonist treatment, which was only 7 days in this study, may contribute to the different 

results between pharmacological and genetic disruption of ET B receptors. 

The role ofETs receptors in the sexual dimorphism associated with renal injury in 

Ang II hypertension has not yet been established. Similarly to other reports (Sartori

Valinotti et al., 2008; Venegas-Pont et al., 2010), Ang II-induced proteinuria was more 

pronounced in male rats compared to females. After chronic Ang II treatment with ET 8 

receptor blockade, female rats tended to have greater protein excretion, while male rats 
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had no further increase in protein excretion. These results suggest that ET s receptors may 

play a protective role against renal injury in female Ang II hypertensive rats. However, 

these results should be interpreted with caution because the inhibition of ET s receptors 

further increased blood pressure in female Ang II hypertensive rats. It is possible that an 

increase in proteinuria after A-I92621 treatment in females is due to an elevation of 

blood pressure 

Because the proteinuria may reflect both glomerular and tubular injury, we further 

examined urinary excretion of nephrin, KIM•I and netrin-I to dissect which part of the 

nephron becomes damaged during high salt feeding as well as chronic Ang II infusion. 

Nephrin is a unique molecular component of the podocyte slit diaphragm, released from 

glomerular epithelial cells following damage (Patrakka and Tryggvason, 2007). Several 

lines of evidence suggest that increased Ang II activity reduces nephrin expression in 

male hypertensive and diabetic animal models (Davis eta!., 2003; Forbes eta!., 2002; Jia 

et a!., 2008). KIM-I and netrin-1 are tubular membrane proteins, both of which are 

elevated in kidney diseases, and may serve as 'biomarkers of proximal tubular damage 

(Han et a!., 2002; Ramesh et al., 20 I 0; W aanders et a!., 20 I 0). In our studies, rats that 

received Ang II infusion had a 4-5 fold increase in nephrin and KIM-I excretion 

compared to a high salt alone, suggesting that chronic Ang II infusion leads to both 

glomerular and tubular damage. Furthermore, in response to Ang II infusion, males 

tended to have a higher level of glomerular damage as measured by increased nephrin 

excretion, compared to female hypertensive rats. 

In conclusion, ET s receptors play an important protective role in the control of 

blood pressure in both male and female rats; especially when salt intake is elevated. 
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Moreover, the sex differences in blood pressure elevation during chronic Ang II infusion 

may be, at least in part, due to the beneficial effects of ET B receptors in female rats. 
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Specific aim 3 

Differences m salt intake 

affect both the ET and RAAS 

system. A high salt diet, which is a 

low renin and Ang II state, activates 

the renal ET system by increasing 

renal medullary ET -1 production as well as renal ETa receptor expression. A low salt diet 

physiologically activates the RAAS in the kidney and elsewhere. The increases in Ang II 

and aldosterone levels are mainly to conserve sodium. From in vitro studies, Ang II and 

aldosterone increase ET -1 gene ( ednl) activation in both endothelial and epithelial cells; 

however, the interplay between the ET system and RAAS during low salt feeding is still 

unknown. 

In specific aim 1, we showed that chronic infusion of a pressor dose of Ang II 

impairs the ETa-dependent natriuretic response, which is associated with a reduction of 

ETa receptor binding in renal inner medulla. However, the pathological conditions 

induced by exogenous Ang II are also associated with a variety of changes such as 

increased inflammation and oxidative stress that could· produce changes in the ET system 

independent of a direct action of Ang II. Furthermore, such conditions mimic chronic 

kidney disease, which also affects ETa receptor expression in the kidney. However, the 

physiological regulation of the renal ET system by RAAS remains unknown. 

This aim was to examine the effect of the endogenous RAAS on the renal 

medullary ET system. We hypothesized that renal medullary ETa receptor function, as 

well as renal ET -1 production, is reduced during .salt deprivation through activation of the 

RAAS. The goals of these studies were: 
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1) to examine the acute response to intramedullary infusion of the ET8 receptor 

agonist, sarafotoxin 6c, in male rats on a normal or low salt diet for 2 wk 

2) to test the acute response to intramedullary infusion of the ETs receptor agonist, 

sarafotoxin 6c, in male rats pre-treated With the A T1 receptor antagonist, candesartan, 

and MR antagonist, spironolactone, with a normal or low salt diet for 2 wk 

3) to determine the effects of dietary salt and the RAAS on renal ET -1 production 

in male rats ort a normal or low salt diet for 2 wk 

4) to assess the effects of the RAAS on ET receptor expression in the renal 

medulla of male rats on a normal or low salt diet for 2 wk 
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EXPERIMENTAL PROTOCOL 

! 
Nonnal salt 

Male SD rats (8-10 wk old) 

Normal (0.4% Na) or low (0.01-0.02% Na) :1: 

candcsartan (5 mglkgld) or spironolactone (1 00 mglkgld) 
for 14 days 

1. 1 l l 
Normal salt Nonnal salt Low salt Low salt 

+ + + 
candcsartan spironolactone candesartan 

l 
Low salt 

+ 
spironolactone 

Intramedullary infusion of saline 
or S6c (3 pmollkglmin) 

Metabolic cages at day 0 and day 14: 
- 'creatinine clearance 

Statistical analysis 

- urine excretion ofET-1, NOx, PGEM 

ET receptor expression in renal medulla: 
ligand binding assay 

. Urine flow rate, unnary sodium excretion, MAP, MBF in response to 

intramedullary infusion of saline or S6c were analyzed by repeated-measures ANOV A 

followed by Bonferroni post hoc tests among rats receiving a normal or low salt diet with 

or without candesartan and spironolactone. Metabolic parameters, urinary excretions of 

ET-1, nitrate/nitrite and prostaglangin E (PGE) metabolites, and receptor binding data 

were analyzed by t-test to compare between· a normal and low salt diet, and by 1-way 

ANOV A followed by Dunnett post hoc tests to compare the effects of candesartan or 

spironolactone on either a normal or low salt diet. Results are expressed as mean ± SE 

with p<0.05 being considered statistically significant. 
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RESULTS 

Plasma Angiotensin II conceniration 

To confirm that a sodium-depleted diet activates the RAAS, we measured plasma 

Ang ri in rats fed a normal or low salt diet for 2 wk. We found that rats on a low salt diet 

had significantly elevated plasma Ang II levels compared to rats on a normal salt diet 

(611±78 vs. 279±68 pg/ml; p<0.05). 

Intramedullary ETB receptor function in. rats on a low salt diet 

As previously reported, intramedullary· infusion of the ET B receptor agonist, S6c, 

caused a significant increase in urine flow rate (Figure 18A; p<0:05) and urinary sodium . . 

~xcretion (Figure 19A; p<O.OS) in rats on a normal salt diet. Moreover, the increases in 

water and sodium excretion· during S6c infusion were significantly greater than those 

observed during saline infusion at the same time period (p<0.05). In contrast, 

intramedullary infusion of S6c did not increase urine flow rate (Figure 18B) or urinary 

sodium excretion (Figure 19B) in rats on a low salt diet. Mean arterial pressure remained 

unchanged during .jntramedullary infusion of saline or S6c on either diet (Figure 20A and 

20B). 

For the time control group, intramedullary infusion·o( saline produced a modest, 

but significant increase in urine flow rate over time· (Figure !SA; p<0.05); however, 

urinary sodium excretion remained stable during saline infusion compared to the baseline 

period in rats on a normal salt diet (Figure 19A). In contrast, saline infusion did not 

increase urine flow rate (Figure 18B) or urinary sodium excretion (Figure 19B} in a low 

salt diet. group. 
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Figure 18. Urine flow rate before (baseline) and during an intramedullary infusion of 

saline or the ET s receptor agonist sarafotoxin 6c (S6c) for 80 min in rats on a normal or 

low salt diet. Separate groups of rats were pre-treated with the AT! receptor antagonist 

candesartan or minerocorticoid receptor antagonist spironolactone for 2 weeks prior to 

study. 'p<O.OS vs. baseline period in the same group; n=S-6 rats/group. 
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Figure 19. Urinary sodium excretion before (baseline) and during an intramedullary 

infusion of saline or the ET B receptor agonist sarafotoxin 6c (S6c) for 80 min in rats on a 

normal or low salt diet. Separate groups of rats were pre-treated with the A T1 receptor 

antagonist, candesartan or rninerocorticoid receptor antagonist, spironolactone, for 2 

weeks prior to study. • p<O.OS vs. baseline period in the same group; n=S-6 ra~/group. 

89 



A - ·------ -- - B~--- ------- -- --- - ----
Normal saH diet Low salt diet 

14 Pcroup= ns Pcroup= ns 

e Pl'•rlod< 0.05 e pl'wiOd < 0.05 

" Pc·p= ns " Pc·p= ns 
~ 12 ~ * 0 

n 
~ 

n n 
~ " ~- ~-"-"' 10 "-"' -x -x 
·! E ·! E 
~ E 

8 " E 8 ~~ ~~ 
c: c: 
"' 6 "' ~ " :;; s:;:r I ~ 

:;; I I IW41 
Baseline Saline Baseline SSe Baseline Saline Baseline S6c 

c Normal salt diet+ Candesartan D Low saH diet + candesartan 

14 PorouP= ns 140 Pcroup = ns e PPetlod= ns e Ppertod< 0.05 
" " ~ 12 P0 "P= ns "' 1 P0 -p< 0.05 
0 " ~ " ~~ 10 n n ~~ 100 

* * ·r: E ·;::: E 
g E 8 ~.§. 80 n ~ 
~~ 

< < n c: c: 

"' 6 "' 60 ~ " :;; s:;:r I I fW'.a 
:;; 

~1 I W43 
Baseline Saline Baseline S6c Baseline Saline Baseline S6c 

E Normal salt diet+ Spironolactone F Low salt diet+ Spironolactone 
Poroup=M 14 

Pcroup~ ns 
1 Ppenod= ns ~ 

Ppenod= ns .. 
PtrP=ns !! PG"f'=ns 

"' 12 .. 

n1 
"' 

n n 
.. 

n 
.. !_ . 
~ ~ 10 !!: ~ 10 
~E ~E 
~g ~ E 8 
< <~ 

c: c: .. .. 6 
" " :E 

I~ 
:E s:::r I WJ 

Baseline Saline Baseline S6c Baseline Saline Baseline. S6c 

Figure 20. Mean arterial pressure before (baseline) and during an intramedullary infusion 

of saline or the ET 8 receptor agonist sarafotoxin 6c (S6c) for 80 min in rats on a normal 

or low salt diet. Separate groups of rats were prectreated with the AT! receptor antagonist, 

candesartan or minerocorticoid receptor antagonist, spironolactone, for 2 weeks prior to 

study. 'p<0.05 vs. baseline period in the same group; n=S-6 rats/group. 
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ATJ receptor blockade and ETBfunction i11 rats on a low salt diet 

To test the hypothesis that ATl receptor activity regulates renal medullary ET 8 

receptor function during a low salt feeding, the AT! receptor antagonist candesartan at 

the dose of 5 mg/kg/d was. given to rats on a normal or low salt diet for 2 wk. 

Intramedullary infusion of S6c significantly increased urine flow (Figure 18C; p<0.05) 

and urinary sodium excretion (Figure 19C; p<0.05) in rats on a normal salt diet treated 

with candesartan, indicating that A T1 receptors do not affect ET 8 receptor function in a 

normal salt diet. Interestingly, candesartan restored S6c-induced urine flow rate (Figure 

lSD; p<0.05) and urinary sodium excretion (Figure 19D; p,<0.05) in rats on a low salt 

diet. Mean arterial pressure was slightly increased over the course of the acute period of 

both saline and S6c infusion in rats on a low salt diet (Figure 20D; p<0.05). 

MR blockade imd ET8 junctio11 in rats on a low salt diet 

To determine whether aldosterone directly modulates ET s-dependent sodium 

diuresis and natriuresis, rats were first treated with the minerocorticoid receptor (MR) 

antagonist spironolactone at the dose of I 00 mglkg/d for 2 wk. Rats on a normal salt diet. 

treated with spironoll,lctone displayed a diuretic and natriuretic response during S6c 

infusion (Figure l8E and 19E; p<0.05) similar to untreated rats on the same diet. In rats 

on a low salt diet, ET s-induced water excretion was restored by spironolactone treatment 

(Figure !SF; p<0.05). However, S6c did not increase urinary sodium excretion in low salt 

treated rats (Figure 19F; p<0;05). Mean arterial pressure did not change during S6c 

infusion in any group (Figure 20E and 20F). 
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Table 2. Metabolic char;lcteristics of rats on a normal salt diet, a low salt diet, a normal salt diet with candesartan (CAN), a low salt 

diet with candesartan, a normal salt diet with spironolactone (SPI), a low salt diet with spironolactone on day 0 (baseline) and day 14 

of treatment. 

Normal salt Normal salt Normal salt Low salt Low salt Low salt 
+CAN +SPI +CAN. +SPI 

Baseline 
UV (ml/d) 15.8±1.0 17.2±1.1 16.9±2.1 15.2±1.2 16.1±0.6 18.1±1.9 

UNaV (mmol/d) 1.73±0.04 1.88±0.13 1.64±0.1.1 1.81±0.12 1.84±0.10 1.71±0.05. 
Food intake (g/d) 21.6±0.5 21.9±1.5 22.5±0.8 24.2±0.4 22.0±1.2 23.9±0.7 ' 

Water intake (g/d) 33.0±0.7 31.5±0.7 34.4±2.3 28.3±2.7 29.4±2.5 34.6±1.7 
' 

Ccreat (ml/min) 1.02+.0.05. 1.01±0.09 1.14±0.07 1.03±0:10 1.15±0.12 1.03+0.04 
Day 14 

I 

UV (ml/d) 14.9±1.8 15.3±2.1 16.5±1.1 11.8±1.7 17.5±2.2 17.1±3.5 
UNaV (mmol/d) 1.67±0.07 1.86±0.25 1.55±0.12 0.005±0.001* 0.028±0.008* . 0.003±0.001* 1 

Food intake (g/d) 20.8±0.9 21.7±0.6 23.9±0.8 16.4±1.3* 14.5±0.7* 17.3±1.0*. I 
· Water intake (g/d) 30.8±2.2 32.0±2.1 31.5±2.1 22.9±1.7 31.7±3.8 29.3±3,5 I 

Ccreat Cml/min) 0.88+0.06 1.17+0.10 1.19+0.05 0.71+0.07 0.74+0:05*_ _0.85±0.0.(:)* J 

UV, urine flow; UNaV, urinary sodium excretion; Ccreat, creatinine clearance. 'p<O.OS vs. a normal salt diet; 'p<O.OS vs. the same 

salt diet alone; n=S-6 rats/group . 



Effects of ATl or MR blockade 011 24-llr i11take a11d excretioll duri11g salt deprivatio11 

As depicted in T!ible 2, the baseline intake and excretion variables were similar 

among groups. After 14 days of treatment, a low salt diet significantly reduced food 

consumption and urinary sodium excretion compared to rats on a normal salt diet 

(p<O.OS). Urine flow was comparable between salt diets. There was no difference in 

creatinine clearance between low and normal salt-fed rats. 

Candesartan and spironolactone did not change food intake, urine flow or urinary 

sodium excretion during either normal or low salt feeding. Although candesartan or 

spironolactone increased creatinine clearance when rats received a normal salt diet 

(p<O.OS), neither candesartan nor spironolactone influenced creatinine clearance in rats 

on a low salt diet 

Uri11ary ET-1 excretion i11 rats 011 a low salt diet 

After 14 days of treatment, low salt feeding had no effect on urinary ET -1 

excretion compared to a normal salt diet. Neither candesartan nor spironolactone affected 

urinary ET-1 excretion in rats on a normal salt diet. However, candesartan significantly 

reduced urinary ET-1 excretion in rats on a low salt diet (Figure 21; p<O.OS). 

Spironolactone did not reduce urinary ET~ 1 excretion in a low salt diet, but this change 

did not achieve statistical significance. 
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Figure 21. 24-hr urinary ET-1 excretion in rats on a normal or low salt diet alone(-) or 

with ( +) candesartan or spironolactone treatment for 2 weeks. • p<O.OS vs. a low salt diet 

alone; n=S-6 rats/group. 
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Figure 22. 24-hr urinary excretion of nitrate/nitrite (NOx) and prostaglandin E (PGE) 

metabolite in rats on a normal or low salt diet alone (-) or with ( +) candesartan or . . 

spironolactone treatment for 2 weeks. 'p<0.05 vs. a low salt diet alone; 'p<0.05 vs. a 

normal salt diet alone; n=S-6 rats/group. 
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Urinary nitrate/nitrite and prostaglandin E metabolite excretion in rats on a low salt 

diet 

Nitrate/nitrite and prostaglandin E (PGE) metabolite excretion in unne are 

measurements of NO and PGE2 production in the kidney (Bonvalet et a!., 1987; Breyer 

and Breyer, 2000; Pollock and Pollock, 2008). Urinary excretion of both parameters was 

lower in rats on a low salt diet compared with rats on a normal salt diet (Figure 22; 

p<0.05). Administration of candesartan did not change urinary excretion of nitrate/nitrite 

excretion; however, candesartan dramatically increased urinary excretion of PGE 

metabolite in rats on a low salt feeding (Figure 22; p<0.05). Spironolactone significantly 

elevated urinary excretion of nitrate/nitrite and PGE metabolite in rats on a low salt diet 

(Figure 22; p<0.05). 

ET-1 and ET-3 binding ill inner medulla of rats on a low salt diet 

ET-1 has a similar affinity to both ETA and ETs receptors, while ET-3 has very 

low affinity for ETA receptors and binds only ET 8 receptors at low concentrations. Thus, 

the saturation curve of [1251]-ET-1 was performed to determine ETA and ET8 receptor 

binding, and the saturation curve of ['25!]-ET-3 was used to determine ET 8 receptor 

binding. Both ['25!]-ET-1 and [1251]-ET-3 binding curves reached saturationat 0.3 nM. 

['
25!]-ET -1 specific binding sites in the renal inner medullary preparations were no 

differences between normal and low salt diet groups (Figure 23). Administration of either 

cimdesartan or spironolactone to rats on a normal salt diet did not affect saturation 

binding for ['251]-ET-1 (Figure 23A). In rats on a low salt diet, spironolactone did not 

change [1251]-ET-1 binding; however, candesartan reduced ['251]-ET-1 saturation binding 
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(Figure 23B). Similar to [1251]-ET-1 binding, renal inner medullary preparations from rats 

on a normal and a low salt diet had comparable [1251]-ET-3 specific binding curves 

(Figure 23C and 23D). Candesartan or spironolactone did not affect saturation binding 

for e25I]-ET-3 in rats on a normal salt diet (Figure 23C). C25I]-ET-3 binding was 

significantly reduced in candesartan treated rats on a low salt diet compared to a low salt 

diet alone (Figure 23D). Spironolactone treated rats showed similar e25I]-ET-3 binding 

between rats on a low and normal salt diet (Figure 23C ;md 23D). 

Scatchard analysis (insets in Figure 23) was used to determine Bmax values of 

[
1251]-ET -1 binding sites that represent total ETA and ET 8 receptor binding and Bmax 

values of [1251]-ET-3 binding sites represent specific ET8 receptor binding as previously 

described (Taylor et al., 2003b). The difference between Bmax values of C25I]-ET-l and 

C25I]-ET-3 binding was used to determine ETA receptor binding (Figure 24A). Bmax 

values for ET 8 receptor binding in renal inner medullary tissue were comparable between 

rats on a normal and low salt diet (Figure 24B). Administration of either candesartan or 

spinolactone did not change Bmax values for ET s receptor binding in rats on a normal 

salt diet. In contrast, Bmax values for ET 8 receptor binding was significantly reduced in 

inner medullary tissue from rats on a low salt diet treated with candesartan. Candesartan 

or spironolactone treatment did not affect Bmax values for ETA receptor binding in 

tissues from either normal or low salt fed rats (Figure 24A). Kt for [1251]-ET-1 or [1251]

ET-3 binding were comparable between inner medullary preparations from rats on a 

normal or low salt diet (Figure 24C and 24D, respectively). Neither -candesartan nor 

spironolactone changed Kt of C25I]-ET -1 or C25I]-ET-3 binding in any groups. 
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Figure 23. Specific binding of [125I]ET-l and e25I]ET-3 to membrane preparations from 

from rats on a normal or low salt diet alone (-) or with ( +) candesartan or spironolactone 

treatment for 2 weeks. Insets show Scatchard analysis of [125I]ET-l and e25I]ET-3 

binding curve; n=3-4 rats/group. 
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Figure 24. Maximum binding (Bmax) for ETA and ET8 receptor and dissociation 

constant (Kd) derived from [125I]ET-1 and e25I]ET-3 in renal inner medullary tissue from 

rats on a normal or low salt diet alone (-) or· with (+) candesartan or spironolactone 

treatment for 2 weeks. 'p<0.05 vs. a low salt diet alone; n=3-4 rats/group. 
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DISCUSSION 

Physiologically a low sodium diet increases plasma and· renal Ang II levels to 

maintain blood pressure. The elevation :of Ang II, as well as· aldosterone, helps to 

conserve. sodium. Our laboratory and others have determined that ET 8 receptors in the 

renal medulla, especially in CDs, promote water and sodium excretion as a means of 

blood pressure regulation (Ge et a!., 2006; Nakano et al., 2008). The present study 

provides new evidence that the interaction between the RAAS and ET -I system underlies 

physiological regulation of sodium retention during salt deprivation. The major findings 

of the current study are: I) renal medullary ET 8 receptor function is reduced in rats on a 

sodium-depleted diet, 2) attenuated ET 8 -dependent water and sodium excretion during 

salt deprivation is mediated by Ang II and aldosterone, and 3) renal ET-1 production and 

renal medullary ET s receptor expression are regulated by Ang II through AT! receptors 

during conditions of low salt intake. Thus, this study provides evidence for a contribution 

of the renal medullary ET system in the Ang II-induced sodium conservation response 

associated with low sodium intake. 

In specific aim 1, our data demonstrated that pharmacological modulation of the 

RAAS by chronic infusion of exogenous Ang II at a hypertensive dose attenuated ET 8 -

dependent natriuresis in male rats. In the present study, physiological elevation of RAAS 

activity induced by a shift in dietary sodium intake to a low salt diet also reduced renal 

medullary ET s receptor function. Blockade of AT! receptor activity restored renal 

medullary ET s receptor function during salt deprivation. These data indicate that the 

antinatriuretic effects of a low salt diet on ET s dependent function are mediated by Ang 

II via the AT! receptor. In addition, blockade of mineralocorticoid receptors with 

spironolactone restored only the diuretic, but not the natriuretic actions of ET 8 receptor 
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stimulation. These data are consistent with the hypothesis that renal medullary ET 8 

receptor function is inhibited to prevent water and sodium loss. 

Chronic Ang II infusion on a normal salt diet results in an inappropriate level of 

Ang II as opposed to stimulating endogenous Ang II production during low salt intake. 

Reductions in salt intake increase the expression and activity of sodium transporters and 

channels along the nephron, especially ENaC and Na/Cl co-transport (Frindt and Palmer, 

2009; Masilamani et a!., 2002). ENaC is highly expressed in Cbs, where ET 8 receptors 

are mainly expressed, and is known to be regulated by the ET system and the RAAS. 

Activation ofET8 receptors inhibits ENaC activity (Bugaj eta!., 2012). In contrast, Ang 

II and aldosterone directly stimulate ENaC expression and activity (Beutler et a!., 2003; 

Lofting et a!., 2000; Nielsen et a!., 2002). Recently, Mamenko et a!. demonstrated that 

Ang II regulated ENaC activity by a different mechanism compared to aldosterone 

(Mamenko eta!., 2012). Ang II, via AT! receptors, increased reactive oxygen species 

(ROS) production, which led to activation of ENaC activity (Mamenko eta!., 2012; Sun 

et a!., 20 12). A low salt diet has been reported to increase ROS production in the kidney 

(Dutta et a!., 2006) as has a high salt diet indicating a bi-modal distribution of salt intake 

on ROS (Ritz, 2006). In our study, we found that only inhibition of AT! receptor with 

candesartan restored ET 8 -dependent natriuresis. It is possible that the inhibition of ROS 

generation in the kidney by AT! blockade could reduce ENaC activity, as well as 

increase ETs/NOS signaling pathway, thus leading to enhancing ETs-dependent 

natriuresis in this model. Further studies will need to test the hypothesis. 

Urinary ET-1 excretion reflects ET-1 production in the kidneys (Abassi et a!., 

1992), and the CD is a major source of ET-1 production (Ujiie eta!., 1992). In vitro 
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studies suggest that flow or sodium stimulates ET-1 mRNA expression in tubular cells, 

including CD or THAL (Herrera and Garvin, 2005; Lyon-Roberts et a!., 2011). 

Furthermore, animal studies showed that increased tubular flow rate (Lyon-Roberts eta!.), 

dietary salt intake (Herrera and Garvin, 2005; Pollock and Pollock, 2001), and renal 

interstitial osmolality (Boesen and Pollock, 2007; Herrera and Garvin, 2005) elevated 

renal ET -1 production. These data indicate that renal tubular cells may play a role in renal 

ET -1 production in response to a high sodium intake. In our experiments, urine flow was 

comparable, while urinary sodium excretion was dramatically reduced with a low salt 

feeding compared to a normal salt diet. We expected that urinary ET -1 excretion would 

be reduced in a low salt diet. To our surprise, a low salt diet had comparable urinary ET -1 

excretion to a normal salt diet. Because both tubular epithelial and endothelial.cells are a 

major source of renal ETc! production (Kohan eta!., 2011), it is possible that a different 

level of salt intake may affect the sources of renal ET-1 generation differently. However, 

when rats on a low salt diet were given the Ang II antagonist, urinary ET -1 excretion was 

reduced suggesting that Ang II dependent stimulation of intrarenal ET -1 production 

under these circumstances counteracts the influence of lowering salt intake. 

Endogenous Ang II and aldosterone content in both plasma and kidney are 

inversely related to dietary sodium intake (Ingert et a!., 2002). Ang II and aldosterone 

activate ET-1 gene expression and production in endothelial (d'Uscio eta!., 1998; Ferri et 

a!., 1999) and tubular cells (Gumz eta!., 2003). Since we did not observe any change of 

ET-1 excretion after 14 d of a low salt feeding, we determined whether Ang II or 

aldosterone could maintain renal ET -1 production during salt deprivation. 

Pharmacological blockade of the RAAS with candesartan or spironolactone was 
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administered to rats on a low salt diet. While these drugs had no effect on ET -1 excretion 

in rats on a normal salt diet, we found that candesartan, ·but not spironolactone, reduced 

urinary ET -1 excretion during a low salt feeding. These data suggest that Ang II 

contributes to the maintenance of renal ET -I production during a low salt feeding. 

In the current study, administration of candesartan decreased blood pressure in 

both dietary salt groups under inactin anesthesia; an effect that was more dramatic in rats 

on a low salt diet. Using telemetry, Klinger et a!. also reported that the A T1 receptor 

antagonist, losartan, reduced blood pressure whether on a normal or low salt diet (Klinger 

et a!., 2008). It is possible that the reduction of renal ETa receptor binding and urinary 

ET -I· excretion in rats · on a low salt diet with candesartan may result from the 

concomitant decrease · in blood pressure. However, the blood pressure effect of 

candesartan on the ET systeni is not apparent in rats on a normal salt diet. We previously 

demonstrated that acute reduction of blood pressure did not significantly attenuate 

urinary ET-1 excretion compared to normal blood pressure (Schneider et a!., 2008). 

Furthermore, Dumont et a!. reported that the AT! receptor antagonist, losartan, reduced 

blood pressure and urinary ET-1 exc:retion in uremic rats; however, treatment with 

conventional triple therapy, which reduced blood pressure to a .. comparable level as the 

losartan-treated group, did not change urinary ET-1 excretion (Dumont et a!., 2001). 

While these results suggest that urinary ET -I excretion, which reflects renal ET -I 

production, is more dependent on AT! receptor pathway, we still cannot exclude the 

blood pressure-lowering effect of AT! receptor antagonism in our study. 

ETa receptors in the renal medulla regulate water and sodium excretion. There are 

at least two signaling pathways, including nitric oxide synthase (NOS) and 
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cyclooxygenase (COX), involved in ET8 receptor activation (Kohan et al., 2011). NOS/ 

NO signaling reduced sodium reabsorption by inhibiting Na+/K+/2Cr in the THALs 

(Garvin et al., 2011; Herrera et al., 2006) and ENaC activity of the CDs (Kohan et al., 

2011). Both COX! and COX2 contribute to the production ofPGE2 in the kidney. PGE2 

has been shown to reduce sodium transport in isolated thick ascending limbs. (Stokes, 

1979) and CD (Sakairi et al., 1995; Warden and Stokes, 1993). In our study, a low salt 

diet decreased 24-hr urinary excretions of nitrate/nitrite and PGE metabolites compared 

to a normal salt diet, and the inhibition of RAAS could increase the level of both 

parameters, mainly COX activity. These data suggests the natriuretic signaling is 

decreased in order to help retain sodium. Moreover, COX signaling pathway may play a 

role in regulating sodium balance during physiological increase in RAAS by low salt 

feeding. 

In conclusion, Ang II, via ATl receptor activation, regulate renal ET system and 

its signaling during a low salt diet. While Ang II maintains renal ET-1 production and 

renal medullary ET 8 receptor expression, Ang II reduces ET 8 -dependent water and 

sodium excretion during low salt feeding. Moreover, renal PGE2 production is also 

regulated by Ang II. The studies suggest that ET 8 receptor activation, via COX/PGE 

signaling pathway may plays a role in modulating sodium excretion during a 

physiological increase of RAAS induced by sodium-depletion diet. 
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IV. SUMMARY AND PERSPECTIVES 

The current studies highlight the sex differences in ET 8 receptor function, 

especially in the renal medulla, on sodium excretion and blood pressure control. 

Furthermore, these studies emphasize the physiological and pathological interaction 

between the Ang II and ET systems on the regulation of sodium balance. We 

demonstrated that: 1) chronic Ang II infusion in male rats caused an impairment of ET s

dependent water and sodium excretion, and was associated with a reduction of ET B 

receptor binding sites. In contrast, 2) female Ang II hypertensive rats, which expressed 

comparable ET 8 binding sites to the female normotensive group, have preserved 

responses to ET8 agonist-induced diuresis and natriuresis. 3) ETA-mediated diuresis and 

natriuresis is maintained to some degree in female Ang II hypertensive rats. 4) male rats 

have significantly higher blood pressure than females in response to chronic Ang II 

infusion. While systemic blockade of ET B receptors did not further elevate blood pressure 

in male Ang II hypertensive rats, ET 8 receptor antagonist further increasing blood 

pressure in female Ang II hypertension rats into the similar level as seen in male Ang II 

hypertensive rats. 5) an increase in endogenous Ang II by a low salt diet caused an 

reduction of ET 8 -mediated diuresis and natriuresis in male rats, which was mediated by 

an A Tl-dependent pathway. In conclusion, Ang II plays a role in regulating renal 

medullary ETs receptor function in both physiological and pathological conditions by 

inhibiting ET s receptor function as a means of sodium retention (Figure 25). Furthermore, 

ET B receptor fooction, especially in the renal medulla, limits the blood pressure elevation 

induced by chronic AngJI infusion in female rats compared to males (Figure 26). 
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Figure 25. The physiological and pathological actions of Ang II on ET 8 receptor function 

and expression in the renal medulla of male rats. 
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Figure 26. The differences in ET B receptor function in the renal medulla and blood 

pressure responses between male and female rats in responses to chronic Ang II infusion 
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Perspective for sex differences in ET8 receptor function (specific aims 1 and 2) 

Non-functional ET B receptors produced by genetic mutation and pharmacological 

blockade of ET B receptors result in elevated blood pressure that is highly salt -dependent 

(Gariepy et al., 2000; Pollock and Pollock, 2001; Williams et al., 2004). Moreover, the 

genetic deletion of CD ET B receptors, which are highly expressed in the renal medulla, 

causes blood pressure elevation that is exacerbated by high salt intake (Ge et a!., 2006). 

However, endothelial cell ET 8 receptor knockout mice, which display endothelial 

dysfunction, have a similar level of blood pressure compared to genetic controls (Bagnall 

et al., 2006). These results suggest that renal epithelial, but not endothelial ET 8 receptors 

play a role in sodium excretion and blood pressure control. Our findings are consistent 

with the hypothesis that a decrease in renal ET B receptor function may be responsible for 

the salt-sensitivity associated with Ang II hypertension in male rats. However, ET 8 

receptors in the renal medulla are localized on both endothelial cells of vasa recta and 

renal tubules (Wendel et al., 2006), and so the site of ET B receptor dysfunction and 

down-regulation in this model has yet to be confirmed. 

Hypertension is more common in men than in premenopausal women at the same 

age. In animal models, females are relatively protected against genetic or 

pharmacological procedures that produce high blood pressure. From the current study, 

our data suggest that the sex differences in ET receptor function, especially ET 8 receptors, 

in the whole body or more likely the renal medulla could serve to the sex-dependent 

blood pressure response to chronic Ang II infusion in rats. The kidney is the organ 

responsible for a long-term blood pressure regulation, and ET 8 receptors are highly 

expressed in the kidneys, especially in CDs. It will be important to determine how ET 
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receptor function may be affected in human kidneys, especially in patients with salt

sensitive hypertension. 

Selective ETA antagonists, including atrasentan, avosentan, darusentan and 

sitaxentan, have been investigated in clinical studies as a treatment for hypertension and 

renal disease. ETA antagonists have shown an effectiveness to reduce blood pressure in 

patients with refractory hypertension (Weber et a!., 2009), as well as chronic kidney 

disease (Mann et a!., 2010). However, the major adverse effect with the use of ETA 

antagonists in those patients is the dose-dependent incidence of edema. For this reason, 

one major clinical trial was prematurely terminated (Weber et a!., 2009). The possible 

mechanisms of fluid overload are that the doses of antagonists may not have maintained 

selectivity for ETA receptors and inhibit ETa receptors, which leads to impaired water 

and sodium excretion. It is also possible that the ETA receptor contributes to salt and 

water excretion in humans, especially when ETa receptor function may be impaired, as 

has been shown in animal model studies (Nakano and Pollock, 2009). The current studies 

determined that ETa, as well as ETA, receptor activities may have beneficial effects in 

females against blood pressure elevatioQ. Based on these finding, ETA antagonists may 

have less favorable, perhaps even harmful, effects in women compared to men. Currently, 

there are no data reporting the therapeutic or adverse events of ETA antagonism between 

men and women in these clinical trials. In general, men are a major population in almost 

all clinical studies of ETA antagonists. Only one study reported that men and women who 

have resistant hypertension had a similar decrease in systolic blood pressure after 

durasentan treatment (Weber et a!., 2009). However, the investigators did not further 

analyze other parameters, such as the incidence of edema, with respect to sex. Thus, the 
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question of whether women and men respond differently to ETA antagonists need to be 

investigated clinically. 

Perspective of e11doge11ous A11g II ill rats 011 a low salt diet 011 ETB receptor ju11ctio11 

(specific aim 3) 

Our experiments suggest that the blockade of RAAS during a low salt feeding 

restores renal medullary ETa excretory function. However, renal medullary ETa receptor 

expression does not explain this finding. The variety of potential mechanisms, regarding 

to ETa receptor signaling pathways, remains speculative. ETa receptors inhibit the 

activity of ENaC and other sodium and water channels in the CD as well as the THAL 

through 3 different pathways, including MAPK, NOS and COX (Kohan et al., 2011). 

Our results showed that the blockade of A T1 receptor increases prostaglandin Ez 

production during low salt feeding from 24-hr urine collection. Further studies need to 

confirm that the restored effects of renal medullary ETa receptor function by candesartan 

are dependent on an up-regulation of COX-derived PGEz pathway in rats on a low salt 

diet. 

In clinical settings, interventions interfering with the RAAS are the most widely 

prescribed treatment to help lower blood pressure in hypertensive patients, which is 

concomitant with the recommendation to reduce salt consumption. In these studies, we 

demonstrated that hypertensive animals, induced by chronic Ang II infusion, had 

impaired ETa-dependent natriuresis. Furthermore, other models of salt sensitive 

hypertension, such as DS rats (Speed et al., 20 II), have a dysfunction of the renal 

medullary ET system. Since A T1 receptor antagonist could restore renal medullary ETa 
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receptor function in normotensive rats on a low salt diet, it would be interesting to test the 

hypothesis that the combination of a low salt diet and A Tl receptor antagonist would 

enhance renal medullary ET 8 receptor function in hypertensive animal models. 

Several studies have shown that Ang II reduces ET s receptor expression both in 

vitro and .in vivo. Wong and Tsui demonstrated that Ang II, via the AT! receptor pathway, 

down-regulated ET receptor binding in cultured IMCD cells (Wong and Tsui, 2001). 

Blockade of Ang II formation by an angiotensin converting enzyme inhibitor increased 

ET s receptor density in the kidney of cardiomyopathic hamsters with moderate heart 

failure (Wong et a!., 1998). In the current study, chronic infusion of Ang II at a pressor 

dose decreased ET s receptor binding in the renal inner medulla; however, a low salt diet, 

which activates endogenous RAAS, had comparable ET s receptor binding in renal inner 

medulla to a normal salt diet. The reason why physiological and pathological increases in 

Ang II levels differently regulate ET s receptor expression is unknown, but could be due 

to different down-stream signaling pathways that are activated under these circumstances. 

For example, Banes-Berceli et a!. showed that hypertension produced by exogenous 

infusion of Ang II was dependent upon JAK2 activation. However, physiological 

stimulation of endogenous Ang II by a low salt diet did not activate the JAK2 pathway 

(Banes-Berceli eta!., 2011 ). How such pathways could influence ET 8 receptor expression 

and/or signaling has yet to be determined. 

Classically, Ang II cause a change of biological actions through activation of its 

receptors on the cell surface area through the GPCR-mediated signaling pathways, 

mainly via PKC. Recently, an alternative pathway, which activates under pathological 

situation, has been proposed. When Ang II binds to A Tl receptor in plasma membrane, it 

Ill 



leads to an internalization of both components to form endosomes. While a low salt 

feeding increased kidney Ang II level in a similar level as chronic Ang II infusion model, 

rats on a low salt diet had 20 times less of endosomal Ang II formation in the kidney 

compared to Ang II hypertensive rats (Imig et a!., 1999; Zhuo et al., 2002). Internalized 

Ang II could induce long term genomic or transcription effects (Ellis et al., 2012; Zhuo 

and Li, 20 II). Moreover, endosomes can serve as an intracellular platform for continuous 

receptor signaling, such as MAPK or extracellular signal-regulated kinase (ERK) 112 

signaling (Murphy et al., 2009), which may affect the degradation process of ETa 

receptor. The question of whether the differences in the level of endosome formation 

could regulate ETa receptor expression needs to be investigated. 

Together, this work indicates that the renal medullary ET system may respond to 

changes in RAAS activity. Ang II, via AT1 receptor activation, inhibits renal medullary 

ETa receptor function as a means of sodium retention in male rats. Moreover, the 

increase in Ang II that is frequently seen in hypertensive kidneys may impair the 

medullary ET system and may further enhance salt sensitivity. These impairments are 

more pronounced in male rats than females leading to a higher elevation of blood 

pressure in male rats ·in response to chronic Ang II infusion. 
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VI. APPENDIX 

Unpublished work 1: 

TITLE: Natriuretic response to renal medullary endothelin B receptor activation is 

impaired in Dahl-salt sensitive rats on a high fat diet 

INTRODUCTION 

In the United States, the prevalence of overweight and obesity is over 78 million 

adults and 12.5 million children and adolescents (Ogden et al., 2012). Obesity is a major 

risk factor for cardiovascular diseases, including the development or progression of 

hypertension (Cassano et al., 1990; De Marco et al., 2009; Tomiyama et al., 2009). Each 

5% weight gain is associated with 20--30% increased odds of hypertension (Droyvold et 

al., 2005), while weight reduction results in lower blood pressure and reduce the need for 

anti-hypertensive medication (Dali'Asta et al., 2009; Neter et al., 2003). Several lines of 

evidence suggest that obesity cause an increase in sodium reabsorption along the nephron 

(Hall, 2003) such that obese subjects require higher blood pressure level compared to 

normotensive persons to maintain sodium balance between sodium intake and urinary 

sodium excretion. 

Dahl-salt sensitive (DS) rats are genetic animal model of hypertension and kidney 

disease and widely use as a model of human salt-sensitive forms of hypertension. It has 

been shown that dietary nutrients, other thari salt, could potentially elevate blood pressure 

in DS rats. High protein diet, especially derived from casein, led to an increase in blood 

pressure and renal disease in DS rats (De Miguel et al., 2011; Mattson et al., 2004; 

Mattson et al., 2005). High fat diet also moderately elevates blood pressure in DS rats 

(Nagae et al., 2009). Furthermore, the blood pressure elevation induced by high protein 

or fat diet is exacerbated by a high salt feeding. 
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Endothelin (ET) system plays an important role on regulation of sodium balance 

and blood pressure by acting on ETA and ETB receptors. ETA receptors maintain vascular 

tone through vasoconstriction. In contrast, ET 8 receptors oppose ETA receptor effects by 

vasodilation (Kohan, 2008). Moreover, ET B receptors play a role in facilitating sodium 

excretion within the renal medulla (Nakano et al., 2008), specifically the thick ascending 

limbs (Herrera et al., 2009)and collecting ducts (Ge et al., 2006). The dysfunction of 

renal ET system, especially ET 8 receptor function in the renal medulla, is involved in the 

pathophysiology of blood pressure elevation in many salt-sensitive models. In specific 

aim 1, we have shown that chronic infusion of a.pressor dose of Ang II, which is a model 

of salt-sensitive hypertension, impairs the ET 8 -dependent natriuretic response, which is 

associated with a reduction of ET 8 receptor binding in the renal inner medulla. 

Furthermore, Speed et al. demonstrates that DS rats on a high salt diet have a reduction of 

urinary ET -1 production and ET 8 receptor expression in the renal medulla (Speed et a!., 

2011). 

As mention above, high fat feeding induces blood pressure elevation in DS rats, 

we hypothesized that DS rats on a high fat feeding has impaired ET 8 -dependent water 

and sodium excretion. We also examine the effect of high fat feeding on renal ET-1 

production and ET B receptor expression in the inner medulla in this model. 

METHODS 

1. Experimental animal groups 

Male Dahl SS rats were placed on a high fat diet (Bioserve F2685, 58.7% kcal fat 

with 0.4% Na; Frenchtown, NJ) or normal fat diet (Bioserve F6256, 16.5% kcal fat with 
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OA% Na; Frenchtown, NJ) for 4 weeks. Rats were approved, bred and monitored by the 

Georgia Health Sciences University Institutional Animal Care and Use Committee in 

accordance with the National Institutes of Health guidelines. Animals were housed under 

conditions of constant temperature and humidity and exposed to a 12:12-h light-dark 

cycle. All rats were given free access to rat chow and tap water. 

During the final two days of the experiment, the rats were placed in metabolic 

cages in order to measure food and water consumption, and to collect urine for 

determination of urine volume, urinary sodium excretion, and urinary ET -1 excretion. At 

the ·end of the experiment, some rats of each group were used for acute surgical 

preparation to examine renal medullary ET 8 receptor function. Others were anesthetized 

with pentobarbital (50 mglkg; i.p.) and blood was collected and centrifuged. Plasma was 

stored at -80 oc for further analyses. Kidneys were removed and dissected. Renal inner 

medullary tissue was isolated and stored at -80 oc for receptor binding analysis. 

2. Urinary ET -1 assay 

ET-1 was determined by radioimmunoassay (Peninsula Laboratories Inc., San 

Carlos, CA). According to the manufacturer's instructions, there was 100% cross

reactivity with ET-1 (rat), 19% cross-reactivity with Big ET-1 (rat), and 7% cross

reactivity with ET-3 (rat). 

3. Surgical preparation and acute intramedullary infusion of ET receptor agonist 

Rats were anesthetized with inactin (Thiobutabarbital sodium, 100 mg/kg i.p., 

Sigma, St. Louis, MO) and surgery was performed as described in page 35-36. Saline or 

drugs ET B receptor agonist sarafotoxin 6c (S6c; 0.45 Jlgfkg/min; American Peptide, Inc., 

Sunnyvale, CA) were infused directly into the renal medulla for 80 min. Urine collection 
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protocols were started after a 60-min equilibration period. Urine collection from each 

ureter during the first two 20-min period was collected and the last 20-min period was 

used as the baseline excretion. Then, drugs were infused for four-20 min period in which 

the last 20-min period was reported as the experimental period. Urinary sodium 

concentration was measured by atomic absorption spectrometry (model AA200, Perkin 

Elmer, Boston, MA). 

4. Receptor-binding assay 

As described in page 38-39, renal inner medulla was harvested and frozen at -

80°C. Inner medullary tissues were homogenized and centrifuged to obtain the membrane 

fraction (MF). Protein concentrations ofMF were determined by the Bradford· assay. MF 

and binding buffer were incubated with 1 mg of wheat germ agglutinin polyvinyltoluene 

beads (Perkin Elmer, Waltham, MA) for 3 hat room temperature. [1251]-ET-1 or [1251]

ET-3 (Perkin Elmer, Waltham, MA) at the final concentration of0.03-1 nM or 0.06-1 nM, 

respectively, was added to each well. 25 J.!l of unlabeled ET-1 and ET-3 (American 

peptide, Sunnyvale, CA) at final concentration of 10 J.!M was used to determine 

nonspecific binding. After 18 h incubation, the plate was centrifuged and counted on a 

Top Count microplate scintillation counter (Packard, Meriden, CT). The maximal binding 

capacity (Bmax) and the dissociation constant (K.!) were determined by Scatchard analysis 

(Prism, GraphPad Software, San Diego, CA). 

Statistical analysis 

Urine flow rate, urinary sodium excretion, and MAP in response to intramedullary 

infusion of saline or S6c were analyzed by repeated-measures ANOV A followed by 
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Bonferroni post hoc tests among DS rats receiving a normal or high fat diet. Metabolic 

parameters, urinary excretions ofET-1, and receptor binding data were analyzed by t-test 

to compare between a normal and high fat diet. Results are expressed as mean ± SE with 

p<O.OS being considered statistically significant. 

RESULTS 

Metabolic characteristics of DS rats 011 a lligllfat diet 

To confirm that a high fat diet induces blood pressure elevation in DS rats, ·we 

measured blood pressure by tail cuff plethsomyography (IITC Life Sciences, Inc., 

Woodland Hills, CA) after 4 weeks of normal or high fat salt feeding. We found that DS 

rats on a high fat diet had significantly elevated SBP compared to DS rats on normal fat 

feeding (143±1 vs. 133±3 mrnHg; p<O.OS). 

Food and sodium intakes from week 1 to week 4 were significantly lower in high 

fat feeding compared to normal fat feeding. However, fat and caloric intakes were higher 

in high fat feeding compared to normal fat feeding (Figure 27). 

Uri11my ET-1 productio11 i11 DS rats 011 a lligllfat diet 

We examined the effect of high fat feeding on urinary ET-1 excretion, which 

reflects renal ET-1 production (Abassi et a!., 1992), in DS rats. After 4 weeks of 

treatment, high fat feeding had no effect on urinary ET -1 excretion compared to a normal 

fat diet (Figure 28). 

142 



A B 
I:J Normal fat diet 

• High fat diet 

" • • • • 
~ 2 "' 
H • • • • ~>; -.a 
-~ E'il> 

~ 1 ]E. 4 

c D • • • • • • • 
" .. - ii~ "'"' u -;g ·- .. .!l,. 

~u !o;u ll.c -"' .. -u 

1 2 3 4 1 2 3 4 
(week) (week) 

Figure 27. The amount of food (A), sodium (B), fat (C) and caloric (D) intakes in DS rats 

fed normal or high fat diet; 'p<O. 05 vs. a normal fat diet at the same time period; n=5-8 

rats/group. 
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Figure 28. Urinary ET-1 excretion after 4-week treatment of a normal or high fat diet in 

DS rats; n=5-6 rats/group. 
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l11tramedullary ET 8 receptor fu11ctio11 ill DS rats 011 a lligfl fat diet 

The acute intramedullary infusion of saline did not change urine flow rate and 

urinary sodium excretion in both normal (Figure 29A and 29C) and high fat feeding 

(Figure 29B and 29D) compared to the baseline period. The intramedullary infusion of 

the ET 8 receptor agonist, sarafotoxin 6c (S6c), displayed an increase in urine flow 

(Figure 29A) and urinary sodium excretion (Figure 29C) in DS rats on normal fat feeding 

compared to the baseline period. In contrast, S6c infusion into the renal medulla did not 

increase urine flow rate (Figure 29B) and urinary sodium excretion (Figure 29D) in DS 

rats on a high fat diet. The intramedullary infusion of S6c did not affect blood pressure in 

either group (Figure 3E and 3F). 

ET-1 a11d ET-3 bi11di11g ill i1111er medulla of DS rats 011 a fligfl fat diet 

ET-1 has a similar affinity to both ETA and ET8 receptors. However, ET-3 has a 

much higher affinity for ET B receptors compared to ETA receptors and binds only ET B 

receptors at low concentrations. Thus, the saturation curve of [1251]-ET-1 was performed 

to determine ETA and ET B receptor binding, and the saturation curve of e25I]-ET-3 was 

used to determine ETs receptor binding. Both e251]-ET-1 and [1251]-ET-3 binding curves 

reached saturation at 0.3 nM. DS rats on normal fat feeding had significantly higher 

e25I]-ET-1 specific binding sites in the renal inner medullary preparations than DS rats 

on high fat feeding (Figure 30A). Similar to e25I]-ET-1 binding, renal inner medullary 

preparations from DS rats on high fat feeding had lower e251]-ET-3 specific binding 

curves (Figure 30B). 
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As described above, maximum binding (Bmax) values of [1251]-ET-1 binding sites 

that represent total ETA and ETs receptor binding and Bmax values of e251]-ET-3 

binding sites represent specific ET s receptor binding as previously described (Taylor et 

al., 2003). The difference between Bmax values of [1251]-ET-1 and e251]-ET-3 binding 

was used to determine ETA receptor binding. Bmax values for ET s receptor binding in 

renal inner medullary tissue were higher in DS rats on a normal fat diet (Figure 31A). In 

contrast, there was difference in Bmax values for ETA receptor binding in tissues from 

either normal or low fat fed rats (Figure 31B}: The ETA/ET s ratio has a tendency to 

increase in DS rats fed high fat diet compared to DS rats fed normal fat diet (0.15±0.05 

vs. 0.05±0.01; p=O.OS). 
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Figure 29. Urine flow (A, B), urinary sodiU)ll. excretion (C, D), and mean arterial 

pressure (E, F) during intramedullary infusion of saline or ET 8 receptor agonist, S6c, in 

DS rats on a normal or high fat diet for 4 weeks; • p<O.OS vs. a normal fat diet at the same 

time period; n=S-6 rats/group. 
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Figure 30. Saturation binding curves of [125!]-ET-1 (A) and [125!]-ET-3 (B) from inner 

medullary preparation of DS rats fed normal or high fat diet; n=4 rats/group. 

Figure 31. ETA (A) and ETB (B) receptor binding in the renal inner medulla ofDS rats 

fed normal or high fat diet; 'p<0.05 vs. a normal fat diet; n=4 rats/group. 
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Unpublished work II: 

OBJECTIVE: To determine if ETA receptors increase blood pressure and renal damage 

in DS rats fed high fat diet 

METHODS: 

DS rats were treated with normal or high fat diet from 3 to I 6 weeks of age. 

Because high fat group had lower food and sodium intake, sodium chloride supplement 

had been added into high fat diet to match the amount of sodium intake in a normal fat 

diet group. Food intake was measured daily and the amount of sodium added was 

adjusted twice a week. After 7-8 weeks of age, both normal and high fat feedings were 

implanted with telemetry. 24-hr MAP started recording from 9 to 16 weeks of age. At 14 

weeks of age, subset of both rats fed normal and high fat diet received the ETA receptors 

antagonist, ABT-627 (5mg/kg/d), for 2 weeks. Rats were placed in metabolic cages 

weekly for 24-h acclimation followed by a 24-h urine collection from 14 to 16 weeks of 

age. After 16 weeks of age, rats were anesthetized. Glomeruli were isolated from the 

renal cortex and performed glomerular permeability as previously described (Saleh et al., 

2010). 

RESULTS 

Urinary sodium excretion was comparable between normal fat diet and high fat 

diet with salt supplement at the 14 to 16 week of age (Figure 32). At the similar amount 

of sodium consumption, DS rats fed high fat diet had comparable blood pressure to DS 
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rats feq normal fat diet. Administration of ABT -627 dramatically reduced blood pressure 

in both a normal and high fat diet group (Figure 33). 

High fat feeding had lower protein excretion compared to a normal fat diet. ABT-

627 did not affect proteinuria in any groups (Figure 34). At the 16 week of age, 

glomerular permeability was not different between a normal and high fat diet group 

(Figure 9A). However, urinary excretion of nephrin, a marker of glomerular damage, was 

lower in high fat feeding compared to normal fat diet (Figure 35B). ABT-627 did not 

affect glomerular permeability and nephrin excretion in any groups (Figure 35A and 35B). 

149 



A 

8 

-~ 
0 
E 
.§. 

~ z 
:J 

c 

-~ 
0 
E 
E -> ra z 
:J 

1 

1 

Cl Normalfatdiet • Highfatdiet 
PDiet= ns 

p Treatment = ns 
PD'r= ns 

Poiet= ns 

p Treatment = ns 
PD'r= ns 

P01e1< 0.05 

p Treatment = ns 
PD'r= ns 

Vehicle ABT-627 

Figure 32. Sodium excretion in DS rats fed normal fat diet or high fat diet with salt 

supplement at 14 (A, baseline), 15 (B), and 16 (C) weeks of age. ETA receptor antagonist, 

ABT-627, was given to a subset group ofrats either a normal or high salt diet at 14 weeks 

of age for 2 weeks. 
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Figure 33. 24-h mean arterial pressure in DS ratS fed normal fat diet or high fat diet with 

salt supplement. ETA receptor antagonist, ABT -627, was given to a subset group of rats 

either a normal or high salt diet at 14 weeks of age for 2 weeks. 
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Figure 34. Protein excretion in DS rats fed normal fat diet or high fat diet with salt 

supplement at 14 (A, baseline), 15 (B), and 16.(C) weeks of age. ETA receptor antagonist, 

ABT-627, was given to a subset group of rats either a normal or high salt diet at 14 weeks 

of age for 2 weeks. 
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