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JENNIFER M. SASSER 
Endothelin-1 Signaling and Reactive Oxygen Species Production in Hypertension and 
Type 1 Diabetes Mellitus 
(Under the direction of JENNIFER S. POLLOCK, Ph.D.) 

Nitric oxide (NO) and endothelin-1 (ET-1) play important roles in the 

cardiovascular system, and alterations in these pathways.can have significant effects on 

the regulation of blood pressure and renal function. Reactive oxygen species (ROS) 

influence the production and actions of these two factors, and therefore modulate the 

biological effects ofNO and ET-1. Thus, the overall goal of these studies was to 

determine the impact of increased ROS and ET -1 production in the development of 

hypertension and diabetic kidney disease. We hypothesized that (1 )_ increased superoxide 

production and a dysregulation of endothelial NO synthase (NOS3) in small arteries 

result in reduced NO bioavailability in hypertension and (2) enhanced ET -1 production 

and endothelin A (ETA) receptor activation promotes renal injury in the settings of 

hypertension and diabetes. We found that basal NO/cGMP signaling is diminished in 

small mesenteric arteries ofDOCA-salt rats, and this decrease is associated with reduced 

NOS3 phosphorylation at two positive regulatory sites, but not superoxide production. 

Chronic angiotensin II (An g) infusion combined with a high salt diet increased the renal 

cortical and outer medullary ET -1 content. However, high salt diet; with or without Ang 

infusion, reduced inner medullary ET-1 content and increased urinary excretion ofET-1. 

These data indicate that chronic elevations in Ang levels and sodium intake produce 

differential effects on ET -1 levels within the kidney. Blockade of the ETA receptor with 

ABT -627 reduced renal injury in the streptozotocin model of type 1· diabetes. We found 

that oxidative stress was increased in hyperglycemic rats; however, the production of 

reactive oxygen species was not attenuated by ETA receptor blockade, indicating that the 



increased reactive oxygen species production observed in diabetes is not due to ETA 

receptor activation. Additionally, we found that urinary excretion of the metabolites of 

prostaglandin E2 (PGE2), prostacyclin, and thromboxane are all increased in 

hyperglycemic rats, and ETA receptor blockade reduced the excretion ofPGE2 

metabolites. By obtaining a better understanding of reactive oxygen species production 

and ET -1 signaling pathways, we have gained a new perspective on the roles of these 

factors in the development of hypertension and diabetic renal disease. 

KEY WORDS: endothelin-1, reactive oxygen species, endothelial nitric oxide synthase, 

mesenteric arteries, kidney, hypertension, diabetes mellitus 
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. INTRODUCTION 

Statement of Problem 

The endothelial derived factors nitric oxide (NO) and endothelin-1 (ET -1) play 

important physiological and pathophysiological roles in the cardiovascular system. 

Because these pathways are involved in the regulation of vascular tone, renal 

hemodynamics, and solute and volume homeostasis, alterations in the production or 

actions ofNO and ET-1 can have significant effects on the regulation of kidney function 

and renal pathophysiology. Reactive oxygen species can influence the production and 

signaling of these two factors, and therefore modulate the biological effects of NO and 

ET -1. Thus, th.e over11.1I goal of these studies w!l§__to determine the role of increased 

production ofET-1 and reactive oxygen species in the development of hypertension and 

diabetic kidney disease. We hypothesized that increased NADPH oxidase-derived 

superoxide production and a dysregulation of endothelial NO synthase (NOS3) in small 

arteries result in reduced availability ofNO and contribute to the pathogenesis of 

hypertension. In addition, we hypothesized that enhanced ET -1 production and 

endothelin A (ETA) receptor activation promote renal injury in the settings of 

hypertension and diabetes. By gaining a better understanding of the regulation of these 

pathways in disease states, we have gained a new perspective on the roles of reactive 

oxygen species and ET -1 in the development of hypertension and diabetic renal disease. 
1 



Specific Aims 

Specific Aim 1: To test the h?'Jlothesis that basal NO/cGMP signaling in small 

mesenteric arteries ofDOCA-salt hypertensive rats is inhibited by NADPH oxidase-

dependent Oz-production and decreased NOS3 phosphorylation. 

Specific Aim 2: To test the hypothesis that changes in arterial pressure and renal 

function observed during chronic angiotensin IT-induced hypertension are associated with 

increases in renal production of ET -I. 

Specific Aim 3: To test the hypothesis that enhanced activation of the ETA 

receptor promotes renal injury in type 1 diabetes mellitus via increased production of 

reactive oxygen species, induction of cyclooxygenase 2, and increased production of 

prostanoids. 

Review of the Literature 

The impact of high blood pressure and diabetes in America. High blood 

pressure is defined as a systolic pressure of 140 mm Hg or higher or a diastolic pressure 

of 90 mm Hg or higher. According to recent statistics released by the American Heart 

Association, approximately one in every three American adults has hypertension (Fields, 

2004), and high blood pressure was a primary or contributing cause of over 250,000 

deaths in the U.S. in 2002. The estimated annual cost of high blood pressure was almost 

$60 billion in 2005 (American Heart Association, 2005). 

Diabetes is characterized by high blood glucose levels due to defective insulin 

production and/or action. Diabetes is diagnosed when fasting plasma glucose levels 
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exceed 125 mg/dl. Type 1 diabetes (insulin-dependent diabetes mellitus) develops when 

the pancreatic beta cells no longer produce insulin and accounts for approximately 5-10% 

of all diagnosed cases of diabetes. Type 2 diabetes (non-insulin-dependent diabetes 

mellitus) is the much more common form of diabetes. Type 2 diabetes begins as insulin 

resistance, a defect in the cellular ability to use insulin properly. Over time, the beta cells 

of the pancreas lose the ability to produce insulin. 

Over 18 million Americans have diabetes, and diabetes was the sixth leading 

cause of death in the U.S. in 2000. In addition, diabetes was a contributing factor in over 

200,000 deaths. In 2002, the total costs of diabetes in the U.S. were over $132 billion 

(National Diabetes Fact Sheet, 2003). Diabetes is associated with many other serious 

diseases, and the complications of diabetes include heart disease, stroke, high blood 

pressure, kidney failure, blindness and nervous system disease. 

Nitric oxide. Nitric oxide (NO) is synthesized during the conversion of L

arginine to L-citrulline by a family of NO synthase (NOS) enzymes. Three mammalian 

NOS -isoforms have been identified: neuronal NOS (NOS I), inducible NOS (NOS2), and 

endothelial NOS (NOS3). NOS! and NOS3 are constitutively expressed and are 

calcium/calmodulin dependent; however, NOS2 is calcium-independent and is induced in 

response to inflammatory stimuli. NO is a paracrine factor with many physiological 

actions including the control of vascular tone, inhibition of vascular smooth muscle cell 

proliferation and endothelial cell apoptosis, antithrombotic actions, cell cycle regulation, 

regulation of sodium transport in the nephron, neurotransmission, and inflammation. 
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In 1980, Furchgott and Zawadski found that the endothelium produces a relaxing 

factor, EDRF, in response to acetylcholine. EDRF was then later identified as NO. 

Endothelial-derived NO freely diffuses into adjacent smooth muscle cells where it 

activates soluble guanylate cyclase to produce guanosine 3', 5'-cyclic monophosphate 

( cGMP), resulting in vasodilation. In addition to its vascular effects, NO plays an 

important role in the control of renal function and long-term regulation of blood pressure. 

NOS3 is expressed throughout the kidney, and kidney-derived NO regulates renal 

function via several mechanisms including increasing renal blood flow (Navar, 1996), 

increasing glomerular filtration (Gabbai, 1999), inhibiting sodium transport along the 

nephron (Ortiz, 2002; Ortiz, 2003; Sasaki, 2004), and regulating release of renin 

(Schnackenberg, 1997). NO/cGMP signal transduction may be !J.ffected by changes in 

NOS3 expression, by alterations in NOS3 substrate or cofactor availability, by post

translational modifications ofNOS3, or by the quenching ofbioactive NO by reactive 

oxygen species, among other mechanisms. 

Regulation of NOS3 activity. The regulation ofNOS3 activity is very complex. 

NOS3 is tethered to the membrane by myristoylation and palmitoylation, and subcellular 

targeting within the cell is an important regulator of enzyme activity. The proper 

localization ofNOS3 is essential for its interactions with the scaffolding proteins, 

chaperones, kinases, and phosphatases that regulate its activity. 

In the basal state, NOS3 is targeted to caveolae, where it is inhibited by caveolin-1 

{Garcia-Cardena, 1996). Upon stimulation, the enzyme dissociates from caveolin-1. 

NOS3 is activated by shear stress and by various calcium-mobilizing agents. When cells 
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are stimulated by calcium-mobilizing agents, released calcium binds calmodulin and the 

calcium/calmodulin complex binds to the NOS3 enzyme to displace an autoinhibitory 

loop and promote NO synthesis. NOS3 requires molecular oxygen and a battery of 

cofactors (such as NADPH, heme, and tetrahydrobiopterin) in order to produce NO 

(Pollock, 1991). In addition, recent studies using purified enzyme or cultured 

endothelial cells have shown that NOS3 undergoes phosphorylation on serine, threonine, 

and tyrosine residues. 

NOS3 is regulated by phosphorylation. Serine/threonine phosphorylation is an 

important regulator ofNOS3 activity. In vitro studies have shown that phosphorylation 

ofNOS3 at serine 1179 (bovine NOS3 sequence) increases enzyme activity (Chen, 1999; 

Michell, 1999; Gallis 1999), and recent evidence suggests that phosphorylation ofNOS3 

at serine 635 may positively regulate basal enzyme activity (Boo, 2002; Michell, 2002; 

Bauer, 2003). Studies have also demonstrated that dephosphorylation of threonine 497 

results in activation ofNOS3 (Fleming, 2001; Chen, 1999). Serine residues 116 and 617 

have also been identified as phosphorylation sites (Gallis, 1999; Michell, 2002), but the 

functional role of phosphorylation at these sites has not been determined. Tyrosine 

phosphorylation ofNOS3 has also been demonstrated. When the enzyme is 

phosphorylated on tyrosine residues, NOS3 exhibits reduced activity; however, the site. of 

phosphory1ationremains unknown (Garcia-Cardeiia, 1996). 

Various kinases and phosphatases have been shown to regulate NOS3 

pho~phorylation in vitro. The protein kinase Akt directly phosphorylates recombinant 

NOS3 at serine 1179 (Fulton, 1999), and inhibition of phosphatidylinositol3-kinase has 
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been reported to reduce insulin- and VEGF-stimulated NO release (Zeng, 1996; 

Papapetropoulos, 1997). However, phosphatidylinositol3-kinase inhibition does not 

completely block phosphorylation ofNOS3 at serine 1179, indicating that other kinases 

also play a role in the phosphorylation ofNOS3. Other kinases that phosphorylate serine 

1179 are the AMP-activated kinase, which also phosphorylates threonine 497 (Chen, 

1999) and the cAMP and cGMP-dependent protein kinases, which also phosphorylate 

serine 635 (Butt, 2000). Protein kinase C also phosphorylates threonine 497 of the 

enzyme and leads to reduced NOS activity (Fleming, 2001). NOS3 activity may also be 

affected by phosphatases. In vitro studies have demonstrated that NOS3 is 

dephosphorylated at threonine 497 by three phosphatases, PP1, PP2A and PP2B. In 

addition, PP2A has been shown to dephosphorylate both serine 1179 and serine 635 

(Greif, 2002; Michell, 2001; Harris, 2001) 

The regulation ofNOS3 phosphorylation in vivo has not been well characterized, 

and it is unknown if changes in NOS3 phosphorylation result in altered NO/cGMP 

signaling in humans or in animal models. 

Thr-497 Ser-635 
Ser-116 

' . .1 ' .. . .. . J ~~;~17 [~ ___ s_e_r -_1___,1 :~ 
Oxygenase (. CaM- t··:. Reductase 

Domain \ binding . Domain 
,, Domain J,...._· ________ ___,..,./ 

/ 

Figure 1. Diagram of NOS3 domain structure and serine I threonine 

phosphorylation sites. 
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Reactive oxygen species reduce NO bioavailability. The halflife of NO is 

d~termined by the presence of reactive oxygen species. Superoxide (Oz) reacts rapidly 

with NO to form peroxynitrite (ONOO-), thereby reducing NO bioavailability. The 

reaction between NO and Oz- is three to four times faster than the dismutation of 0 2- by 

superoxide dismutase (Munzel, 2005); therefore, ONoo- production may have a 

significant impact on NO signaling in settings of oxidative stress. In addition to 

quenching NO, ONoo· and other reactive oxygen species can oxidize 

tetrahydrobiopterin, an essential cofactor ofNOS, resulting in decreased NO production 

(Landmesser, 2003). Studies also suggest that ONoo· can disrupt the zinc-thiolate 

cluster ofNOS3 and uncouple the enzyme (Zou, 2002). In the uncoupled state, electrons 

are diverted from the substrate L-arginine to molecular oxygen, and-the enzyme produces 

superoxide rather than nitric oxide 01 asquez-Vivar, 1998). Therefore, NOS3 itself may 

contribute to increased oxidative stress and reduced NO bioavailability. 

Endothelial dysfunction. The endothelium plays a critical role in maintaining 

vascular tone via the release of vasoactive substances. Endothelial dysfunction, an 

imbalance between the vasoconstrictive and vasodilatory agents released from 

endothelial cells, is associated with the development of hypertension, diabetes, and other 

cardiovascular diseases. While the underlying mechanisms are not completely 

understood, decreased endothelium-derived NO is thought to be one of the main factors 

that contribute to endothelial dysfunction. Decreased NOS3 expression or activity 

(Wilcox, 1997), decreased NOS3 substrate or cofactor availability (Xia, 1996; 
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Landmesser, 2003), or increased degradation ofNO by reactive oxygen species 

(Harrison, 1997) may all contribute to decreased NO bioavailability. 

In animal models of salt-sensitive hypertension, endothelial dysfunction has been 

well documented in conduit arteries. In the aorta and carotid arteries ofDOCA-salt 

hypertensive rats, both basal NO production (White, 1996) and acetylcholine-induced 

relaxation (Kirchner, 1993; Somers, 2000) are attenuated. However, few studies have 

examined basal nitric oxide availability in small arteries even though it is well established 

that peripheral vascular resistance is primarily determined by small arteries with a 

diameter less than 300 11m (Schiffrin, 1992). 

Endothelin. Endothelin (ET), a 21 amino acid peptide, is a potent vasoconstrictor 

and natriuretic factor. After the initial discovery that ET was produced by endothelial cells 

(Hickey, 1985; Yanagisawa, 1998), three isopeptides ofETwere identified: ET-1, ET-2, 

and ET -3 (Inoue, 1989). These peptides are expressed in a wide variety of cell types; 

however, endothelial cells primarily produce ET -1. Although ET -1 was originally thought 

to be produced only in the vascular endothelium, it has also been shown to be produced 

by various cell types within the kidney, including mesangial cells and epithelial cells of 

the nephron in addition to renal vascular and glomerular endothelial cells. 

Endothelin receptors. Two endothelin receptors have been identified: the 

endothelin A (ETA) receptor, and the endothelin B (ETB) receptor. These receptors can be 

distinguished by their affinity for the ET isopeptides, with ETA preferentially binding ET -1 

(Remsen, 1991) and ETB binding all three ET isopeptides with equal affinity (Clozel, 

1992). It is traditionally thought that activation of ETA receptors on vascular smooth 
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muscle cells produces vasoconstriction while activation ofETB rece{itors on vascular 

endothelial cells or tubular epithelial cells results in vasodilation and natriuresis via nitric 

oxide and prostacyclin production (Pollock and Pollock, 2001 ). 

ET receptors are localized to sites ofET production, consistent with the role ofET 

as a paracrine factor. In many vascular beds (including the aorta, coronary artery, internal 

mammary artery, and saphenous vein) and in tracheal smooth muscle, the ETA receptor is 

the predominant ET receptor. ETB receptors are distributed throughout the vasculature and 

the lung. Both ETA and ETB receptors are expressed throughout the kidney and have been 

identified in vascular, glomerular, mesangial, and tubular cells. The highest density ofET-

1 binding sites lies within the renal inner medulla. ET receptors are also highly expressed 

in the inner stripe of the outer medulla and glomeruli and are expressed at low to moderate 

levels throughout the renal cortex. 

The ETB receptors can be subdivided into two classes: ETB 1 and ETB2 receptors. 

The ETB 1 receptor on endothelial and epithelial cells is responsible for traditional roles of 

the ETB receptor, vasodilation and natriuresis. The ETB2 receptor, found on vascular 

smooth muscle-cells, has been shown to produce vasoconstriction, siririlar to the ETA 

receptor (Pollock, 2001). ETB receptors also function to clear ET-1 from the circulation. 

ET -1 binds irreversibly to ETB receptors, and blockade of the ETB receptor results in 

increasedplasmaET-llevels (Loffier, 1993). 

Regulation of endothelin-1 production in the kidney. Because it is an 

autocrine/paracrine factor, the intra-renal systhesis ofET -1 is an important regulator of 

ET signaling. By elucidating the mechanisms involved in the stimulation ofET-1 
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production, we can gain a greater understanding of how the ET system contributes to the 

control of renal function. Our laboratory has recently provided evidence that ET -1 plays 

an important role in the response to a high salt intake. Urinary ET -1 excretion is elevated 

in rats on a high salt diet (Pollock, 2001). Chronic ETB receptor blockade increases 

arterial pressure to a greater degree in rats on a high-salt diet compared with those on a 

low-salt diet, suggesting that the renal ET system is an important factor in the 

physiological response to salt loading. 

In addition to its role in the normal control of sodium homeostasis, the renal ET 

system may be activated in the pathology of hypertension and diabetes. Over-expression 

of endothelin-1 is present in several models of hypertension (Schiffrin, 1999) and 

diabetes (Benigni, 1998; Fukui, 1994; Khan, 1999). Angiotensin II (Ang II), a potent 

vasoconstrictor and sodium-retaining factor, stimulates the production ofET-1. 

Experiments with cultured cells have shown that Ang II stimulates release of ET -1 by 

vascular smooth muscle cells, endothelial cells, and mesangial cells (Dohi, 1992; Kohno, 

1992; Sung, 1994). Ang II has also been shown to stimulate the expression of 

preproendothelin-1 rnRNA in rat vascular smooth muscle cells and in rat and bovine 

endothelial cells (Dohi, 1992; Irnai, 1992; Sung, 1994). In addition, in vivo studies have 

shown that rats with chronic Ang II hypertension have elevated renl!l ET -1 levels and 

enhanced preproendothelin rnRNA expression in the renal cortex and medulla 

(Alexander, 2001; Barton, 1998). The hypertension associated with chronic Ang II 

infusion can be attenuated by a mixed endothelin receptor antagonist or by selective ETA 

receptor antagonists (Ballew, 2000; Barton, 1998; Herizi, 1998; Rajagopalan, 1997). ET 
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' 
receptor antagonists have also been shown to prevent the structural and functional 

alterations of the preglomerular vasculature and some of the changes in endothelial 

function observed in chronic Ang ll hypertension even in the absence of a change in 

blood pressure (Casellas, 1997; D'Uscio, 1997). 

Renal actions of endothelin-1. ET -1 plays a complex role iii the regulation of 

vascular tone and volume homeostasis. Within the kidney, ET -1 has opposing 

hemodynamic effects to produce vasoconstriction within the renal cortex while 

vasodilating within the renal medulla (Gurbanov, 1996). It has also been shown that ET-

1 inhibits sodium reabsorption in the thick ascending limb, and in tlie cortical, outer 

medullary and inner medullary collecting ducts (Plato, FASEB J, 1999; Plato, Clin Exptl 

Pharmacol Physiol, 1999; Edwards, 1992; Pollock, 1998; Zeidel, 1989). ill the collecting 

duct, ET inhibits transport by decreasing Na + -K+ -A TPase and epithelial sodium channel 

activity (Zeidel, 1989; Gallego, 1996), consistent with a role ofET as a promoter of 

sodium and water excretion (Pollock, 2000). 

ill addition to its effects on vascular tone and sodium transport, ET -1 can also 

stimulate hypertrophy, proliferation, and extracellular matrix accumulation within the 

kidney. These effects are primarily due to ETA receptor stimulation and activation of the 

MAP kinase pathway (Masaki, 1995; Sugden, 2003), although some evidence suggests 

that ETB receptors may also contribute to the proliferative effects ofET -1. ET -1 has 

been shown to exert mitogenic effects on various cell types within the kidney including 

vascular smooth muscle cells, mesangial cells, and fibroblasts. Therefore, over-
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expression of ET -1 in the kidney is likely to contribute to the renal fibrosis associated 

with hypertension and diabetic nephropathy. 

Endothelin-1 stimulates the production of autacoids. ET -1 can also stimulate 

the release of several other mediators, such as nitric oxide, prostanoids, and reactive 

oxygen species. ETB receptor activation stimulates NO and prostacyclin release from 

endothelial cells (Warner, 1989; Chou, 1990), resulting in a transient vasodilator effect in 

the vasculature. ET -1 also stimulates NO and prostaglandin E2 production in tubular 

epithelial cells to inhibit sodium transport in the nephron (Plato, 2000; Zeidel, 1989). 

Many studies have shown that ET -1 stimulates prostacyclin production via the ETB 

receptor. However, in mesangial cells the ETA receptor is responsible for the induction 

of cyclooxygenase 2 expression and prostaglandin E2 production (Hughes, 1995; 

Sugimoto, 2001). 

Recent studies demonstrated that ETA receptor activation increases the 

production of reactive oxygen species in the vasculature and in the kidney. In DOCA

salt hypertension, a low-renin, endothelin-dependent model of hypertension, ET -1 

stimulated NADPH oxidase production of superoxide in carotid arteries (Li, 2003), and 

ETA receptor blockade reduced vascular superoxide generation (Callera, 2003). In 

animals chronically infused with ET -1, renal levels of thiobarbituric acid reactive 

substances (TBARS) and urinary 8-isoprostaglandin F2-alpha excretion were increased. 

In addition, the increase in arterial pressure in response to ET -1 was attenuated by 

treatment with tempo!, a superoxide dismutase mimetic (Sedeek, 2003). Studies from our 

laboratory have demonstrated that ETA receptor blockade reduced aortic superoxide 
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production and plasma 8-isoprostane levels in ETB receptor deficient rats (Elmarakby, 

2004) 

ET receptor antagonists in the treatment of hypertension and diabetes. Strong 

evidence for the role ofET-1 in the development of hypertension and diabetic renal injury 

has been provided by studies using ET receptor antagonists. ETA receptor blockade 

reduces the rise in mean arterial pressure and decline in glomerular filtration rate 

associated with Ang IT-induced hypertension (Ballew, 2001; Barton, 1998; Rajagopalan, 

1997). However, in DOCA-salt hypertension, ETA receptor blockade reduced blood 

pressure with no improvement in renal function (Allcock, 1998). ETA receptor 

antagonists as well as combined ETAIETB receptor antagonists prevented the 

development of hypertension, renal vasoconstriction, proteinuria, renal matrix protein 

expression, and renal structural injury in streptozotocin-induced diabetes (Ding 2003; 

Cosenzi, 2003; Rocher, 2001). 

Oxidative Stress in Hypertension and Diabetes. Experimental and clinical data 

have linked an enhanced production of reactive oxygen species to both hypertension and 

diabetes. In human hypertension, markers of oxidative stress are elevated (Redon, 2003), 

and antioxidant treatment improves vascular and renal function and reduces blood 

pressure and vascular remodeling (Rodriguez-Iturbe, 2003; Virdis, 2004). Production of 

reactive oxygen species is also increased in diabetic patients, especially in those with 

poor glycemic control (Son, 2004). Increased oxidative stress has also been observed in 

several animal models including DOCA-salt hypertensive rats (Soniers, 2000; Beswick, 

200 I), angiotensin II infused rats (Fukui, 1997), ET -1 infused hypertensive rats 
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(Elmarakby, 2005), and streptozotocin-induced diabetic rats (Ishii, 2001; Onozato, 2002; 

Asaba, 2005). 

Reactive oxygen species include both free radicals such as the superoxide anion, 

the hydroxyl radical, lipid radicals, and nitric oxide and other oxidant molecules such as 

hydrogen peroxide, peroxynitrite, and hypochlorous acid. The effects of increased 

oxidative stress include vasoconstriction, vascular smooth muscle cell growth and 

migration, endothelial dysfunction, modification of extracellular matrix proteins, and 

renal sodium reabsorption. Reactive oxygen species can directly cause tissue damage via 

DNA damage, lipid peroxidation, protein nitration, and induction of inflammatory genes. 

These molecules can also exert their effects indirectly via depletion ofNO (Lassegue, 

2004). 

Sources of superoxide. Mitochondrial respiration is generally considered to be 

the major source of cellular reactive oxygen species (Shigenaga, 1994). Previous studies 

have demonstrated that complex I and complex ill of the mitochondrial electron transport 

chain are involved in the reduction of molecular oxygen to superoxide (Li, ~999). In 

addition to mitochondrial production of superoxide, there are several enzymatic sources 

of superoxide. These include nicotine adenine dinucleotide phosphate (NADPH) 

oxidase, uncoupled NOS, xanthine oxidase, cyclooxygenase, lipoxygenase, 

hemeoxygenases, and peroxidases. Recent studies have focused on .the roles ofNADPH 

oxidase and uncoupled NOS as sources of superoxide in cardiovascular diseases. 

Several models experimental hypertension and diabetes exhibit increased activity 

ofNADPH oxidase, the predominant source of superoxide in the vasculature and the 
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kidney (Griendling, 2000; Modlinger, 2004). The NADPH oxidase complex is 

comprised of five subunits: gp91 phox, p22 phox, p47, p67, and a rae protein 

(Griendling, 2000; Landmesser, 2002). Upon stimulation, p47, p67, and rae are recruited 

to the membrane and associate with gp91 phox and p22 phox. NADPH oxidase is 

activated by angiotensin II, thrombin, and inflammatory cytokines (Landmesser, 2002; 

Droge, 2002). 

Recent studies have shown that the NOS enzymes are also potential sources of 

superoxide, especially in the settings of hypertension and diabetes. When there are low 

levels of the NOS substrate L-arginine or the cofactor tetrahydrobiopterin, the enzyme 

becomes "uncoupled." In the uncoupled state, electrons are diverted from the substrate 

L-arginine to molecular oxygen, and the enzyme produces superoxide rather than nitric 

oxide 01 asquez-Vivar, 1998). NOS3 uncoupling has also been observed when the 

interaction ofNOS3 and heat shock protein 90 is disrupted (Pritchard, 2001). 

Furthermore, it has been hypothesized that the phosphorylation state ofNOS3 determines 

whether the enzyme will produce NO or superoxide. In vitro studies predict that the 

dephosphorylation at the threonine 497 residue acts as a switch mechanism to promote 

the generation of superoxide instead of NO (Lin, 2003). 
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METHODS 

Animal Models. All experiments were performed using male Sprague-Dawley 

rats (200-250 g, 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 Medical College of Georgia IACUC. 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 regular rat chow (0.8% NaCI) and water during 

a 1 wk baseline period. All normal and special NaCl content rat chow was obtained from 

Harlan Teklad (Madison, WI). 

DOCA-salt hypertension. Male Sprague--Dawley rats (200-250 g) were 

anesthetized with ketamine (100 mglkg ip; Abbott Laboratories, North Chicago, IL) and 

xylazine (10 mglkg ip, Phoenix Scientific, St. Joseph, MO). A right nephrectomy was 

.performed via retroperitoneal incision, and a DOCA (200 mg, 60-day time release, 

Innovative Research of America, Sarasota, FL) or placebo pellet was implanted 

subcutaneously. Rats receiving a DOCA pellet were given 0.9% NaCl to drink, and 

placebo rats were given tap water. After 2 weeks ofDOCA-salt treatment, blood 

pressures were measured using the tail-cuff method. Animals were then anesthetized 

with pentobarbital sodium (Nembutal, 65 mglkg, ip; Abbott Laboratories, North Chicago, 

IL) and mesenteric arteries were isolated. 

Angiotensin IT-induced hypertension. Male Sprague-Dawley Rats were divided 

into four groups: animals on normal salt diet (NS), animals on high salt diet (HS, 10% 
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NaCl), Ang II infused animals on normal salt diet (ANG/NS), and Ang II infused animals 

on a high salt diet (ANG/HS). While under ether anesthesia, an osmotic minipump was 

implanted into animals for chronic subcutaneous infusion of saline vehicle or Ang II 

(Sigma Chemical Co., St. Louis, MO) at a rate of 65 ng/min for two· weeks (Alzet model 

2002, Alza Scientific, Palo Alto, CA). Prior to treatment and at the end of each week of 

treatment, rats were placed in metabolic cages to facilitate 24-hour urine collection and 

monitoring of food and water intake. Blood pressure was measured in a subset of rats 

using telemetry. After the two-week treatment period, animals were anesthetized with 

inactin (5-sec-butyl-5-ethyl-2-thiobarbituric acid, 100 mglkg ip, Sigma Chemical Co., St. 

Louis, MO), and blood and kidneys were harvested. 

Streptozotocin-induced diabetes mellitus. On Day 0, blood glucose levels were 

measured (Accu-Check ill model 766; Boehringer Mannheim, Indianapolis, IN), and 

each rat was weighed and assigned randomly to one of four groups: normal rats 

receiving vehicle treatments (Sham), diabetic rats with partial insulin replacement 

sufficient to maintain modest hyperglycemia (HG), Sham rats receiving the ETA receptor 

antagonist ABT -627 (Sham+ ETA), and HG rats receiving ABT -627 (HG+ETA). ABT-

627 (5 mg·kg·1·dai1
) was administered via the drinking water to facilitate continuous 

administration, and the concentration was adjusted weekly to maintain constant dosing. 

Rats were anesthetized on Day 0 with isoflurane (IsoFlo, Abbott Laboratories, 

North Chicago, IL) to facilitate intravenous injection of either 65 mglkg streptozotocin 

(Sigma Chemical, St. Louis, MO; HG and HG+ETA rats) or vehicle (Sham and 

Sham+ ETA rats) and allowed to recover from anesthesia overnight with free access to 

food and water. The next day (Day 1), blood glucose levels were measured and the rats 
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were anesthetized again with isoflurane to facilitate subcutaneous insertion via a 16-G 

needle of either a 2.3x2.0 mm sustained-release insulin implant (HO and HG+ETA rats) 

or a 2.3x2.0 mm micro-recrystallized palmitic acid implant (vehicle; Sham and 

Sham+ ETA rats). The insulin and vehicle implants were purchased from Linshin Canada 

(Scarborough, Ontario, Canada). Each insulin pellet releases 2 units of insulin over a 24 

hour period. After recovery from anesthesia, the animals were housed individually with 

free access to food and water until the end of the study. Blood glucose and body weight 

were measured in all rats at 3- to 4-day intervals for 10 weeks. Blood pressure was 

measured throughout the study in a subset of rats using telemetry. At the end of week 10, 

rats were placed in metabolic cages to facilitate 24-h urine collection and monitoring of 

food and water intake, then rats were anesthetized with pentobarbital sodium (Nembutal, 

65 mglkg ip; Abbott Laboratories, North Chicago, lL), and blood and kidneys were 

harvested. 

Telemetric blood pressure measurements. Telemetry transmitters (Data 

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

male Sprague-Dawley rats while under pentobarbital sodium anesthesia (Nembutal, 65 

mglkg ip; Abbott Laboratories, North Chicago, lL). In brief, a midline incision was used 

to expose the abdominal aorta that was briefly occluded to allow insertion of the 

transmitter catheter. The catheter was secured in place with tissue glue. The transmitter 

body was sutured to the abdominal wall along the incision line as the incision was closed. 

The skin was closed with staples that were removed 7-10 days after the incision healed. 
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Rats were allowed to recover from surgery and returned to individual housing for at least 

1 wk prior to initiation of data acquisition. The individual rat cages were placed on top of 

the telemetry receivers, and arterial pressure waveforms were continuously recorded for 

ten seconds every ten minutes throughout the study. 

Tail cuff blood pressure measurements. Rats were warmed in a restraining 
0 

chamber, and occluding cuffs and pneumatic pulse transducers were placed on the tails of 

the rats. A programmed electrosphygmomanometer automatically inflated and deflated 

the tail cuff while signals from the transducer were collected using MacLab 

(AD Instruments, Milford, CT). Eight readings were taken from each rat and averaged to 

determine systolic arterial pressure. 

Isolated mesenteric artery preparation and vascular reactivity protocol. A 

segment of the small intestine was removed and placed in ice-cold physiological saline 

solution (PSS, mmol!L: 130 NaCl, 4.7 KCl, 1.8 KHzP04, 1.17 MgS04·7H20, 14.9 

NaHC03, 5.5 dextrose, 0.26 EDTA, 1.6 CaClz). Under an Olympus dissecting microscope, 

third order branches of the superior mesenteric artery were dissected free of fat and 

connective tissues and placed in the chamber of a wire myograph (Danish Myo Technology 

NS) containing physiological saline solution (PSS, mmol!L: 130 NaCl, 4.7 KCl, 1.8 

KH2P04, 1.17 MgS04·1H20, 14.9 NaHCDJ, 5.5 dextrose, 0.26 EDT A, 1.6 CaCiz). 

Cumulative concentration-response curves to phenylephrine (1 nmol!L- 30 f!mol!L) were 

generated in isolated mesenteric arteries in the presence and absence of the non-selective 

NOS inhibitor N-co-nitro-L-arginine (LNA, 100 f!mol!L), the superoxide scavenger tiron 

(10 mmol!L), or superoxide dismutase-polyethylene glycol (PEG-SOD, 200 U/ml). 
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Cumulative concentration-response curves to KCl (8 mmol/L- 100 mmol/L) were also 

generated. Phenylephrine and KCl concentration-response curves were expressed as 

percent of maximum constriction and analyzed using nonlinear regression of sigmoidal 

dose-response curves (GraphPad Prism; San Diego, CA), which were used to calculate 

the EC50• Maximum response and log EC5o values were compared using one-way 

ANOVA, and individual comparisons were performed using a Student-Newman-Keuls 

test. 

Isolation of the mesenteric arterial bed. For all biochemical assays, the 

mesenteric bed, including arteries and veins, was cut away from the intestinal wall. The 

mesenteric bed, including the superior mesenteric artery, was placed in a dissecting dish 

containing ice-cold PSS or homogenization buffer (50 mmol/L Tris · HCl, pH 7.4 0.1 

mmol/L EDTA, and 0.1 mmol/L EGTA, 250 mmol/L sucrose, 0.1% BME, 10% 

glycerol) in the presence of protease inhibitors (1 mmol/L PMSF, 1 11mol/L pepstatin A, 2 

11mol/L leupeptin, and 0.1% aprotinin). Under an Olympus dissecting microscope, the fat 

was carefully pulled away from the vessels, and the veins were removed. 

Measurement of intracellnlar cGMP content in mesenteric arteries. The 

mesenteric arterial bed was separated into 4-5 sections of approximately equal size, and 

sections were incubated at 37°C in oxygenated PSS with 0.3 mmol/L 3-isobutyl-1-

methylxanthine for 10 minutes in the presence or absence of 100 11mol/L LNA, 1 11mol/L 

sodium nitroprusside (SNP), 300 U/ml superoxide dismutase (SOD), 200 U/ml 

superoxide dismutase-polyethylene glycol (PEG-SOD) or 10 mmol/L Tempo!. 

Concentrations of antioxidants were shown in independent studies to decrease the 

20 



production of superoxide from xanthine/xanthine oxidase. Additional segments of the 

arterial bed were pre-incubated with either PEG-SOD or Tempo! for 5 minutes prior to 

the addition of 3 jlmol!L tetrahydrobiopterin (B:E'4) for 5 minutes. Arteries were snap 

frozen in liquid nitrogen. cGMP was extracted from the tissue according to the protocol 

ofBansinath eta!. (1994), as previously described (Brophy, 2000), and cGMP was 

quantitated by radioimmunoassay (Pollock, 1991). Protein concentrations were 

determined by standard Bradford assay (Bio-Rad Laboratories, Hercules, CA) using 

bovine serum albumin as the standard. cGMP levels were normalized to mg protein 

(pmol I mg protein). 

Immunoblotting. The entire mesenteric arterial bed was placed in a tube 

containing 1 mL of ice-cold homogenization buffer (50 mmol!L Tris·HCI- pH 7.4, 0.1 

mmol!L EDTA, 0.1 mmol!L EGTA, 250 mmol!L sucrose, 0.1% BME, 10 % glycerol) in 

the presence of protease inhibitors (1 mmol!L PMSF, 2 jlmol!L leupeptin, 1 jlmol!L 

pepstatin A, and 0.1% aprotinin) then snap frozen in liquid nitrogen. Renal tissues were 

pulverized while frozen and placed in ice-cold homogenization buffer with protease 

inhibitors (weight to volume ratio 1: 1 0). Slightly thawed arteries or renal tissues were 

homogenized on ice with a glass-glass homogenizer (for arteries) or a glass-teflon 

homogenizer (for kidneys). Protein concentrations were determined by standard 

Bradford assay, and equal amounts of protein were run on a 7.5 or 12% sodium dodecyl 

sulfate polyacrylamide gel. Proteins were then blotted onto PVDF membrane by wet 

blotting for 55 minutes in Tris/g1ycine buffer. Blots were then air dried and blocked in 

5% non-fat dry milk in tris-buffered saline (TBS) for 1 hr. Blots were incubated 

21 



overnight at 4•c with primary antibody diluted in 5% milk in TBS containing Tween20 

(TTBS). Blots were washed twice in TTBS before they were incubated with a 

horseradish peroxidase-linked or a fluorescent tagged secondary antibody. After five 

washes in TTBS, specific bands were detected with either enhanced chemiluminescence 

(Supersignal Chemiluminescent Substrate, Pierce Biotechnology, Rockford, IL) or the 

Odyssey Imaging System (LI-COR Biosciences, Lincoln, NE). Primary antibodies 

included mouse monoclonal anti-NOSJ (BD Transduction Laboratories, Franklin Lakes, 

NJ); rabbit polyclonal antibodies for phosphorylated NOS3-Ser1177
, Akt-Ser473

, and Akt

Th208 an'd total Akt (Cell Signaling, Beverly, MJ\); rabbit polyclonal antibodies for 

phosphorylated NOS3-Ser116
, NOS3-Ser635

, and NOS3-Ser617 (Upstate Biotechnology, 

Charlottesville, VA); and a rabbit polyclonal antibody for COX2 (Cayman Chemical, 

Ann Arbor, MI). Equal protein loading was calculated based on protein concentrations 

from the Bradford assay and verified by probing for !3-actin (Sigma Chemicals, St. Louis, 

MO). Densitometry was performed using a digital imaging system (Alpha Innotech 

Corporation, San Leandro, CA) or the Odyssey Imaging System. 

Immunohistochemical analysis. In some rats, kidneys were perfused with 4% 

paraformaldehyde in 100 mmol/L dibasic sodium phosphate buffer. Kidneys were 

removed and immersed in 4% paraformaldehyde solution overnight at room temperature, 

transferred to 70% ethanol for 24 hours and paraffin-embedded. The kidneys were 

sectioned at a thickness of 4 llill onto Superfrost plus slides. 

Endogenous peroxidase was blocked by exposure to 3% H20 2 for 15 minutes 

followed by washing successively in deionized, distilled H20 and phosphate-buffered 
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saline for 5 minutes. Tissues were processed for specific staining by first utilizing Target 

Retrieval Solution (DakoCytomation, Carpinteria, CA), rinsing in phosphate-buffered 

saline, and incubating in the absence or presence of primary antibodies to COX2 

(Cayman Chemical, Ann Arbor, MI), Collagen IV (H-234, Santa Cruz Biotechnology, 

fuc., Santa Cruz, CA), 8-hydroxy-2'deoxyguanosine (8-0HdG, Oxis International, 

Portland, OR), or ED-1 (CD58, Serotec, Kidlington, Oxford, UK) iri humidity chambers 

overnight at 4 °C. Slides were rinsed with phosphate-buffered saline followed by 

incubation with peroxidase-conjugated donkey anti-rabbit IgG (Jackson 

ImmunoResearch Laboratories, West Grove, PA) or peroxidase-conjugated goat anti

mouse IgG (Serotec, Kidlington, Oxford, UK) for 30 minutes at room temperature. 

Specific staining was detected with diaminobenzamidine (DAK.O liquid DAB substrate 

chromogen system, DakoCytomation, Carpinteria, CA), counterstained with Mayers 

hematoxylin and coverslipped with Cytoseal 60 mounting medium (Richard-Allan 

Scientific, Kalamazoo, MI). The stained sections were viewed with an Olympus BX40 

microscope (Olympus America, Melville, NY) on brightfield setting fitted with a digital 

camera (Olympus DP12, Olympus America, Melville, NY). 

To assess renal injury, kidney slices were stained using a Periodic Acid-Schiff 

stain kit, Gomori's Tricrome Stain Kit, blue collagen (Richard Allen Scientific, 

Kalamazoo, MI), or Picro-Sirius Red according to the standard methods (Sweat, 1964). 

All sections were mounted with cytoseal and observed using light microscopy as 

described above. 
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NADPH oxidase activity assay. 02- detection experiments were conducted in 

96-well microplates (OptiP!ate-96 polystyrene microplates; Packard). 50 J.LL of mesenteric 

artery homogenate containing 10-25 J.Lg protein was added to sample wells, and 50 J!L of 

PSS was added to background wells. The plate was covered with Topseal-A (Packard) 

and incubated for 30 min at 37°C. NADPH oxidase activity was measured by lucigenin 

chemiluminescence (5 J.Lmol/L) in the presence of 100 J!ffiOlJL NADPH (Alexis 

Biochemicals, San Diego, CA). After a 30 minute dark-adapt period, plates were 

counted on a TopCount™ Microplate Scintillation & Luminescence. Counter (Perkin 

Elmer) set to single photon counting mode. Enzyme activity was expressed as cpm/J.Lg 

protein. No enzymatic activity was detected in the absence ofNADPH, and 02-

detection was abolished by the addition of Tempo! (10 mmol/L). 

Measurement of tissue endothelin-1. Freshly harvested kidneys were sliced and 

separated into cortical, outer medullary, and inner medullary sections, quick frozen in 

liquid nitrogen, and stored at -80 °C. ET -1 was extracted from renal tissue samples using 

a slightly modified protocol of that described by Y orikane et a!. (1993). Cortical and 

outer medullary sections were weighed and pulverized while still frozen and then 

homogenized in 10 volumes of IM acetic acid containing 10 J.Lg/ml ofPepstatin A. Inner 

medullary samples were weighed and homogenized in 100 volumes of 1M acetic acid 

containing 10 J.Lg/ml ofPepstatin A. Samples :were then heated to 100 °C for 10 minutes, 

chilled, and centrifuged at 23,000 x gat 4°C for 30 minutes. The soluble extract was 

removed, aliquoted, and frozen at -80 °C. The pellet fraction was resuspended in 3m! of 

1M acetic acid containing 10 J.Lg/ml ofPepstatin A. To determine the total protein 
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content of the tissue samples, protein concentrations in the soluble and pellet fractions 

were determined by standard Bradford assay (BioRad Laboratories, Hercules, CA) with 

bovine serum albumin as standard. Immunoreactive ET concentrations in the soluble 

fraction were determined by chemiluminescent immunoassay (R and D Systems, 

Minneapolis, MN). Values were reported as pg ET I mg total protein. 

Urine and plasma assays. Urinary concentrations of electrolytes were 

determined by ion-selective electrodes (Synchron EL-ISE, Beckman Instruments, Brea, 

CA). Plasma and urine creatinine concentrations were measured by the picric acid 

method adapted for micro titer plates (Allcock, 1998). Creatinine and picric acid were 

obtained from Sigma Chemical Company (St. Louis, MO). Urinary immunoreactive ET 

concentrations were measured by radioimmunoassay (Amersham Pharmacia Biotech, 

Arlington Heights, IL), and plasma and tissue immunoreactive ET concentrations were 

measured by chemilmninescent immunoassay (R and D Systems, Minneapolis, MN). 

Plasma and urinary measures of thiobarbituric acid reactive substances (TBARS) were 

measured using an OXItek TBARS assay kit (ZeptoMetrix, Buffalo, NY). Urinary 

hydrogen peroxide (H20 2) concentration was measured using an Amp lex Red Hydrogen 

Peroxide/Peroxidase Assay Kit (Molecular Probes, Eugene, OR). Urinary 

concentrations of the metabolites of prostaglandin E2 (PGEM), prostacyclin (6-keto

prostaglandin Fla), and thromboxane A2 (TXB2) were measured using enzyme 

immunoassay kits from Cayman Chemical (Ann Arbor, MI). 

Statistical analysis. Values are expressed as mean ± SEM. A probability value < 

0.05 was considered significant. Between group comparisons were performed using at-
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test for independent samples or ANOV A combined with post hoc contrasts (Statistica, 

StatSoft, Inc, Tulsa, OK). For repeated measures studies, ANOVA for repeated measures 

combined with post hoc contrasts was used for statistical evaluation of mean values each 

week (SuperANOV A and StatView, Abacus Concepts, Berkeley, CA). 
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SPECIFIC AIM 1 

To test the hypothesis that basal NO/cGMP signaling in small mesenteric arteries of 

DOCA-salt hypertensive rats is inhibited by NADPH oxidase-dependent 0 2- production 

and decreased NOS3 phosphorylation. 

Rationale: The development of hypertension is associated with endothelial 

dysfunction. Basal production of NO and endothelium-dependent relaxation are 

attenuated in conduit arteries of deoxycorticosterone acetate (DOCA)-salt hypertensive 

rats. However, the role of NO in regulating basal tone in small arteries ofDOCA-salt rats 

has not been resolved. 

RESULTS 

Two-week DOCA-salt treatment significantly increased systolic blood pressure 

compared to placebo (197 ± 2 mm Hg and 135 ± 4 mm Hg, respectively, tail-cuff 

method, n=9-I 0, p< 0.01 ). 

Vasoconstrictor Responses. To determine the influence ofNOS and 0 2- on 

basal tone of mesenteric arteries ofDOCA-salt and placebo rats, responses to 

phenylephrine were measured in the presence and absence ofLNA, tiron, or PEG-SOD. 

Incubation with LNA significantly increased phenylephrine sensitivity in arteries from 

placebo rats with or without antioxidant treatment but did not alter responses to 

phenylephrine in untreated arteries from DOCA-salt rats (Figure 2 and Table 1, n=S-15). 
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Mesenteric arteries from DOCA-salt rats were significantly less sensitive to 

phenylephrine compared to arteries from placebo rats (Figure 2, Table 1, log ECso: -5.8 ± 

0.1 mol/Land --6.4 ± 0.1 mol/L, respectively, n=15-18, p<0.05). However, there was no 

difference in the sensitivity to phenylephrine between arteries from DOCA-salt rats 

treated with the antioxidants tiron or PEG-SOD and antioxidant-treated arteries from 

placebo rats (Table 1, n=7 -11 ). Combined antioxidant and LNA treatment increased 

phenylephrine sensitivity compared to untreated arteries (Figure 3 and Table 1, n=7 -15). 

Maximal force generation in response to phenylephrine was not altered by DOCA-salt, 

LNA, or antioxidant treatments (n=7-18). Sensitivity and maximal force generation in 

response to KCl were similar in arteries from DOCA-salt and placebo rats (Table 1, n=7-

8). 

Placebo DOCA-salt 

log EC50 Maximum log ECso Maximum 

Treatment (mol/L) Response (mN) (mol/L) Response (mN) 

PE Control -6.4 ± 0.1 15.8± 0.6 -5.8 ± 0.1 • 16.0± 0.9 

PE+LNA -6.8± 0.2. 14.4 ± 0.9 -5.9 ± 0.2 18.5± 1.2 

PE+Tiron -6.4 ± 0.1 16.8 ± 0.8 -6.3 ± 0.2 15.0 ± 0.7 

PE + Tiron + LNA -6.8 ± 0.1 t 19.0 ± 1.3 -6.6 ±0.2 # 17.8 ± 0.9 

PE+PEG-SOD -6.3 ± 0.1 15.3 ± 1.3 -6.0 ± 0.1 16.9± 1.9 

PE +PEG-SOD+ LNA -6.6 ± 0.1 ~ 17.2 ± 1.0 -6.4 ± 0.1 # 19.1± 1.7 

KCl -1.4 ± 0.2 10.3 ± 0.4 -1.3 ± 0.1 11.2 ± 0.9 

Table 1. Sensitivity and Maximum Force Generation in Response to Phenylephrine and KCl of 

Isolated Mesenteric Arteries from Placebo and DOCA-salt Rats. • p < 0.05 vs. placebo contra~ 

t p <0.05 vs. tiron alone, I p < 0.05 vs. PEG-SOD alone, # p<0.05 vs DOCA-salt control. 
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Figure 2. Cumulative concentration response curves to phenylephrine (PE) in mesenteric arteries 

of placebo (•) and DOCA-salt (•) rats in the presence (unfilled symbols) and absence (filled 

symbols} of 100 Jllllol/L LNA. A-B: no antioxidant, C-D: tiron (10 mmol/L), E-F: PEG-SOD (200 

U/mL). Data are plotted as percentage of maximum contractile response toPE. n=7-18. • 

significant shift in EC50 vs no LNA (p<O. 05). ' 
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Figure 3. Shift in phenylephrine sensitivity compared to DOCA control in 

response to LNA (I 00 pmol/L) and antioxidants (tiron, I 0 mmol/L and PEG-

SOD, 200 UlmL). n=7-8. *significant shift in EC5o vs untreated DOCA 

(p<0.05). 

cGMP Content. Basal NO production in mesenteric arteries ofDOCA-salt and 

placebo rats was indirectly measured by determining cGMP levels in mesenteric arteries. 

As shown in Figure 4, cGMP levels were significantly greater in mesenteric arteries from 

placebo rats compared to arteries from DOCA rats (175 ± 26 and 101 ± 23 pmol/mg 

protein, respectively, p<0.05, n=14). LNA significantly reduced cGMP levels in arteries 

from both DOCA-salt and placebo rats (14.3 ± 3.9 and 15.8 ± 4.1 pmol/mg protein, 

respectively, n = 7-11 ). cGMP levels were similar between groups after treatment with 

SNP (placebo: 373 ± 72 pmol/mg protein, DOCA: 378 ± 116 pmol/mg protein, n=7). 

cGMP levels in arteries from DOCA-salt rats were not restored to placebo levels by acute 

treatment with SOD (108 ± 44% ofbasal, Figure 5), PEG-SOD (120 ± 38% of basal), or 
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tempo! (72 ± 22% of basal, n=6-9). Addition oftetrahydrobiopterin after pretreatment of 

arteries with PEG-SOD (129 ± 32% of PEG-SOD alone, n=4) or tempo! (76.1 ± 18% of 

tempo! alone, n=lO) did not affect cGMP levels in arteries from DOCA-salt rats. 
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Figure 4. cGMP levels in mesenteric arteries of placebo (•) and DOCA-salt (o) rats 

in the presence and absence of 100 JIInOl!L LNA or 1 JIInOl!L fiNP. n=7-14. * 

significant (p<0.05) vs placebo. 
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Figure 5. Effects of acute antioxidant treatment (300 Ulml SOD, 200 Ulml PEG-

SOD, or 10 mmol/L tempo!) on cGMP levels in mesenteric arteries ofDOCA-salt 

rats. Values are expressed as a percentage of cGMP level in untreated arteries of 

DOCA-salt rats. n=6-9. 

NADPH Oxidase Activity. We examined NADPH oxidase-dependent 

superoxide production in the mesenteric arterial bed because acute antioxidant treatment 

did not affect NO/cGMP signaling. NADPH oxidase activity in mesenteric arteries was 

similar between groups (placebo: 4228 ± 216 cpm/~g protein, DOCA: 4266 ± 640 

cpm/f.!g protein, n=7). Superoxide detection in the presence ofNADPH was suppressed 

by tempo! (placebo: 266 ± 17 cpm/f.!g protein, DOCA: 294 ± 34 cpm/f.!g protein, n=7), 

thus verifying the specificity of the assay. 

Expression and Phosphorylation of NOS3 and Akt in Mesenteric Arteries. 

Because serine phosphorylation ofNOS3 regulates enzyme activity, we examined the 

expression and phosphorylation ofNOS3 in mesenteric arteries ofDOCA-salt and 

placebo rats. Total NOS3 expression was similar between groups (placebo= 591 ± 75 
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densitometric units (DU), DOCA = 719 ± 135 DU, n=6). The ratio of phosphorylated 

NOS3: total NOS3 DU was significantly decreased in arteries from DOCA rats compared 

to placebo rats at serine 1179 (Figure 6, 0.4 ± 0.1 and 1.0 ± 0.2 , respectively, p<0.01, 

n=6) and serine 635 (0.5 ± 0.2 and 1.1 ± 0.2, respectively, p<0.05, n=6). The ratio of 

phosphorylated NOS3: total NOS3 was not different at serines 116 (placebo = 2.8 ± 1.1, 

DOCA = 2.1 ± 1.0, n=5) or 617 (placebo = 1.0 ± 0.2, DOCA = 0.7 ± 0.2, n=5). 

Previous studies have shown that NOS3 is directly phosphorylated and activated 

by the serine/threonine kinase Akt (Michell, 1999); therefore, we next examined the 

expression and phosphorylation of this kinase. As shown in Figure 7, the ratio of 

phosphorylated Akt: total Akt DU at both threonine 308 (placebo= 0.8 ± 0.2, DOCA = 

1.1 ± 0.1, n=5) and serine 473 (placebo= 0.6 ± 0.1, DOCA = 0.6 ± 0.1, n=5) was similar 

between groups. No change in total Akt protein expression was observed (placebo= 

2817 ± 275 DU, DOCA = 3283 ± 315 DU, n=5). 
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Figure 6. Western blot analysis of NOS3 expression and phosphorylation at serine 

1179 and serine 635 in mesenteric arteries of placebo and DOCA-salt rats: A. 

Representative Western blots. P =placebo, D = DOCA-salt. B. Ratio of 

phosphorylated NOS3 : total NOS3 densitometric units in mesenteric arteries of 

placebo (•) and DOCA-salt (o) rats. n=6. *significant (p<O. 05) and t significant 

(p<O. OJ) vs placebo. 
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Figure 7. Western blot analysis of Akt expression and phosphorylation at threonine 

308 and serine 473 in mesenteric arteries of placebo and DOCA-salt rats. A. 

Representative Western blots. P =placebo, D= DOCA-salt. B. Ratio of 

phosphorylated Akt : total Akt densitometric units in mesenteric arteries of placebo 

(•) and DOCA-salt (o) rats. n=5. 
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DISCUSSION 

The purpose of this study was to assess basal NO/cGMP signaling in small 

mesenteric arteries ofDOCA-salt and placebo rats and elucidate mechanisms that may 

determine NO bioavailability. We found that basal NO/cGMP signaling is diminished in 

small mesenteric arteries ofDOCA-salt rats, and this decrease is associated with reduced 

NOS3 phosphorylation at two important positive regulatory sites, serine 1179 and serine 

635. 

To assess the contribution of basal NO production in the maintenance of basal 

tone of small mesenteric arteries ofDOCA-salt and placebo rats, contractile responses of 

arteries to phenylephrine were measured in the absence and presence ofLNA. 

Contraction to phenylephrine was reduced in mesenteric arteries after 2-week DOCA-salt 

treatment, suggesting that increased blood pressure observed in early stages ofDOCA

salt hypertension is not due to enhanced sensitivity to adrenergic stimuli. This is 

consistent with previous studies that demonstrate contractile sensitivity to agonists such 

as norepinephrine, phenylephrine, or endothelin is decreased in resistance arteries after 2-

3 weeks ofDOCA-salt hypertension (White, 1996; Iglarz, 2003; Giulumian, 1998). 

However, other studies have shown that the sensitivity of mesenteric arteries to 

phenyleJ:lhrine is unchanged (Luo, 2003) or increased (Ekas, 1980; Longhurst, 1988) after 

4-9 weeks ofDOCA-salt hypertension. This discrepancy may be due to the different 

methods used to assess vascular reactivity or differences in the duration of hypertension. 

Interestingly, phenylephrine sensitivity in arteries from DOCA-salt rats was significantly 

increased following combined antioxidant and LNA treatment, suggesting that reduced 
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sensitivity to phenylephrine in arteries from DOCA-salt rats may be mediated by a 

vasodilatory ROS, possibly produced by uncoupled NOS. Antioxidant treatment had no 

effect on phenylephrine responses in arteries from placebo rats. 

NOS inhibition significantly increased sensitivity to phenylephrine in arteries 

from placebo rats; however, NOS inhibition did not alter phenylephrine responses in 

arteries from DOCA-salt animals, suggesting a loss ofNOS-dependent antagonism to 

contraction in DOCA-salt hypertension. This is supported by the finding that NOS

dependent cGMP production is reduced in mesenteric arteries ofDOCA-salt rats. 

Placebo and DOCA-salt treated rats had similar cGMP production in response to the NO 

donor SNP, indicating no dysfunction in the response to exogenous NO. Consistent with 

the observed basal contractile responses to phenylephrine, these results indicate that there 

is a loss of basal NO bioavailability in mesenteric arteries from DOCA-salt rats. This 

loss ofNO/cGMP signaling could contribute to increased peripheral vascular resistance 

in this model of hypertension. 

Increased production of ROS can contribute to endothelial dysfunction by 

reducing NO bioavailability. Hypertension is associated with oxidative stress; however, 

0 2- production has not been studied in small vessels of hypertensive animals. Although 

previous reports have shown that 0 2- production and NADPH oxidase activity are 

increased in condnit arteries ofDOCA-salt hypertensive animals (Somers, 2000; 

Beswick, 2001 ), our results suggest that NADPH oxidase activity is not upregulated in 

mesenteric arteries ofDOCA-salt rats. However, it should be noted that NADPH oxidase 

activity was measured in homogenates of mesenteric arteries and therefore the 
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compartmentalization of 0 2 ~production and scavenging has been eliminated. To 

determine if scavenging of NO by Oz ~ influences basal NO/cGMP signaling in 

mesenteric arteries ofDOCA-salt rats, concentration response curves to phenylephrine in 

the presence and absence ofLNA were performed in the presence of antioxidants. NOS 

inhibition did not affect the contractile response to phenylephrine in arteries from DOCA

salt rats with or without antioxidants, suggesting that the loss of basal NO signaling is not 

dependent on 0 2 ~production. Furthermore, acute treatment with antioxidants did not 

restore cGMP levels in arteries of hypertensive rats to those of normotensive rats, thus 

the observed decrease in NO/cGMP signaling does not appear to be caused by 

accelerated degradation of NO due to increased Oz ~production. 

ROS such as 0 2 ~ and ONOO- oxidize the NOS cofactor tetrahydrobiopterin, 

reducing NO production (Laursen, 2001 ). Studies have shown that there is increased 

oxidation oftetrahydrobiopterin in the aorta ofDOCA-salt hypertensive mice and that 

oral tetrahydrobiopterin treatment ofDOCA-salt mice prevented increases in blood 

pressure and NOS uncoupling in the aorta (Landmesser, 2003). It has also been shown 

that 1-hour treatment of aortas from apoE·'- mice with sepiapterin, a precursor to 

tetrahydrobiopterin, improved endothelial function (Laursen, 2001). In contrast, we 

found that acute treatment of mesenteric arteries with tetrahydrobiopterin, in the presence 

of antioxidants, had no effect on cGMP levels, suggesting that oxidation of 

tetrahydrobiopterin does not contribute to the observed decline in NO/cGMP signaling. 

This discrepancy may reflect differences in levels of oxidant stress between conduit 

arteries and small arteries. 
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We next examined whether the observed loss ofNO-dependence in basal tone and 

decrease in NO/cGMP signaling may be due to changes in NOS3 expression or 

phosphorylation. Phosphorylation ofNOS3 at serine 1179 increases catalytic activity by 

reducing Ca2
+ dependence (Michell, 1999; Gallis, 1999), and phosphorylation at serine 

635 increases NO production (Boo, 2002; Michell, 2002; Bauer, 2003). Although total 

expression ofNOS3 was similar in mesenteric arteries from placebo and DOCA-salt rats, 

phosphorylation ofNOS3 at both serine 1179 and serine 635 was decreased in mesenteric 

arteries ofDOCA-salt hypertensive rats compared to arteries from I>lacebo rats. NOS3 

phosphorylation at serine 116 and serine 617 was similar between groups. This is 

consistent with the NOS phosphorylation pattern being responsible for the decreased 

NO/cGMP signaling in the mesenteric arteries of these hypertensive rats because 

mutation studies (Bauer, 2003) indicate that serine 617 negatively regulates basal and 

stimulated NO release and serine 116 only contributes to agonist stimulated NO release. 

The specific decrease in basal phosphorylation ofNOS3 at serine residues 1179 and 635 

is expected to diminish enzyme activity and NO production, therefore contributing to 

decreased NO/cGMP signaling in mesenteric arteries ofDOCA-salt·rats. 

Previous studies have shown that NOS3 is directly phosphorylated and activated 

by the serine/threonine kinase Akt (Michell, 1999). In our studies, expression and 

phosphorylation of Akt were similar in arteries from placebo and DOCA-salt rats, 

indicating that changes in activation of Akt by phosphorylation may not be responsible 

for the observed decrease in phosphorylation ofNOS3. These observations were made in 

homogenates of the entire mesenteric arterial bed, so the presence of Akt in vascular 

smooth muscle may mask changes in the expression or phosphorylation of Akt in 
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endothelial cells; however, Akt is not the only kinase responsible for phosphorylation of 

NOS3 (Boo, 2002). NOS3 can also be phosphorylated at both serine 1179 and serine 635 

by cAMP- and cGMP-dependent protein kinases (Boo, Hwang, eta!, 2002; Boo, Sorescu, 

eta!, 2002; Butt, 2000). These two kinases ~ay be involved in this specific decrease in 

phosphorylation at serine residues 1179 and 635 as they both have been shown to 

phosphorylate NOS3 at these sites. 

NOS3 activity may also be affected by phosphatases, including both PP1 and 

PP2A (Grief, 2002; Michell, 2001). PP2A is a key determinant ofNOS3 phosphorylation 

in vitro, and the activity of this phosphatase is increased during experimental 

hypertension and remodeling (Yu, 2000; Ivaska, 2002). Changes in kinase and I or 

phosphatase activity may be responsible for the observed decrease in NOS3 

phosphorylation in small mesenteric arteries of hypertensive rats, but these pathways 

have yet to be explored in vivo. 
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SPECIFIC AIM 2 

To test the hypothesis that changes in arterial pressure and renal function observed 

during chronic angiotensin II hypertension are associated with increased renal production 

ofET-1. 

Rationale. Recent studies indicate that angiotensin II (Ang II) may exert some of 

its effects via interaction with the endothelin system. One possible mechanism for this 

interaction is that Ang II may regulate ET -1 synthesis in the kidney. Several lines of 

evidence support this hypothesis. First, it has been reported that Ang II stimulates release 

ofET-1 by cultured vascular smooth muscle cells, endothelial cells, and mesangial cells 

(Dohi, 1992; Kolmo, 1992; Sung, 1994). Ang II has also been shown to stimulate the 

expression of preproendothelin-1 mRNA in rat vascular smooth muscle cells and in rat 

and bovine endothelial cells (Dohi, 1992; Jmai, 1992; Sung, 1994). Second, in vivo 

studies have shown that rats with chronic Ang II hypertension have elevated ET -1 levels 

in renal tissue but not in myocardial tissue and enhanced preproendothelin mRNA 

expression in the renal cortex and medulla (Alexander, 2001; Barton, 1998). Finally, the 

hypertension associated with chronic Ang II infusion can be attenuated by a non-selective 

endothelin receptor antagonist and by selective ETA receptor antagonists (Ballew, 2001; 

Barton, 1998; Herizi, 1998; Rajagopalan, 1997). 
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RESULTS 

Characteristics of experimental animals. Figure 8 illustrates mean arterial 

pressure (MAP) in HS, ANG/NS, and ANG/HS rats over the baseline period and the 2 

wk treatment period. MAP was significantly increased in Ang IT-infused rats. The 

increase in MAP was significantly greater in Ang II rats given a high salt diet compared 

to the increase in rats given high salt diet alone or Ang II infusion with a normal salt diet. 

High salt diet alone caused a slight but not statistically significant increase in MAP. 
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Figure 8. Mean arterial pressure (MAP) in conscious rats given a high salt diet, Ang 

II irifUsion with normal salt diet, orAng II infusion with high salt diet. Rats began 

treatment after a 1 wk baseline period (indicated by arrow). Values are means for 

12-h periods. 
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Food intake during the two-week treatment period was similar between the NS, 

HS, and ANG/NS groups but was significantly decreased during the second week in the 

ANGIHS group (Fig. 9). Water consumption, urine volume, and sodium excretion were 

significantly elevated in rats given high salt diet with and without Ang II infusion 

compared to baseline measurements (week 0) while given normal chow (Fig. 9). In rats 

given normal salt diet, Ang II treatment had il.o significant effect on food intake or 

sodium excretion but did cause an increase in water intake and urine volume in week 2 

compared to week 0. When Ang II treatment was combined with high salt diet, increases 

in water intake and urine volume were significantly greater than those observed in rats 

given high salt diet alone. In contrast, sodium excretion in the ANG/HS group did not 

increase to the same level as the HS group presumably due to lower sodium intake in this 

group. During the two-week treatment period, rats in the NS, HS, and ANG/NS groups 

showed significant weight gain each week. Rats in the ANG/HS group had no change in 

body weight during the study (Fig. 9). 
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Figure 9. Food and water intake, urine volume, body weight, and sodium excretion 

in conscious rats given normal or high salt diet and/or Ang II infUsion. After a 1-wk 

baseline period, rats were given either Ang II or saline vehicle infUsion and normal 

or high salt diet. Values are means ±SEfor a 24-h urine collection period *P 

<0.0001 vs. baseline measurements, #p <0.05 vs. baseline measurements, + P <0.05 

vs.HS. 

Measures of renal function. Figure 10 shows that urinary protein excretion in 

ANG/HS rats was increased from 15± 6 to 471± 60 mg/day (P < 0.0001). Creatinine 

clearance was decreased in both the HS and ANG/HS groups (P < 0.005). 
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Figure 10. Effects of Ang II irifusion and/or high salt diet on protein excretion 

and creatinine clearance. Values are means± SE. *P <0. 0001 vs. baseline 

measurements. # P<O. 005 vs. NS. 

Measures of endothelin. Immunoreactive ET excretion after two weeks of Ang 

II infusion was significantly greater than baseline levels (1 092± 80 fmoVday and 742 ± 

31 fmoVday, respectively, P = 0.02, Fig. 11 ). High salt diet, alone or in combination with 

Ang II treatment, caused a dramatic increase in immunoreactive ET excretion (2707 ± 

167 and 2513 ± 233 fmoVday, respectively) compared to immunoreactive ET excretion in 

NS control animals (942 ± 43 fmoVday, P<0.0001). Plasma immunoreactive ET levels 

were similar in all groups at the end of the 2 week treatment period. 
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Figure 11. Effects of Ang II infusion and/or high salt diet on urinary ET-1 

excretion and plasma ET-1 concentration. Values are means± SE. *P <0. 02 vs. 

baseline measurements. 

As shown in Fig. 12, 2-week treatment with Ang II alone did not significantly 

affect renal tissue levels of immunoreactive ET. The high salt diet alone and in 

combination with Ang II infusion caused a significant decrease in immunoreactive ET 

content in the renal inner medulla compared to control levels. The combination of high 

salt diet and Ang II infusion resulted in increased renal cortical and outer medullary 

immunoreactive ET content compared to control values. 
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Figure 12. Effects of Ang II infusion and/or high salt diet on renal cortical, outer 

medullary and inner medullary tissue ET-1 content. Values are means± SE. *P <0. 03 

vs. the normal salt group. 

DISCUSSION 

Previous studies indicate that Ang II may exert some of its effects via interaction 

with the endothelin system. This study extends these findings to explore the influence of 

. . 
Ang II and high salt diet on immunoreactive ET levels in the kidney. Chronic Ang II 

infusion combined with a high salt diet increased the renal cortical and outer medullary 

immunoreactive ET content. However, high salt diet, with or without Ang II infusion, 

reduced inner medullary immunoreactive ET content. High salt diet also caused a large 

increase in urinary excretion of immunoreactive ET. These data indicate that chronic 

elevations in An~ levels and sodium intake produce a differential effect on 

immunoreactive ET levels within the kidney. 
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One possible mechanism for the interaction between Ang II and the endothelin 

system is that Ang II regulates renal synthesis ofET-1. Increased ET-1 release and 

preproendothelin expression in response to Ang II have been shown in vitro (Dohi, 1992; 

Kim, 2000; K.ohno, 1992; Sung, 1994). In vivo studies have also shown that rats with 

chronic Ang II hypertension have enhanced preproendothelin mRNA expression and 

elevated ET-llevels in renal tissue (Alexander, 2001; Barton, 1998). Our data are 

consistent with the hypothesis that Ang IT-induced hypertension causes an increase in ET-

1 synthesis at least within the renal cortex and outer medulla. Tissue immunoreactive ET 

levels in these regions of the kidney were increased after 2 wk treatment with Ang II and 

high salt. The observation that immunoreactive ET levels within the iuner medulla were 

decreased in rats given high salt diet was somewhat surprising. It is. not clear if this 

reflects a decrease in ET -1 synthesis or enhanced release from tissue stores of ET -1 in 

response to salt loading as a means of reducing sodium reabsorption. Because plasma 

ET -!levels were unchanged and urinary excretion of immunoreactive ET was much 

greater in high salt treated rats, we propose that the observed increase in urinary 

immunoreactive ET excretion reflects increased renal synthesis and release ofET -1 in 

response to high salt diet. 

The finding that urinary immunoreactive ET excretion was increased by a high 

salt diet is consistent with previous studies from our laboratory (Pollock and Pollock, 

2001). The mechanisms by which high salt diet increases renal endothelin production are 

unknown; however, it has been shown that hyperosmolality induced by a high salt diet 

increased ET -1 release and mRNA in the rabbit iuner medullary collecting duct (Yang, 

1993). In addition, a high salt diet can induce expression of transforming growth factor-
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beta, a cytokine which has been shown to increase endothelin production and secretion in 

cultured collecting duct cells (Schnerrman, 1996). fu the present study, immlll}oreactive 

ET excretion was increased in both normotensive rats given high salt diet alone and in 

hypertensive rats given high salt diet and Ang II infusion indicating that urinary excretion 

of immunoreactive ET is elevated in response to increased salt intake regardless of the 

mean arterial pressure level. These data are consistent with the hypothesis that the 

endothelin system plays an important role within the medulla in response to sodium 

loading. fudeed, there is increasing evidence that ET -1 acts on the inner medullary 

collecting duct to inhibit the reabsorption of sodium via ETB receptors (Kohan, 1997; 

Pollock DM, 2000; Pollock JS, 1998). Recent studies have shown that mice specifically 

lacking ET-1 in the collecting duct exhibit salt sensitive hypertension (Ahn, 2004). 

The elevations in immunoreactive ET content in the cortex and outer medulla 

appear to be unique to hypertension associated with elevated salt intake, as they were not 

seen in animals that were hypertensive due to Ang II infusion or in normotensive animals 

given high salt diet alone. These increases in immunoreactive ET levels may contribute to 

hemodynamic changes that contribute to the observed proteinuria. The actions ofET -1 in 

the cortex may contribute to the decline in renal function and exaggerated hypertension 

observed during Ang II and high salt treatment. The increased cortical immunoreactive 

ET levels seen during combined high salt and Ang II treatment may cause 

vasoconstriction of the cortical vasculature via ETA receptors and reduction in cortical 

blood flow (Abassi, 2001; Naicker, 2001 ). ETA receptor blockade reduces the rise in 

mean arterial pressure and decline in GFR associated with Ang II-induced hypertension 

(Alexander, 2001; Ballew, 2001; Barton, 1998; Rajagopalan, 1997}, indicating an 
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impo~ant role for ET -1 in mediating the renal hemodynamic response via ETA receptors 

during Ang IT-induced hypertension. 

In the outer medulla, it is also possible that the increased immunoreactive ET 

content during Ang II and high salt treatment may serve to enhance medullary blood flow 

and sodium excretion. Studies have shown that infusion of exogenous ET -1 increases 

medullary blood flow by causing dilation of the medullary vasculature via ETB receptors 

(Gurbanov, 1996; Pollock, 2000). ET -1 also has inhibitory effects on tubular 

reabsorption in outer medulla (Naicker, 2001; Plato, 2000; Pollock, ·2000). 

The elevation in mean arterial pressure in Ang II treated rats and the further 

elevation in rats given high salt diet with Ang II confirm that chronic infusion of Ang II 

is a model of salt sensitive hypertension. Urinary protein excretion is significantly 

increased in rats given a combination of high salt diet and Ang II infusion, indicative of 

renal injury in this model. These results are consistent with previously published reports 

of the effects of Ang II and high salt treatment (Lombardi, 1999). Creatinine clearance, 

an estimate of glomerular filtration rate (GFR), was decreased in rats given high salt diet, 

with and without Ang II infusion. The decrease in GFR observed in Ang II and high salt 

treated animals was expected if one assumes a high degree of renal vasoconstriction. 

However, the decrease in GFR in animals given high salt diet alone was surprising since 

we would not expect the same degree of renal vasoconstriction. These results may 

indicate an alteration in endogenous production or renal handling of creatinine in 

response to high salt, making this method an inaccurate estimate of GFR in animals with 

high salt intake. A more reliable measure of GFR should be used in future studies to 

determine the effects of Ang II and high salt on renal function. 
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In conclusion, the combination of high salt diet and Ang II infusion resulted in an 

increase in mean arterial pressure, a decline in renal function, and increases in renal 

cortical and outer medullary immunoreactive ET content. High salt diet caused a 

decrease in renal inner medullary immunoreactive ET content and an increase in 

immunoreactive ET excretion. These data indicate that chronic elevations in Ang II 

levels and sodium intake produce a differential effect on immunoreactive ET levels 

within the kidney. 
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SPECIFIC AIM 3 

To test the hypothesis that enhanced activation of the ETA receptor promotes 

renal injury in type 1 diabetes mellitus via increased production of reactive oxygen 

species, induction of cyclooxygenase 2 (COX-2), and increased production of 

prostanoids. 

Rationale. In experimental models of diabetes, ET receptor blockade delays the 

progression of diabetic nephropathy; however, the mechanism of this protection is 

unknown. Activation of ETA receptors results in stimulation ofNADPH oxidase and 

COX-2 to produce superoxide and prostaglandin E2 (PGE), respectively (Li, 2003; 

Elmarakby, 2004; Hughes, 1995). Studies have also shown that inhibition ofNADPH 

oxidase (Asaba, 2005), COX-2 (Cheng, 2002), or the PGE receptor (Makino, 2002) 

prevents proteinuria and reduces renal injury in diabetes. Therefore, we proposed that 

ETA receptor blockade attenuates superoxide and PGE production in the kidney of 

diabetic rats. 

RESULTS 

Characteristics of experimental animals. On Day 0 (prior to any experimental 

manipulation), the rats utilized in this study weighed 302±2 g and had blood glucose 

levels averaging 92±2 mg/dl (n=40). Twenty-four hours after streptozotocin injection, 

blood glucose levels were significantly elevated in HG and HG+ETA rats (465±14 mg/dl; 

n=24), confirming the onset of diabetes prior to impiantation of sustained release insulin 

pellets. As shown in Table 2, blood glucose levels were elevated in HG and HG+ETA 

rats to a similar degree, and blood glucose levels of Sham rats were not changed by 

treatment with ABT -627. Table 2 also summarizes other characteristics of the rats after 
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10 weeks of treatment. Relative to Sham and Sham+ETA rats, animals in the HG and 

HG+ETA groups gained less weight over the study period and displayed renal 

hypertrophy, hyperphagia, polydipsia, polyuria, and glomerular hyperfiltration (as 

estimated by creatinine clearance). None of these parameters differed significantly 

between HG and HG+ETA rats. Plasma ET -1 concentration was increased by ABT-627 

treatment only in HG rats, and hyperglycemia increased urinary ET-1 excretion. 

Sham Sham+ETA HG HG+ETA 

Body Weight (g) 415±12 434±6 331±7* 331±7* 

Kidney Weight (g) 1.4±0.1 1.4±0.1 1.9±0.1 * 1.6±0.1 

Kidney:Body Weight (mg/g) 3.3±0.2 3.2±0.4 5.6±0.3* 4.9±0.2* 

Blood [Glucose] (mg/dl) 82±1 93±2 461±16* 454±11 * 

Food Intake (g/ day) 14±2 18±1 38±1* 38±1 * 

Water Intake (ml/day) 25±2 27±3 180±12* 167±16* 

Urine Flow (ml/day) 14±1 18±2 158±10* 131±17* 

Creatinine Clearance (ml/min) 1.0±0.1 1.2±0.1 1.5±0.1 * 1.3±0.1 * 

Plasma [ET-1] (pg/rnl) 0.7±0.1 0.9±0.1 0.6±0.1 1.7±0.2*# 

ET -1 Excretion (pmol/day) 0.6±0.1 0.9±0.1 3.6±0.2* 2.7±0.5* 

Table 2. Characteristics of Sham, Sham rats treated with ABT-627 (Sham+ ETA), 

HG, and HG rats treated with ABT-627 (HG+ ETA) after 10 weeks of ·treatment. 

Excretory data were derived from 24-h urine collections in metabolic cages within 48 

h of sacrifice. Plasma samples were obtained under anesthesia immediately prior to 

sacrifice. Values are means±SEM, n=6-ll, * p < 0.05 vs Sham, # p < 0.05 vs HG. 
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Figure 13 illustrates mean arterial pressure (MAP) in Sham, Sham+ ETA, HG, and 

HG+ETA rats over a 5 day baseline period and the 10 week treatment period. ABT-

627 significantly reduced MAP throughout the treatment period in Sham and HG rats 

· (p<O.OS). Treatment with STZ had no effect on blood pressure for the first 7 weeks of 

treatment, but MAP was decreased in the HG group during the last 2-3 weeks of 

treatment (p<O.OS). The Sham group maintained a constant MAP throughout the 10 

week period. 
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Figure 13. Mean arterial pressure (MAP) in conscious Sham, Sham+ETA, HG, and 

HG rats treated with ABT-627 (HG+ETA). Treatment began after a 5 day baseline 

period (indicated by arrow). Values are means for 24 hour periods, reported every 5 

days. n=4-6. 
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Measures of renal injury. Figure 14 illustrates that HG rats exhibit increased 

microa1bumin excretion compared to Sham rats. Treatment with ABT-627 prevented 

microa1buminuria in diabetic rats. 
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Figure 14. Urinary microalbumin excretion in Sham, HG, and HG rats 

treated with ABT-627 (HG+ETA). Values are means± SE. * p< 0. 05 vs 

sham,# p<0.05 vs HG, n=4-6. 

Periodic Acid-Schiff staining (basement membranes, g1ycoproteins), 

Gomori's trichrome staining (collagen), and picro-sirius red staining (connective 

tissue and fibers) revealed increased collagen deposition and basement membrane 

thickening in the glomeruli and cortical tubules of HG rats (Figure 15). These 

effects were attenuated by treatment with ABT-627. In addition, 

immunohistochemical localization indicated increased collagen IV deposition in the 

cortex ofHG rats that was attenuated by treatment with the ETA receptor antagonist 

(Figure 16). 
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Figure 15. Renal histology of Sham (A, D, and G), HG (B, E, and H) and HG rats 

treated with ABT-62 7 (C, F, and I) rats after 10 weeks of treatment. Periodic Acid

Schiff stain (A, B, and C), Gomori 's trichrome stain (D, E, and F), and picro Sirius red 

staining (G, H, and 1). 
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Figure 16. Immunohistochemical localization of collagen IV in the renal cortex of 

Sham (A), HG (B) and HG rats treated with ABT-627 (C) after 10 weeks of treatment. 

Panel Dis a negative control (no primary antibody}. 

Measures of oxidative stress. Because ET -1 has been shown to increase 

production of reactive oxygen species, we evaluated the effect of ABT -627 on systemic 

markers of oxidative stress. Figure 17 shows plasma malondialdehyde (MDA) 

concentrations and excretion ofMDA and hydrogen peroxide in control, HG and HG rats 

treated with ABT-627 after 10 weeks oftreatment. Concentrations of plasma MDA were 

elevated in HG rats compared to Sham rats (p<O.OOOO l ), and treatment with the ETA 

antagonist had no effect on plasma MDA levels in HG rats. Urinary excretion of both 
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MDA and hydrogen peroxide was also increased in HG rats compared to Sham rats 

(p<O.OOS). Excretion of neither MDA nor hydrogen peroxide was lowered by ETA 

receptor blockade. Additionally, immunohistochemical staining of 8-hydroxy-

2'deoxyguanosine, a marker of DNA repair and oxidative damage, was not altered by 

ABT-627 treatment in the cortex ofHG rats (Figure 18). 
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Figure 17. Plasma malondialdehyde (MDA) concentrations and urinary excretion 

of MDA and hydrogen peroxide (H202) in Sham, HG and HG rats treated with 

ABT-627 (HG+ETA) after 10 weeks of treatment. * p<0.005 vs Sham, n=B-9. 
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A. B. 

Figure 18. Immunohistochemical localization of 8-hydroxy-2 '-deoxyguanosine in 

the renal cortex of (A) HG and (B) HG rats treated with ABT-627 after 10 weeks of 

treatment. 

Urinary analysis of prostanoid production. Urinary excretion rates were 

determined for PGE metabolite (PGEM), 6-keto PG F10 (6 keto), and TxB2. PGEM is a 

measure of PGE production. 6-keto PG F Ia is formed by the hydration of prostacyclin 

and is measured as an estimate ofprostacyclin production. TxA2 is rapidly hydrolyzed to 

TxB2. Because of its transient nature, TxB2 measurements reflect renal TxA2 production. 

Urinary excretion of all three prostanoid metabolites was greater in HG rats compared to 

Sham rats (Figure 19, p< 0.01 ). There were no differences in urinary excretion of 6-keto 

PG F10 or TxB2 between HG rats and HG rats treated with the ETA receptor antagonist; 

however, ABT-627 did significantly reduce the excretion ofPGEM in HG rats (p=O.OOI). 

ABT -627 had no effect on prostanoid excretion in Sham rats. 
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Figure 19. Urinary excretion of PGE metabolite (PGEM), 6-keto PG F1a (6-

keto), and thromboxane B2 (I'xBv in Sham, Sham rats treated with ABT-627 

(Sham+ ETA), HG, and HG rats treated with ABT-627 (HG+ETA) qfter I 0 

weeks of treatment. * p<O.OJ vs Sham,# p<O.OOJ vs HG, n=6-11. 

Expression of cortical cyclooxygenase-2. Previous studies have demonstrated 

that activation of ETA receptors can induce the expression ofCOX-2 in renal mesangial 

cells; therefore, we evaluated the effects of hyperglycemia and ETA receptor blockade on 

the expression of COX -2 in the renal cortex. Although there was a trend for higher 

expression ofCOX-2 in the cortex ofHG rats, ABT-627 had no effect on cortical COX-2 

expression in hyperglycemic animals (Figure 20). Furthermore, immunohistochemical 

analysis revealed no difference in the localization or expression of COX-2 in the renal 

cortex of any group (Figure 21 ). 
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Figure 20. Western blot analysis of renal cortical expression of 

cyclooxygenase -2 in Sham, HG, and HG rats treated with ABT-627 (HG+ ETA) 

after 10 weeks of treatment. A. Representative Western Blot. B. Densitometric 

analysis (normalized to beta-actin).n=5-6. 
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Figure 21. Immunohistochemical localization of cyc/ooxygenase-2 in the renal 

cortex of Sham (A), HG (B) and HG rats treated with ABT-627 (C) after 10 weeks 

of treatment. Panel Dis a negative control (no primary antibody). 

Expression of cortical ED-1. Macrophages play an important role in the 

development of both glomerular and tubulointerstitial injury, and infiltrated macrophages 

release PGE2, ROS, NO, lysosomal enzymes, and TGF-~. Therefore, we evaluated the 

expression ofED-1, a macrophage marker, in the renal cortex. ln the cortex ofHG rats, 

the number of ED-t-positive cells was significantly greater than in Sham rats (Figure 
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22). Treatment with ABT -627 reduced the hyperglycemia-induced increase in the number 

of ED-I -positive cells. 
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Figure 22. Quantification of Eb-1+ cells in the renal cortex of Sham, HG and 

HG rats treatedwithABT-627 after 10 weeks of treatment. * p<0.05 vs Sham,# 

p<0.05 vs HG, n=4-5. 
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DISCUSSION 

The purpose of this study was to determine if enhanced activation of the ETA 

receptor promotes renal injury in streptozotocin-induced diabetes mellitus via increased 

production of reactive oxygen species and prostanoids. As previously described by other 

groups, blockade of the ETA receptor reduced renal injury in this model of type 1 

diabetes. We found that oxidative stress was increased in hyperglycemic rats; however, 

the production of reactive oxygen species was not attenuated by treatment with the ETA 

receptor antagonist, ABT -627. These data indicate that the increase in reactive oxygen 

species production observed in diabetes is not due to ETA receptor activation. 

Additionally, we found that urinary excretion of the metabolites ofPGE2, prostacyclin, 

and thromboxane was increased in hyperglycemic rats, and ETA receptor blockade 

reduced the excretion ofPGE2 metabolites. 
' . 

In experimental models of diabetes, ETA receptor antagonists as well as 

combined ET AJETB receptor antagonists have been shown to delay the progression of 

diabetic nephropathy (Ding 2003; Cosenzi, 2003; Rocher, 2001). The present study 

demonstrates that the ETA selective antagonist ABT -627 prevents the increase in 

microalbumin excretion and renal cortical morphological changes associated with the 

early phase of diabetes. These parameters were measured 10 weeks after the induction of 

diabetes. At this point, HG rats exhibited glomerular hyperfiltration, as estimated by 

creatinine clearance, and did not have elevated blood pressure compared to Sham rats. 

Although the protective effects ofET receptor blockade have been previously 

demonstrated, the mechanism of this protection is unknown. Therefore, the current study 
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focused on determining the effects of ETA receptor blockade on superoxide and 

prostanoid production in the kidney of diabetic rats. 

Studies in our laboratory and others have shown that activation of ETA receptors 

results in the stimulation ofNADPH oxidase to produce superoxide (Li, 2003; 

Elrnarakby, 2005). Asaba, et al. (2005) provided evidence that the NADPH oxidase 

inhibitor apocynin prevents proteinuria and reduces renal injury in diabetes. Therefore, 

we proposed that blockade of ETA receptors would reduce oxidative stress in the kidney 

of diabetic rats and therefore reduce renal injury. However, we found that ABT -627 had 

no effect on systemic or renal measures of oxidative stress in streptozotocin-induced 

diabetic rats, even though it prevented measures of renal injury. It is possible that ETA 

receptor blockade had localized effects that were not detected by these measures. 

In the current study, we have measured lipid peroxidation, hydrogen peroxide 

excretion, and DNA damage as indices of oxidative stress. Although these measures are 

accepted markers of oxidative stress, they are all indirect measures of reactive oxygen 

species production and have significant limitations. The TBARS assay is a widely used 

assay for lipid peroxidation (Armstrong, 1994); however, the assay may overestimate 

malondialdehyde levels in the urine due to cross-reactivity other aldehydes, sugars, and 

amino acids (Meagher, 2000). Urinary measures of oxidative stress do not reveal the 

sites of reactive oxygen species production or action. It is unknown whether urinary 

excretion ofmalondialdehyde and hydrogen peroxide reflects renal or systemic 

production of reactive oxygen species. To determine oxidative stress in the renal cortex, 

kidneys were stained with 8-hydroxy-2 '-deoxyguanosine, an indicator of oxidative DNA 

damage. 
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These indices of oxidative stress were increased in HG rats; however, ETA 

receptor blockade did not attenuate this phenomenon. These obser-Vations refute the 

postulate that oxidative stress results from ETA engagement in diabetes. Rather, renal 

injury in Type 1 diabetes may be due to reactive oxygen species -induced increases in 

ET -1 production. Indeed, studies have shown that superoxide and hydrogen peroxide can 

increase ET-1 production in human mesangial cells and diabetic rat glomeruli (Chen, 

2000; Hughes, 1996). 

Another mechanism by which ET -1 may induce renal injury is by increasing 

prostanoid production. It has been previously shown that activation of ETA receptors 

results in stimulation ofCOX-2 to produce PGE2 (Hughes, 1995). PGE2 is an important 

regulator of vascular tone, glomerular filtration, renin release, and sodium transport in the 

kidney (Breyer, 1996). Inhibition ofCOX-2 (Cheng, 2002) or the PGE receptor EP-1 

(Makino, 2002) prevents proteinuria and reduces renal injury in diabetes. Furthermore, 

in genetically hypertensive rats, the PGE2/EP-1 signaling pathway has been shown to 

play an important role in the development of renal injury (Suganami, 2003). Therefore, 

the present study tested the hypothesis that the beneficial effects of ETA receptor 

blockade are in part due to a reduction in prostanoid production. We found that excretion 

ofPGE metabolites was reduced in hyperglycemic rats treated with ABT -627, although 

excretion ofprostacyclin and thromboxane metabolites was unchanged. Our data suggest 

that ETA receptor blockade specifically reduces PGE production. 

ET -1 can regulate the renal production ofPGE by influencing the expression of 

the enzymes responsible for the synthesis ofPGE in the kidney, namely COX-2 and PGE 

synthase. Our data suggest that the obs~rved decreased in PGE excretion during ETA 
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receptor blockade is not due to a reduction ofCOX-2 expression in the renal cortex. 

Future studies should examine the impact of ETA receptor blockade on the expression of 

PGE synthase in the cortex and both COX-2 and PGE synthase in the medulla. 

Alternatively, macrophages can release PGE in response to inflammatory signals 

(Lazarus, 2002; Naraba, 1998) and can also stimulate PGE release from neighboring 

fibroblasts (Lefkowith, 1985). Our data indicate that macrophage infiltration is increased 

in the renal cortex of diabetic rats and attenuated by treatment with ABT -627. This is 

consistent with previous results that have demonstrated that ET -1 promotes macrophage 

infiltration in the kidney of diabetic rats (Tastes, 2002), and ETA receptor blockade 

suppresses macrophage infiltration in the renal cortex (Suga, 2003). Therefore, blockade 

of ETA receptors could reduce PGE production in diabetic rats by reducing inflammation 

and macrophage recruitment in the kidney. 

In summary, the present study demonstrates that treatment with a selective ETA 

receptor antagonist prevented measures of renal injury and attenuated the increased 

production ofPGE and macrophage infiltration observed in diabetic rats. ETA receptor 

blockade did not reduce markers of oxidative stress in this model. The roles of 

inflammatory mediators and PGE in the regulation ofET -!-induced diabetic renal injury 

remain to be investigated. 

67 



SUMMARY AND PERSPECTIVES 

The main findings of these studies are (1) basal NO/cGMP signaling is 

diminished in small mesenteric arteries ofDOCA-salt rats, and this decrease is associated 

with reduced NOS3 phosphorylation at two important positive regulatory sites, but is not 

due to NO scavenging by superoxide, (2) chronic elevations in Ang ·n levels and sodium 

intake produce differential effects on renal production ofET-1, and (3) the protective 

effects of a selective ETA receptor antagonist are associated with a reduction in PGE 

excretion and macrophage infiltration but not a reduction in markers of oxidative stress in 

streptozotocin induced diabetes. 

Perspectives on the role ofET-1 in hypertension and diabetes. These three 

studies support the idea that the effects ofET-1 are dependent upon its site of action. ET-

1 acts to maintain normal blood pressure through its natriuretic actions in the nephron. It 

is known that ET-1 plays an important role in the physiological response to a high salt 

diet (Pollock and Pollock, 2001). However, in the pathology of hypertension and 

diabetes, the effects of ET -1 can also include remodeling, vasoconstriction, vascular 

smooth muscle cell proliferation, glomerulosclerosis, and induction of cytokine 

expressiOn. 

The DOCA-salt model is a low-renin, high-endothelin model of hypertension. 

Our findings indicate that in this model there is a dysregulation ofNOS3. ET-1 has been 

shown to regulate the expression and activity ofNOS3 in vitro in the vascular 

endothelium and the renal tubular epithelium (yo[ edgwood, 2005; Herrera, 2004; Y e, 
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2003; Pollock JS, unpublished data), but the effects ofET-1 on the regulation ofNOS3 in 

vivo in hypertension remain unknown. Future studies should examine the signaling 

pathways involved in the regulation ofNOS3 by ET-1 and how these pathways are 

altered under pathophysiological settings such as hypertension and diabetes. We 

hypothesize that, although physiological levels ofET-1 stimulate NOS3 to produce NO 

via activation ofETB receptors, elevated ET -!levels as those observed in hypertension 

and diabetes result in a dysregulation ofNOS3 by altering kinase and phosphatase 

pathways. 

The present study demonstrates that renal excretion of ET -1, an indicator of inner 

medullary ET -1 production, is increased in response to salt loading, and a high salt intake 

is not associated with increased cortical ET -1 content, proteinuria or increased blood 

pressure. However, infusion of Ang II in addition to a high salt diet results in renal 

injury, proteinuria, increased cortical and outer medullary ET -1 content, and increased 

ET -1 excretion. These findings suggest that inner medullary ET -1 production may be 

increased to facilitate natriuresis and maintain a normal blood pressure. Alternatively, 

over-expression of ET -1 in the renal cortex may lead to renal disease due to excessive 

vasoconstriction, vascular smooth muscle cell and mesangial proliferation, and fibrosis. 

Future studies should identifY the mechanisms responsible for the regulation of renal ET-

1 production in response to salt loading and pro-hypertensive factors such as Ang II. 

Identification of these pathways could provide potential therapeutic targets for the 

treatment of kidney disease in hypertension. We propose that the differential effects of 

ET -1 in the normal and hypertensive kidney may be attributed to activation of the 

different ET receptors. Selective blockade of ETA receptors could reduce the pro-
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hypertensive and mitogenic effects ofET-1 overexpression while maintaining the 

natriuretic effects of the peptide. 

Excessive ET -1 production or ETA receptor activation in the kidney of diabetic 

rats contributes to the development of diabetic nephropathy; however, the specific sites of 

ET -1 action in the diabetic kidney and the pathways by which ET -1 induces renal injury 

have not been fully elucidated. The current study suggests that ET -1 via the ETA 

receptor may induce renal injury, at least in part, by increasing macrophage infiltration 

and production ofPGE. By identifying signaling pathways necessary for the pathological 

effects ofET -1, we can gain a better understanding of the development of diabetic 

nephropathy. We propose that ETA receptor blockade reduces renal PGE production by 

reducing inflammation and macrophage infiltration in the diabetic kidney. 

Perspectives on the role of reactive oxygen species in hypertension and 

diabetes. Clinical and experimental hypertension and diabetes are associated with 

elevated levels of oxidative stress, and many studies have examined the role of 

antioxidant treatments in these diseases. Although antioxidant treatments show great 

promise in experimental animals, large randomized clinical trials have failed to 

demonstrate beneficial cardiovascular effects of these agents. Therefore, a better 

understanding of the effects of oxidative stress in disease states is needed. The present 

studies evaluated the production of reactive oxygen species in the DOCA-salt model of 

hypertension and the streptozotocin model of diabetes. 

In the aorta, carotid arteries, and kidney ofDOCA-salt hypertensive rats, it has 

been shown that there is increased activation ofNADPH oxidase and increased 
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production of superoxide (Somers, 2000; Beswick, 2001 ). It is thought that the 

detrimental effects of oxidative stress are due, at least in part, to scavenging of NO by 

superoxide. However, we do not observe increased NADPH oxidase activity in small 

mesenteric arteries ofDOCA-salt rats, and the decline in NO/cGMP signaling in these 

small arteries is not due to a superoxide mediated loss ofNO bioavailability. 

Alternatively, we propose that reactive oxygen species produced, possibly from 

uncoupled NOS, in mesenteric arteries during the early stage ofDOCA-salt hypertension 

play a vasodilatory role in the vasculature. We found that contraction to phenylephrine 

was reduced in mesenteric arteries ofDOCA-salt rats, and sensitivity to phenylephrine in 

these arteries was significantly increased to control levels following-combined 

antioxidant and LNA treatment. Matoba, et al, have postulated that hydrogen peroxide is 

an endothelium-derived hyperpolarizing factor in human mesenteric arteries (2002). In 

addition, it has been shown that exogenous addition of either peroxynitrite or hydrogen 

peroxide can induce a concentration-dependent relaxation in rat mesenteric arteries (de 

Carmen Martin, 2005). Future studies should examine the role of hydrogen peroxide, 

peroxynitrite, and other reactive oxygen species in small arteries of hypertensive rats. 

We hypothesize that hydrogen peroxide acts as a vasodilator in small arteries during the 

early phase of hypertension. Then, over time, elevated levels of hydrogen peroxide 

promote vascular remodeling, vasoconstriction, and hypertension. 

In the streptozotocin model of diabetes, we found that ETA receptor· blockade 

reduces markers of renal injury even though it does not reduce oxidative stress. These 

findings indicate that the renal injury associated with high levels of oxidative stress may 

be due to an indirect mechanism, possibly via reactive oxygen species mediated 
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stimulation ofET-1 production. Interestingly, we also observed that ETA receptor 

blockade did not reduce glomerular hyperfiltration during the early phase of diabetes, 

indicating that renal injury and glomerular hyperfiltation in diabetes are regulated by 

separate pathways. We propose that reactive oxygen species may contribute to 

hyperfiltration in this model of type 1 diabetes. Indeed, preliminary results indicate that 

hydrogen peroxide evokes NOS-independent afferent arteriolar dilation in the normal rat 

kidney (Carmines, 2005). 

These findings support the hypothesis that vasodilatory reactive oxygen species 

are associated with the progression of pathological states. Many previous studies have 

' examined the role of superoxide in various diseases including hypertension and diabetes; 

however, the actions of other reactive oxygen species are not as well defined. Future 

studies should examine the vascular and renal effects of other reactive oxygen species 

such as peroxynitrite and hydrogen peroxide in the pathogenesis ofhypertension and 

diabetic nephropathy. 
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Abstract 

Endothelin (ET) within the inner medullary collecting duct (IMCD) plays a role in 

the control of salt and water excretion, although the mechanisms influencing ET release 

have been poorly defined. Because inflammatory cytokines are potent stimulators ofET 

production in other cell types, experiments were designed to explore the effects of 

interleukin-lB (IL-lB) on ET release from IMCD cells and to investigate possible 

mechanisms of interaction between IL-lB and ET. IMCD-3 cells were incubated for 24 

hours with IL-lB, and immunoreactive ET concentrations in the media were measured by 

ELISA. To determine the pathway through which IL-lB stimulates ET release, IMCD-3 

cells were incubated with inhibitors ofNF-KB activation (BAY 11-7082, parthenolide, or 

MG-132), MAP kinase inhibitors (PD-98059, SB-203580, and U 0126), PI-3 kinase 

inhibitors (LY 294002 and wortmannin), or a casein kinase-2 inhibitor (emodin) for one 

hour prior to the 24-hour incubation with IL-l B. In separate experiments, cells were 

incubated for 24 hours with IL-lB, and NF-KB activation was measured by ELISA. IL-

113 increased ET release in a time and concentration-dependent manner. The NF-KB 

inhibitor, BAY 11-7082, significantly inhibited the maximal !L-IB-induced stimulation 

ofET release by 39 ± 14%. Furthermore, IL-lB increased NF-KB activation in a 

concentration-dependent manner. Inhibition of MAP kinase, PI-3 kinase, or casein 

kinase-2 did not specifically inhibit the stimulation of ET release by IL-l B. In summary, . . 

these results demonstrate that IL-lB stimulates the release of ET via a NF-KB-dependent 

pathway in renal epithelial cells derived from the IMCD. 
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Introduction 

The inner medullary collecting duct (IMCD) is responsible for the final regulation 

of sodium reabsorption in the kidney, and many hormones and autacoids are involved in 

the regulation of sodium transport within the IMCD. One factor known to regulate 

sodium transport in the nephron is endothelin-1 (ET). Although ET was originally 

thought to be produced only in the vascular endothelium, it has also been shown to be 

produced by epithelial cells in the nephron. The inner medulla is the primary site of the 

production and binding ofET in the renal tubule (1,2). In the collecting duct, ET inhibits 

sodium transport by decreasing Na + -K+-ATPase and epithelial sodium channel activity 

(3,4), consistent with a role ofET as a promoter of sodium and water excretion (5). 

The mechanisms influencing the production and release·ofET in the kidney are 

not completely understood. It has been proposed that ET may be released as part of an 

inflanunatory response ( 6). Reports have shown that inflanunatory cytokines such as IL

lB stimulate the release and production ofET in LLCPK-1 proximal tubule cells (7) and 

endothelial cells (8); however, the intracellular mechanisms regulating ET release in 

response to IL-lB remain unknown. Furthermore, studies by Husted eta! (9) and Zeidel 

et a/.(10) demonstrated that, like ET, IL-lB inhibits sodium transport in IMCD cells, at 

least in part, by inhibition ofNa+-K+-ATPase activity, but the mechanism of this action 

remains unknown. 

These observations have led us to hypothesize that IL-lB is an important stimulus 

for the release ofET by IMCD cells. The current experiments were performed to 

examine the effects ofiL-lB on ET release by IMCD cells and to identify possible 

mechanisms of interaction between IL-lB and ET. 
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Methods 

Cell culture. A cell line derived from mouse inner medullary collecting duct (11) 

(IMCD-3, American Type Culture Collection, Rockville, MD) was cultured in a 1:1 

mixture ofDulbecco's modified Eagle's medium (DMEM) and Ham's F-12 containing 

10% fetal calf serum, 1% penicillin/streptomycin, and 2 mM L-glutamine. Cells were 

incubated at 37°C in 5% C02 I 95% air. 

At passages 4-8, cells were grown to confluence on 96-well plates Costar, 

Corning International, Coming, NY). In initial experiments, cells were treated with 

murine lL-lB (10 ng/ml, R&D Systems, Minneapolis, MN) for 0.5, 2, 4, 6, 10, 24, and 48 

hours. Because a maximal increase in immunoreactive ET concentration in the culture 

medium was observed after 24 hours, concentration-response curves were then 

constructed by incubation of cells with lL-lB (0.01 ng/ml to 30 ng/ml) at 37 °C for 24 h. 

Medium was removed and retained for analysis ofinnnunoreactive ET content. 

To determine the mechanism by which lL-lB stimulates ET release in IMCD-3 

cells, cells were treated with a concentration oflL-lB (10 ng/ml) that produced a 

maximal response, in the absence or presence of inhibitors of the nuclear factor-kappa B 

(NF-KB) pathway (BAY 11-7082, parthenolide, or MG-132: 1-100 !J.M), 

phosphatidylinositol3-kinase (PI-3 kinase) inhibitors (LY 294002 orwortmannin: 1-100 

J.!M), inhibitors of the mitogen-activated protein (MAP) kinase pathway (PD-98059: 1-50 

J.!M; SB-203580 or U 0126: 0.1-50 !J.M), or a casein kinase-2 (CK2) inhibitor (emodin: 1-

100 J.!M). Cells were incubated at 37 °C with the inhibitor for 1 h prior to 24 h incubation 

with IL-1B (10 ng/ml). Medium was removed and retained for analysis of 
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immunoreactive ET content, and cells were examined for viability. PD-98059, SB-

203580, U 0126, wortmannin, LY 294002, BAY11-7082, and MG-132 were obtained 

from Biomol (Plymouth Meeting, P A), and emodin and parthenolide were obtained from 

Sigma Chemical (St. Louis, MO). 

In separate experiments, cells were grown to confluence in 100 mm plates and 

then incubated with IL-113 (0.0001 nglml to 1 ng/ml) at 37 °C for 24 h. Cells were rinsed 

twice with ice cold PBS, harvested and retained for analysis ofNF-KB activation. 

Measurement of immunoreactive ET and nuclear factor-KB activation. To 

measure ET concentration in the culture medium, medium was removed from cells and 

stored at -20°C until further use. Inununoreactive ET concentrations were measured 

using sandwich immunoassay kits according to manufacturer's instructions (Parameter 

Human Endothelin-1 Immunoassay, R&D Systems, Minneapolis, MN). The assay has 

100% cross-reactivity with ET-1, 45% with ET-2, and 14% with ET-3, but< 1% cross

reactivity with big ET -1, and does cross to murine ET -1. The detection limit for this 

assay is less than 1.0 pg/ml, and the inter- and intra-assay variability are 5. 7% and 4.4%, 

respectively. To measure NF-KB activation, cells were lysed and assayed using ELISA 

kits according to manufacturer's instructions (TransAM NFKB, Active Motif, Carlsbad, 

CA). NF-KB activation was assessed by using a primary antibody that recognizes an 

epitope on the p65 subunit ofNF-KB that is only accessible when NF-KB has been 

activated. This antibody cross-reacts with the p65 subunit of mouse NF-KB. The 

detection limit for this assay is less than 0.5 11g, and the inter- and intra-assay variability 

are less than 10%. Optical density was measured using a Powerwave 200 microplate 

scanning spectrophotometer (BioTek Instruments, Winooski, VT). 
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Measurement of cellular viability. Cellular viability was measured 

spectrophotometrically by the ability of cells to reduce 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT, Sigma, St. Louis, MO) to formazan. Cells were 

incubated with MTT (0.5 mg/ml) at 37°C for 45 min at the end of each experiment. MTT 

was removed by aspiration, and cells were solubilized in 100 ~-tl of dimethyl sulfoxide. 

The reduction ofMTT to formazan was quantified by measuring the optical density at 

550 urn. 

Statistical analysis. ANOV A combined with post hoc contrasts was used for 

statistical evaluation of mean values (StatView, Abacus Concepts, Berkeley, CA). 

Values are reported as mean± SEM and are representative of cells from four to five 

experiments each assayed in triplicate with P < 0.05 considered significant. 

Results 

IL-16 increases Immunoreactive ET concentration in culture medium of 

IMCD-3 cells. IL-16 increased immunoreactive ET concentration in the culture medium 

oflMCD-3 cells in a concentration- and time- dependent mauner. Maximal stimulation 

of 431 ± 32% over baseline ET concentration (1.46 ± 0.27 pg/ml) was observed when 

cells were treated with 1 ng/ml IL-16 (Figure lA). A maximal 3-4 fold increase in 

immunoreactive ET concentration was observed after 24 h of incubation with IL-113, and 

longer incubation did not further increase the ET concentration (Figure lB). 

Effect of pharmacological inhibitors. To determine the signaling pathway by 

which IL-113 stimulates ET release, lMCD-3 cells were treated with inhibitors ofNF-KB, 

PI-3 kinase, the MAP kinase pathway, and CK2 prior to incubation with IL-16. BAY 11-
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7082, an irreversible inhibitor ofiKBa. phosphorylation and degradation that results in 

inactivation ofNF-KB, prevented the !L-IB-induced stimulation ofET release at a 

concentration of 10 11M (61 ± 14% of maximal stimulation, p<0.05, Figure 2A). Other 

inhibitors ofNF-KB activation, parthenolide and MG-132, reduced cellular viability and 

could not be used to assess the involvement ofNF-KB activation in the response of 

IMCD-3 cells to IL-IB treatment. The PI-3 kinase inhibitor LY 294002 inhibited the 

stimulation of immunoreactive ET release by IL-IB at concentrations of 10 llM and 

higher (Figure 2B, p<0.05), but another PI-3 kinase inhibitor, wortmannin, had no effect. 

Because L Y 294002 has been shown to inhibit CK2 in addition to its effects on PI3 

kinase (12), we examined the effect of CK2 inhibition on ET release in response to IL-IB 

treatment. The CK2 inhibitor, emodin, had no effect on the stimulation ofET release by 

IL-IB at non-toxic concentrations (Figure 2C). Inhibitors of the MAP kinase pathway, 

SB-203580, PD-98059, and U 0126, had no effect on the stimulation ofET release by IL

IB (data not shown). 

The conversion ofMTT to formazan was measured to determine the effect of 

each inhibitor on cell viability. Of the inhibitors tested, only the CK2 inhibitor emodin 

and the NF-KB inhibitors BAY 11-7082, parthenolide, and MG-132 significantly reduced 

cell viability at the concentrations used (Figure 3). At a concentration of 100 llM, 

emodin decreased cell viability by 23 ± II% compared to control {p<0.05). The NF-KB 

inhibitors also decreased cell viability. BAY 11-7082 reduced cell viability by 92 ± 1% 

at 30 llM {p<O.OOI ). However, this concentration is greater than that which inhibited IL

IB stimulated ET release. Treatment of cells with parthenolide and MG-132 caused cell 

death at concentrations as low as 10 llM and 1 !lM, respectively, and therefore could not 
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be used to assess the effect ofNF-KB inhibition on ET release in response to IL-lB 

treatment (MG-132 data not shown). 

IL-16 stimulates NF-KB activation in IMCD-3 cells. Because inhibition ofNF

KB activation decreased IL-lB stimulated ET release, we examined the effect of24 h 

treatment with IL-lB on the activation ofNF-KB in IMCD-3 cells. IL-lB treatment 

caused a concentration-dependent increase in the content ofthe activated p65 subunit of 

NF-KB in IMCD-3 cells (Figure 4). At 1 ng/mL IL-16, the concentration of activated 

NF-KB p65 was significantly greater than basal levels (14.9 ± 1. 7 ng I!J.g protein and 4.6 

± 1.1 ng I!J.g protein, respectively, p < 0.005). 

Discussion 

The present study demonstrates that IL-lB stimulates immunoreactive ET release 

from IMCD-3 cells in a concentration- and time-dependent mauner .. Our results are 

consistent with observations that IL-lB increases the release ofET by LLCPK-1 proximal 

tubule cells and endothelial cells. (7 ,8) In addition, it has been shown that the release of 

ET is induced by other cytokines, including transforming growth factor-~, tumor necrosis 

factor-a., and interferon-y, from vascular smooth muscle and renal epithelial cells, (13, 

14) suggesting that ET may be involved in the inflammatory response associated with 

many disease states. 

Previous studies have not identified the mechanisms by which IL-lB stimulates 

ET release in the kidney. Therefore, one aim of this study was to determine which 

intracellular signaling pathways are involved in this response. Ligand binding to· the IL-

lB receptor can result in signaling via IKB kinase, Pl3 kinase, or MAP kinase pathways to 
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activate transcription factors. We used various pharmacological inhibitors of these 

pathways to identify which signaling pathways contribute to increased immunoreactive 

ET production in response to IL-1J3 treatment. Inhibition of neither PI3 kinase nor MAP 

kinase affected ET release from IMCD-3 cells. However, our results demonstrate that 

inhibition ofNF-KB activation attenuates IL-1J3 -induced ET release. In addition, IL-1J3 

increases NF-KB activity in a concentration dependent manner in IMCD-3 cells. 

Quehenberger et al. (15) showed that there is a functional NF-KB binding site in the 

human ET gene, suggesting that NF-KB functions as a regnlatory factor in IL-113-induced 

ET gene transcription. Furthermore, previous work has demonstrated that other 

cytokines, tumor necrosis factor-a and interferon-y, stimulate ET production by human 

vascular smooth muscle cells via activation ofNF-KB (16, 17) 

In contrast to our results, IL-1J3 has been shown to exert its effects via activation 

of the MAP kinase pathway in other cell types. Kreydiyyeh and Al-Sadi showed that the 

effects of IL-1J3 on the Na + cK+ -ATPase occ~ via activation of different MAP kinases in 

different cell types: the MEKJERK pathway LLCPK-1 cells (18) and the p38 MAP 

kinase in Caco-2 cells (19). Together with the present study, these results suggest that 

IL-1J3 signaling involves different pathways that are specific to the cell type: 

The stimulation of immunoreactive ET release by IMCD-3 cells in response to IL-

1J3 was inhibited by LY 294002, a Pl3 kinase inhibitor, at high concentrations (10-100 

f.!M). However, another PI3 kinase inhibitor, wortmannin, had no effect on the 

stimulation ofET release by IL-1B. Because the effective concentrations ofL Y 294002 in 

this assay are much greater than the IC50 (1.4 f.1M) of this compound, we concluded that 

the inhibition ofET production observed is not due to a specific action on PI3 kinase. 
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Wortmannin is known to be a highly specific inhibitor ofPI3 kinase, inhibiting kinases 

such as PI 4-kinase and myosin light chain kinase only at much higher concentrations 

than that necessary for PI3 kinase inhibiton. However, L Y 294002 also inhibits CK2 

with similar potency to its effects on PI3 kinase. (I2) To determine if the inhibition 

produced by L Y294002 was in fact due to inhibition of CK2, we determined the effect of 

a CK2 inhibitor, emodin, on !L-IB-induced ET release. Emodin had no effect on the 

stimulation ofET release in response to IL-I13. These results indicate that the inhibition 

ofiL-I13-induced immunoreactive ET release by treatment with LY294002 is not due to a 

specific effect of the compound on PI3 kinase or CK2. 

In conclusion, the present studies demonstrate that IL-I13 stimulates the release of 

immunoreactive ET by IMCD cells, via a NF-KB dependent pathway. These studies lead 

us to hypothesize that the natriuretic effects ofiL-IB may occur, at least in part, indirectly 

via increased production ofET. IL-I13 has been reported to inhibit Na+-K+-ATPase 

activity via increased PGE2 production (I 0) and to inhibit Na+ absorption by IMCD 

cells.(9) These actions of IL-I13 could be due, at least in part, to increased production of 

ET because ET has been shown to produce similar effects on PGEz production and Na+

K'-ATPase activity. (3,20) Future studies will evaluate the effects ofiL-I13-stimulated 

ET release on sodium transport in the IMCD. Understanding the regulation ofET release 

and its effects on sodium transport in the IMCD may be a key in understanding the 

disorders of sodium balance and salt-sensitive hypertension. 
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Figure 1. Effects ofiL-1B on immunoreactive ET release by IMCD-3 cells. A. Cells 

were incubated with IL-1B (0.01-30 ng/ml) for 24 h, media was removed, and ET content 

in the media was determined. B. Cells were incubated with IL-1B (1 0 ng/ml) for 0.5, 2, 

4, 6, 10, 24, and 48 h, media was removed, and ET content in the media was determined. 

n=3-5. ** indicates significant difference (p<0.0001) from baseline. 

Figure 2. Effects of (A) NF-KB, (B) PI-3 kinase, and (C) CK2 inhibitors on IL-1B 

stimulated ET release by IMCD-3 cells. Cells were incubated with various 

concentrations of inhibitors for 1 h prior to incubation with IL-lB (10 ng/ml) for 24 h, 

media was then removed and immunoreactive ET content determined by ELISA. n=4-7. 

* indicates significant difference (p<0.05) from baseline. 

Figure 3. Effects of pharmacological inhibitors on cellular viability as measured by the 

conversion ofMTT to formazan. After 24-h treatment with inhibitor and/or IL-1B, cells 

were incubated for 45 min with MTT. Cells were then solubilized, and conversion .of 

MIT to formazan was quantified by measuring optical density at 550 nm. BAY, BAY-

11-7082; PART, parthenolide. n=3-5. *indicates significant difference (p<0.05) from 

baseline,# indicates significant difference (p<O.OOl) from baseline. 

Figure 4. Activation of the p65 subumit ofNF-KB in response to treatment with IL-l B. 

Cells were incubated with various concentrations ofiL-1B (0.0001 - 1 ng/ml) for 24 h, 

cells were scraped and assayed for the activation ofNF-KB p65. n=4. * indicates 

significant difference (p<0.05) from baseline. 
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II. Expression of Proteins Involved in Natriuresis in the Renal Inner Medulla of 

Male and Female Spontaneously Hypertensive Rats 

Introduction: The male gender is a risk factor for the development of 

cardiovascular disease. Previous studies have shown that male spontaneously 

hypertensive rats (SHR) have higher blood pressure and blunted pressure-natriuresis 

relationship compared to female SHR. In the renal inner medulla, nitric oxide (NO) and 

arachidonic acid metabolites regulate medullary blood flow and inhibit tubular sodium 

reabsorption, thereby influencing blood pressure. Therefore, the aim of this study was to 

determine if there is a gender difference in expression of proteins involved in NO 

synthesis or arachidonic acid metabolism in the renal inner medulla of SHR. 

Methods: Experiments were conducted using 13 week old male and female SHR 

(Harlan). Tail-cuff pressure was measured as an estimate of systolic arterial pressure. 

The renal inner medulla was isolated from male and female SHR, and the tissue was 

homogenized in the presence of protease inhibitors. Expression ofNOSl, NOS3, 

phosphorylated NOS3, sEH, CYP4A, or COX2 wa5 det~rmined by Western blot analysis. 

Equal protein loading was calculated based on protein concentrations from the Bradford 

assay (BioRad} and verified by ~-actin immunoblotting. Plasma 8-isoprostane levels were 

measured by EIA (Cayman Chemical}, and plasma NOx levels were measured by 

chemiluminescence (Sievers NOA). 
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Conclusion: Changes in expression of sEH, NOS 1 or NOS3 or phosphorylation 

ofNOS3 do not appear to contribute to maintenance of the pressure-natriuresis 

relationship and lower blood pressure observed in female SHR compared to male SHR. 
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m. Characteristics of streptozotocin-induced diabetic rats after 2 weeks of 

hyperglycemia 

STZ-treated rats 

SHAM EUG HYP 
Body Weight, 308±4 301±3 294±2* 

g (n=12) (n=ll) (n=13) 
Blood Glucose, 93±2 86±9 380±12* 

mg/dl (n=14) (n=12) (n=13) 
Food Intake, 19.2±1.1 20.4±0.9 25.7±1.7* 

g/d (n=12) (n=ll) (n=13) 
Water Intake, 30.8±0.9 32.0±1.9 82.9±8.8* 

mild (n=12) (n=ll) (n=13) 
Urine Flow, 14.3±0.6 16.4±1.7 65.4±8.2* 

mild (n=12) (n=ll) (n=13) 
Na+ Excretion, 1.05±0.09 1.27±0.10 1.42±0.12* 

mol/d (n=IO) (n=8) (n=10) 
K + Excretion, 5.07±0.35 4.54±0.27 5.69±0.19 

molld (n=10) (n=8) (n=10) 

Characteristics of Sham, Euglycemic (EUG), and Hyperglycemic(HYP) rats after 2 week 

treatment. Excretory data were derived from 24-h urine collection in metabolic cages 

within 24 h of sacrifice. EUG rats did not differ from Sham rats in any of these 

measurements. HYP rats exhibited slower weight gain, hyperphagia, polydipsia, 

polyuria, natriuresis compared to Sham rats. Values are means ±SEM, * p<0.05 vs. 

Sham. 
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Creatinine clearance in Sham, Euglycemic, and Hyperglycemic rats after 2 week 

treatment. HYP rats exhibit g/om(!rular hyperjiltration after 2 weeks ofS1Z treatment. 

Values are means± SEM * p< 0.05 vs sham, # p<0.05 vs EUG, n=B-14. 
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Evaluation of the endothelin system in diabetes: 
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EUG rats tend to be higher than Sham, although the difference is not significant. It is 
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Evaluation of oxidative stress in diabetes: 
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HYP 

Plasma MDA concentrations in Sham, Euglycemic, and Hyperglycemic rats after 2 week 

treatment. Values are means ± SEM * p<O. 05 vs Sham, # p<O. 05 vs EUG, n=B-14. 
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MDA excretion in Sham, Euglycemic, and Hyperglycemic rats after 2 week treatment. 

Values are means± SEM * p<0.05 vs Sham,# p<0.05 vs EUG, n=B-14. 
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Hydrogen peroxide excretion in Sham, Euglycemic, and Hyperglycemic rats after 2 week 

treatment. Values are means± SEM * p<0.05 vs Sham,# p<0.05 vs EUG, n=B-14. 

Conclusion: Hyperglycemic rats exhibit increased plasma ET -1 levels, increased 

renal ET -1 production, and increased markers of oxidative stress. 
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IV. Determination ofNADPH oxidase and xanthine oxidase activity in the renal 

cortex of control and angiotensin infused· rats on a high salt diet. 

Method: Kidneys were isolated and separated into cortical and medullary sections, snap 

frozen in liquid nitrogen, and stored at -80°C. Cortical tissue was homogenized in a glass 

I Teflon Dounce homogenizer for 15 strokes in homogenization buffer with protease 

inhibitors (weight-to-volume ratio, 1:10) containing 50 mM Tris - pH 7.4, 250 mM 

Sucrose, 0.1% BME, 10% Glycerol, 1 mM PMSF, 2 J.LM leupeptin, 1 J.LM pepstatin A, 

and 0.1% aprotinin. Protein concentrations were determined by standard Bradford assay 

(Bio-Rad}. Homogenates were diluted to 0.7 mg/ml in physiological saline solution 

(PSS) of the following concentrations (mM): NaCl 130, KCl 4.7, KH2P04 1.8, 

MgS04•7H20 1.17, NaHC03 14.9, dextrose 5.5, EDTA 0.26, CaCh 1.6. 02- detection 

experiments were conducted in 96-well microplates (OptiPlate-96 polystyrene 

microplates; Packard; Meriden, CT}. 50 Jl.L of diluted homogenate (35 Jl.g) was added to 

sample wells, and 50 Jl.L of PSS was added to background wells. 50 Jl.L of a 40 mM 

Tempel stock solution (10 mM final concentration) or 50 Jl.L of PSS was then added. 

The plate was covered with Topseal-A (Packard; Meriden, CT} and incubated for 30 min 

at 37°C. 100 Jl.L of a 10 J.LM Lucigenin stock solution (5 J.LM fmal concentration) with or 

without substrate (200 J.LM NADPH or Xanthine in stock solution- 100 J.LM final) was 

then added to each well. Plates were counted on a TopCount™ Microplate Scintillation 

& Luminescence Counter (Packard; Meriden, CT) set to single photon counting (SPC) 

mode. The scintillation microplate counter was covered with blackout cloth to prevent 

any extraneous light from interfering with the light sensitive nature of the 

124 



chemiluminescent probes. The plate was dark adapted for 30 minutes, and then counted 

(0.05 minutes, 8 times). Average background cpm was subtracted and from average 

sample cpm then normalized to j.Lg protein. 

Renal Cortical NADPH Oxidase Activity 
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NADPH oxidase activity and xanthine oxidase activity in renal cortex homogenates from 

control and angiotensin II infosed rats on high salt diet (Ang!HS). NADPH oxidase 

activity is increased in the kidney cortex of Ang!HS rats. * p=0.05, n=4. 
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V. Follow-up studies to Aim 1 
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cAMP levels in mesenteric arteries of DOCA-salt and placebo rats in the presence and 

absence of an EET mimetic or 1 fllTIOI!L SNP. n = 4-7. There is a tendency for cAMP 

production to be higher in mesenteric arteries ofDOCA-sa/t hypertensive rats {p=O.Ol). 
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Western blot analysis ofNADPH oxidase subunit expression in mesenteric arteries of 

placebo and DOCA-salt rats. No significant differences in subunit expression were 

observed n=4-5. 
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Cumulative concentration response curves to the endothelium-dependent vasodilator 

acetylcholine (Ach) in third order mesenteric arteries of placebo and DOCA-salt rats. 

Arteries were preconstricted with PE, and cumulative concentration-response curves 

were constructed using ACh in the presence or absence of LNA (100 J.imol/1) or PEG-

SOD (200 Ulm/). n = 7-9. 
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Cumulative concentration response curves to the endothelium-independent vasodilator 

sodium nitroprusside (SNP) in third order mesenteric arteries of placebo and DOCA-salt 

rats. Arteries were preconstricted with PE, and cumulative concentration-response 

curves were constructed using SNP. n = 7-9. 
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