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ABSTRACT 

Blood pressure (BP) and oxidative stress increase with aging. Renal 

dopamine D1 (D1R) and angiotensin AT1 (AT1R) receptors by maintaining 

sodium homeostasis regulate blood pressure. Impaired D1R and exaggerated 

AT1R functions in the kidneys contribute to hypertension in animal models, which 

also exhibit oxidative stress. However, the role of oxidative stress in age-related 

hypertension has not been studied. In this study, we hypothesized that age-

associated increase in oxidative stress by altering renal D1R and AT1R functions 

cause high BP in aging.    

To test this hypothesis, we measured oxidative stress, BP, and D1 and 

AT1 receptor functions in adult (3-month) and old (21-month) Fischer 344 X 

Brown Norway F1 (FBN) rats supplemented without/with antioxidant tempol. We 

found age-related increases in oxidative stress and blood pressure; which were 

reduced with tempol treatment in old FBN rats. D1R and AT1R functions were 

determined by measuring diuretic and natriuretic responses to SKF-38393 (D1R 

agonist) and candesartan (AT1 receptor antagonist) respectively. Natriuresis in 

response to D1R activation was impaired in old rats, suggesting an age-

associated decline in D1R function in old FBN rats. Increase in G protein coupled 

receptor kinase (GRK) expression/activity is associated with reduced D1R-G 

protein coupling and function in humans and animal models with hypertension. 
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We found age-associated increase in GRK-4 levels accompanied with D1R-G 

protein uncoupling in the renal proximal tubules of old FBN rats. Tempol 

treatment reduced GRK-4 levels and restored D1R-G protein coupling in these 

old rats. Natriuretic and diuretic responses to candesartan; however, were 

exaggerated in old rats, suggesting an age-associated increase in renal AT1R 

function in old FBN rats. Age-related increases in angiotensin II-mediated G 

protein coupling leading to exaggerated Na,K-ATPase activity may have caused 

increased renal AT1R function observed in old FBN rats. Tempol treatment 

restored angiotensin II-mediated G protein coupling and Na,K-ATPase response 

and thus reduced candesartan-mediated natriuresis and diuresis in old FBN rats. 

Our results demonstrate that both diminished renal D1R and exaggerated 

AT1R functions are associated with high BP in old FBN rats. Furthermore, 

oxidative stress may cause altered renal D1R and AT1R functions and high BP in 

these old rats. 
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1. INTRODUCTION AND STATEMENT OF PROBLEM 

Hypertension is a major risk factor for cardiovascular morbidity and 

mortality (1-5). Both genetic and non-genetic factors have been implicated in the 

development of hypertension (6). Proper sodium handling by kidneys is the key 

to the maintenance of body’s sodium homeostasis and long-term regulation of 

blood pressure. A close relationship exists between improper renal sodium 

handling and pathogenesis of hypertension (7-10).  

Kidney dopamine and angiotensin II (Ang II) are two key counter-

regulatory endogenous compounds that play pivotal roles in the maintenance of 

sodium homeostasis and blood pressure (11). Dopamine exerts its natriuretic 

action primarily via D1-like (comprised of D1 and D5 subtypes) receptors and 

contributes to majority of the sodium excretion during increased sodium intake 

(12-14). Impairments in natriuretic and diuretic responses to D1-like receptor 

agonists are linked to hypertension in humans and rodents (15-21). In contrast, 

Ang II mediates its antinatriuretic effects via angiotensin type 1 (AT1) receptors 

(22-24), altered functioning of which has also been linked to various forms of 

hypertension (25, 26). Besides their counter regulatory actions on sodium 

transporters, recent studies suggest a direct antagonism between the dopamine 

and renin angiotensin system in regulating sodium balance (11).  
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Blood pressure increases with advancing age (27-29) and may account for 

myocardial infarction, stroke, and heart and kidney dysfunctions in the aging 

population (28). A host of structural and functional changes in the kidney 

accompany the aging process, which are often associated with an inability of the 

kidney to regulate sodium balance (30, 31).  Aging is also associated with 

increase in oxidative stress (32) and alterations in renal D1R (33, 34) and AT1R 

(35) functions. In hypertensive animal models like Spontaneously Hypertensive 

and Obese Zucker rats, which also exhibit increased oxidative stress, altered 

renal D1R and AT1R functions have been reported (16, 36-39) . Therefore, we 

hypothesized that hypertension in aging is associated with alterations in both 

renal D1 and AT1 receptor functions and age-associated oxidative stress plays 

causative role in this phenomenon. 

We have previously established the role of age-associated oxidative 

stress in renal dopamine D1R dysfunction in old Fischer 344 (F344) rats (rat 

aging model) (40, 41). However, these rats do not develop age-associated 

hypertension. Since our objective was to determine mechanisms for hypertension 

in aging, F344 rats were not an ideal animal model for our studies. Therefore, in 

this study, we used Fischer 344 X Brown Norway F1 (FBN) rats; another animal 

model widely used and recommended for aging research (42). We supplemented 

adult (3 month) and old (21 month) FBN rats without/with antioxidant tempol and 

measured age-associated effects on oxidative stress, blood pressure, and 
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dopamine D1R and angiotensin AT1 receptor functions. While, renal D1R and 

AT1R functions were determined in vivo in response to D1 receptor agonist SKF-

38393 and AT1 receptor antagonist candesartan respectively; the underlying 

mechanisms for D1R and AT1R alterations were studied in the isolated renal 

proximal tubules in adult and old FBN rats.  

We also studied renal AT1 receptor function in normotensive F344 rats, as 

effects of aging on renal AT1R function in these normotensive rats have not been 

reported. Thus, we measured renal AT1R function in response to candesartan in 

adult (6 month) and old (24 month) F344 rats. 
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2. REVIEW OF LITERATURE 

 

2.1 Role of kidney in sodium homeostasis and regulation of blood pressure 

Blood pressure is regulated by an integrated action of various 

physiological systems affecting two major determinants of systemic pressure: 

cardiac output and peripheral vascular resistance. Control of these two 

parameters involves distinct contributions from heart, kidney, adrenal gland, brain 

and peripheral vessels. However, as first suggested by Guyton and now widely 

recognized, control of sodium excretion by the kidneys plays a critical role and 

perhaps represents the final common pathway for long-term regulation of blood 

pressure (43).  

 

2.1.1 Regulation of sodium homeostasis 

Kidney maintains sodium and water balance by hormonal regulation of 

various sodium transporters present along the nephron (functional unit of kidney). 

For example, NHE (Na-H exchanger), NaPi-2 (Type 2 Na-phosphate 

cotransporter), NKCC2 (Type 2 Na-K-2Cl cotransporter), NCC (Na-Cl 

cotransporter) and ENaC (epithelial Na channel) are the major sodium 

transporters and channels on apical side of the tubular cells in the nephron (44). 
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Whereas, NBC1 (Type 1 Na-bicarbonate cotransporter) and NKA (Na,K-ATPase) 

are the two major sodium transporters on the basolateral side of the tubular cells 

(44). Urinary sodium excretion is regulated in an interactive manner by various 

natriuretic (e.g. dopamine and atrial natriuretic peptide) and anti-natriuretic 

hormones (e.g. norepinephrine and angiotensin II) (45). Approximately 70% of 

the filtered load of sodium is reabsorbed in the proximal tubules, while 20% and 

9% is reabsorbed in the loop of Henle/distal tubule and collecting duct 

respectively, while the rest is excreted (46).  

 

2.1.2 Regulation of blood pressure 

The relationship between blood pressure and sodium excretion has been 

described using the pressure-natriuresis curve. According to this relationship, in 

normal persons, an increased sodium intake causes appropriate adjustments in 

various humoral, neural and paracrine mechanisms, which alter systemic and 

renal hemodynamics to increase sodium excretion without increasing blood 

pressure. However, a decrease in sodium excretory capability in the face of 

normal or increased sodium intake can lead to increase in extracellular fluid 

volume and, therefore, can cause increase in blood pressure. Through the 

mechanism of pressure natriuresis, increased arterial pressure increases renal 
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sodium excretion, which restores sodium balance but at the expense of a 

persistent elevated arterial pressure (47).   

 

2.2 Role of renal dopamine and angiotensin II in sodium balance 

Renal sodium excretion is bidirectionally regulated by natriuretic dopamine 

and antinatriuretic angiotensin II (11). 

   

2.2.1 Renal dopaminergic system 

Dopamine produced locally in the kidney is important in the 

paracrine/autocrine regulation of sodium transport through the renal tubules (20, 

48-50). Dopamine exerts its biological effects via the D1-like (D1 and D5; rat 

homologs: D1A and D1B) and D2-like (D2, D3 and D4) G protein coupled 

receptors. While D1-like receptors are linked to stimulatory G proteins, Gαs, and 

stimulate adenylyl cyclase, D2-like receptors are linked to inhibitory G proteins, 

Gαi/Gαo, and inhibit adenylyl cyclase (20, 48-50). The D1 receptor also couples 

to Gαq and stimulates phospholipase C (PLC) resulting in the production of 

inositol phosphates and diacylglycerol, which activates protein kinase C (PKC) 

(51-54). The D1-like receptors are present on the renal tubules, juxtaglomerular 

apparatus and smooth muscles of blood vessels of major body organs. However, 
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D2-like receptors are present on the glomeruli, renal tubules, postganglionic 

sympathetic nerve terminals and zona glomerulosa cells of the renal cortex (55-

59). 

  In the kidney, dopamine is produced mainly in the renal proximal tubules, 

by decarboxylation of L-3,4-dihydroxyphenylalanine (L-DOPA) transported from 

the circulation (20, 48-50). Under conditions of moderate sodium excess, 

dopamine via D1-like receptors increase sodium excretion mediated mainly via 

tubular mechanisms (20, 48-50). This increase in sodium excretion by dopamine 

is achieved by inhibiting sodium transporters NKA and NHE in proximal tubules 

and other parts of the nephron (60-62). On the brush border side, dopamine 

inhibits NHE via cAMP-dependent and cAMP-independent mechanisms (60, 63-

65). Dopamine-mediated increase in cAMP activates protein kinase A (PKA), 

which in turn phosphorylates NHE and subsequently inhibits its activity (60, 66, 

67). This D1R-mediated cAMP/PKA pathway has also been implicated in 

inhibiting NKA activity on the basolateral side in the renal proximal tubules and 

other segments in the nephron (68-70). In addition, numerous studies have also 

provided evidence for the role of D1-receptor-mediated PLC/PKC pathway in 

inhibiting NKA activity in the renal proximal tubules (16, 51, 71-74). It is now 

recognized that PKC by phosphorylating the NKA pump inhibits NKA activity (75, 

76).  On the other hand, activation of dopamine D2-like receptors produces 

antidiuresis and antinatriuresis (77, 78). Activation of mitogen-activated protein 
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kinase by D2-like receptors stimulates sodium transporter NKA in the renal 

proximal tubules and thereby, cause sodium retention (79, 80). 

 

2.2.2 Renal tubular effects of Angiotensin II 

Similar to dopamine, renin angiotensin system is another important 

regulator of sodium transport and blood pressure (81). Angiotensin II mediates its 

sodium regulatory actions primarily via G protein coupled AT1 and AT2 

receptors. While AT1 receptors are linked to G proteins Gq/11 and Gαi/Gαo, AT2 

receptors are coupled to G protein Gαi2/3 (82). Angiotensin II via AT1 receptors 

stimulates sodium transporters, namely NHE3 on the brush border membrane 

and the NBC1 and NKA on the basolateral membrane (83-85) thereby leading to 

increase in sodium reabsorption. This stimulation of sodium transporters by Ang 

II is evident only at lower concentrations (picomolar); higher concentrations 

(beyond nanomolar) of Ang II, however, have been reported to inhibit these 

transporters (84, 86, 87). At the cellular level, AT1 receptors by activating Gi 

proteins cause inhibition of adenylyl cyclase activity and stimulation of sodium 

transporters (84, 88-90). In the proximal tubules, Ang II-elicited stimulation of the 

NHE is mediated via the PLC/PKC pathway (86, 91, 92). This phenomenon of 

AT1 receptor-mediated increase in sodium reabsorption is up regulated during 

times of low sodium intake in order to conserve body sodium. Although 
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angiotensin II through AT2 (via NO-cGMP pathway) and AT4 receptors can 

cause increase in sodium excretion, the major effect of angiotensin II is to retain 

sodium and is mediated via AT1 receptors (81, 82, 93-95).  

In the kidneys, thus, dopamine (via D1-like) and angiotensin II (via AT1 

receptors) by modulating sodium transporters serve important functions in 

maintaining sodium balance, and therefore, in regulating blood pressure.  

 

2.3 Altered renal dopamine and angiotensin AT1 receptor system in 

hypertension  

2.3.1 Defective renal dopaminergic system in hypertension 

There is enough evidence for the role of dopamine and the genes that 

regulate its function in the pathogenesis of hypertension (96).  Defective renal 

dopamine secretion/synthesis has been reported in various forms of human 

hypertension (97). This deficiency in renal dopaminergic system in human 

primary hypertension has been attributed to a defect in L-DOPA decarboxylase 

and/or a decrease in renal tubular uptake of L-DOPA and its conversion to 

dopamine (96). Also, defective D1-like receptors have been reported in primary 

cells cultured from hypertensive human proximal tubules (98). A recent study 

suggested that D1 receptor gene polymorphism is associated with essential 
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hypertension (99). In another study, single nucleotide polymorphism of GRK4γ 

resulted in increased GRK activity, causing serine phosphorylation and 

subsequent D1 receptor-G proteins uncoupling in renal proximal tubules obtained 

from patients with essential hypertension (100). 

In studies in Dahl salt-sensitive rats, researchers have reported a defect in 

the ability of the D1-like receptor to regulate NKA activity in the renal proximal 

tubules (13, 14, 101-103). There are also reports of defective ligand-mediated 

D1-like receptor coupling to G proteins on the basolateral membranes in 

spontaneously hypertensive rats (SHR) (13, 53). Strong evidence relating 

defective renal D1A receptor system/signaling with hypertension have come from 

the cross-breeding studies. In the F2 generation from cross breeds between 

female Wistar-Kyoto (WKY) and male SHR rats, the inability of dopamine D1-like 

receptor to inhibit NHE3 in the renal proximal tubules cosegregated with reduced 

ability to excrete sodium in response to D1-like receptor agonists and 

hypertension. In another study, where mutant mice lacking functional D1A 

receptors were generated, there was increased systolic, diastolic and mean 

arterial pressure (15). 
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2.3.2 Increased angiotensin AT1 receptor function in hypertension 

Angiotensin II is a potent vasoconstrictor and a sodium retaining hormone. 

Increased responsiveness to angiotensin II in the renal proximal tubules of SHR 

has been reported to contribute to sodium retention observed during the 

development of hypertension in these rats (39). Young SHR also express 

increased AT1 receptors in the renal proximal tubules compared to age-matched 

WKY rats (104). In Obese Zucker rats, a model for obesity-related hypertension, 

treatment with an AT1 receptor antagonist cause greater diuresis and natriuresis 

and reduce blood pressure compared to lean rats (105, 106). Ang II (at lower 

concentration in pM range) also stimulates NHE and NKA to a greater extent 

accompanied with greater reduction in cAMP and increased AT1 receptor 

numbers in the renal proximal tubules of Obese Zucker rats.  This up regulated 

angiotensin AT1 receptor system in the renal proximal tubules cause increase in 

sodium and water retention and contribute to hypertension in Obese Zucker rats 

(107).  

 

2.4 Hypertension in elderly 

In humans, prevalence of hypertension increases with advancing age. 

According to the National Health and Nutrition Examination Survey (1999-2004), 
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about 60% of all adults aged 60-69 years and up to 77% of those aged > 80 

years have hypertension (108). In people who are normotensive at the age of 55-

65 years, life time risk for developing hypertension exceeds 90% and is mainly 

accounted for by an age-related increase in systolic blood pressure (29). While 

the diastolic pressure plateaus in the 50-60 years of life and then slowly declines 

thereafter, systolic pressure continues to increase and thus, contributes to 

increases in pulse pressure (109). Age-related vascular, neuronal and humoral 

changes are important factors leading to the development of hypertension in 

elderly. As elevated blood pressure is a well recognized risk factor for 

cerebrovascular accidents, congestive heart failure, coronary artery disease, end 

stage renal failure and sudden death, lowering blood pressure is important to 

reduce morbidity and mortality in elderly (110). 

 

2.5 Age-related changes in kidney and sodium regulation 

The process of aging is accompanied by profound anatomic and functional 

changes in the kidney (111). Renal blood flow, GFR and cortical blood flow 

decrease with advancing age (112, 113). With respect to renal sodium handling, 

aging kidneys have both reduced capacity to retain sodium in response to 

sodium restriction and an impaired ability to excrete sodium when challenged 

with increased sodium load (112). It is likely that sluggish sodium conservation 
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observed in aging is due to reduction in nephron numbers with age resulting in 

increased solute load per nephron and reduced levels/responsiveness of the 

sodium retaining aldosterone (30, 114, 115).  

In the normal kidneys, dopamine is produced in response to an increased 

sodium load and acts on D1-like receptors to excrete excess sodium. However, 

numerous studies from our laboratory have reported a defective dopaminergic 

D1-like receptor system in the aging kidneys of old F344 rats. Incubation of renal 

proximal tubules with dopamine failed to inhibit NKA activity in these old rats. 

This defect was due to reduced D1 receptor numbers as well as D1 receptor G-

protein uncoupling on the membranes and decreased D1 receptor protein 

expression in the renal proximal tubules (116). However, in old Sprague-Dawley 

rats, age-associated altered responsiveness to Ang II was suggested to 

contribute towards blunted renal excretory response observed in these rats (35). 

The molecular mechanisms underlying these age-associated changes are 

currently under active investigation. Amongst many theories that explain cellular 

senescence, oxidative stress theory of aging suggests that a decline in the 

organism function with the aging process results from a progressive accrual of 

oxidative damage to its cellular constituents (117, 118).  

 



14 
 

2.6 Oxidative stress and regulation of blood pressure  

2.6.1 Oxidative stress in physiological and pathophysiological states  

Oxidative stress is a complex phenomenon defined as an excess of 

reactive oxygen species (ROS) resulting from either increased production or 

decreased degradation of ROS (119-121). ROS are metabolites of oxygen that 

can strip electrons and oxidize molecules, donate electrons and reduce 

molecules or react with and cause oxidative modification of the molecules. 

Superoxide radicals, hydroxyl radicals, lipid peroxy-radicals, alkoxy-radicals, 

peroxynitrite, hypochlorous acid and hydrogen peroxide are considered as ROS 

(122). The primary sources of ROS include specific oxidases like the NAD(P)H 

oxidase, xanthine oxidase, lipoxygenase, cyclooxygenase, cytochrome P450 

enzymes, uncoupled nitric oxide synthases and the mitochondrial electron 

transport chain. Under normal physiological situations, ROS produced are safely 

neutralized by the antioxidant defense system comprising of numerous 

antioxidant enzymes {e.g. superoxide dismutase (SOD) and hemeoxygenase}, 

and endogenous and dietary antioxidant molecules. However, in many 

pathological situations like hypertension, the levels of ROS elevate either due to 

increased ROS production or a defective antioxidant defense system causing 

oxidative stress. This elevated oxidative stress can cause injury and dysfunction 
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by attacking biomolecules, and by modulating redox-sensitive signal transduction 

pathways and transcription factors (123).    

 

2.6.2 Oxidative stress in hypertension  

Oxidative stress is consistently associated with high blood pressure in the 

kidney, blood vessels and brain in nearly all forms of acquired and hereditary 

hypertension (124). The much direct evidence for the role of oxidative stress in 

hypertension comes from the following experiments: a) induction of oxidative 

stress cause hypertension in genetically normal animals; b) mice deficient in 

manganese SOD exhibit salt-sensitive hypertension; and c) binding of Ang II to 

AT1 receptors cause ROS production via activation of NADPH oxidase in the 

kidney and vasculature suggesting that ROS is a major mediator for the pressor 

response of angiotensin II. Also, reduction of oxidative stress using 

pharmacological doses of antioxidants has been shown to reduce blood pressure 

in hypertensive, but not in normotensive animals (124).  

 

2.7 Oxidative stress and altered renal D1 and AT1 receptor functions  

Impaired natriuretic and diuretic responses to D1-like receptor agonists 

are usually accompanied with increased oxidative stress in humans with 
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essential hypertension and rodents with genetic hypertension (12, 13, 15, 17, 19, 

102, 103, 125, 126). Treatment of proximal tubules with H2O2 (oxidant) increase 

oxidative stress and results in loss of dopamine D1 receptor-G protein coupling. 

This loss of coupling is restored by the use of antioxidants suggesting that D1 

receptor-G protein coupling modulates in response to changes in redox states 

(36). Moreover, Obese Zucker rats; a model of type 2 diabetes exhibiting a 

moderate degree of hypertension and increased oxidative stress also have 

defective D1 receptor function (38). Similarly in old F344 rats, oxidative stress 

has been reported to cause dopamine D1 receptor dysfunction (41). Studies from 

our lab have established that oxidative stress via NFκB-PKC-GRK2 pathway 

cause dopamine D1 receptor uncoupling from G proteins. In these studies, we 

have reported that treatment of renal proximal tubules with H2O2, induces nuclear 

translocation of transcription factor, NFκB, increases PKC activity and triggers 

the translocation of GRK-2 to the membrane (127). This process via 

phosphorylating D1 receptors cause uncoupling of D1 receptor from G proteins 

(128).   

Studies from our lab and others have also suggested a role of oxidative 

stress in altering renal AT1 receptor functions. We have previously shown that 

treatment of Sprague-Dawley rats with a prooxidant, L-buthionine sulfoximine 

(BSO) increase oxidative stress and cause hypertension. This increase in blood 

pressure is accompanied by increased renal AT1 receptor protein, numbers, and 
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a greater stimulation of NKA and NHE3 in response to angiotensin II. Treatment 

with antioxidant tempol restores the above changes and reduces blood pressure 

suggesting that oxidative stress via AT1 receptor upregulation cause 

overstimulation of sodium transporters and subsequently contributes to 

hypertension (25). Also, in Obese Zucker rats, increase in angiotensin AT1 

receptor function coexists with increase in oxidative stress (37, 38). Unpublished 

studies from our lab have also shown that oxidative stress via changes in G 

protein expression and/or G protein coupling contributes to increased AT1 

receptor function and hypertension in Spontaneously Hypertensive Rats. 

 

2.8 Animal models for studying age-related changes 

In the past, researchers have utilized various animal models like Wistar 

rats, Sprague-Dawley rats and Brown Norway rats to investigate the aging 

process. However, many of these animal models develop complications that 

could compromise the observations of age-associated dysfunctions (42). Since 

1970’s, the National Institute on Aging (NIA) has developed two rodent models, 

F344 rats and their hybrid cross FBN rats to study age-associated changes. 

Although, both F344 and FBN rats have been extensively used for aging 

research; FBN rats, however, is recommended by the National Center for 

Toxicological Research and NIA as the preferred model for aging rat research 
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(129-131). FBN rats demonstrate longer maximal life span, normal growth curve 

and distribution of age-related pathologies occurring relatively late in life, and a 

greater mean age for 50% mortality compared to F344 rats, thus meeting the NIA 

goals for an animal model that exhibits age-associated changes as a result of 

“normal aging process” rather than the simple reflection of an ongoing disease 

(129-131).  

The objective of this study was to determine the role of oxidative stress in 

alterations in renal D1R and AT1R functions, and hypertension in aging. In the 

past, we have investigated F344 rats for age-associated changes in oxidative 

stress, D1R function and blood pressure (41). Although these rats exhibited 

increased oxidative stress and decline in renal D1R function with age, they did 

not develop age-associated hypertension. As mentioned before, FBN rats have a 

distinct advantage over F344 rats as an animal model for aging research. 

Moreover, the effect of aging on oxidative stress, D1R and AT1R functions and 

blood pressure have not been reported in these rats. Thus, FBN rats were the 

preferred choice, and were therefore used to study the effect of aging on these 

parameters in this study.   
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3. MATERIALS AND METHODS 

 

3.1 Animals 

Three different strains and different ages of rats were included in the 

study. Adult (3-month), middle age (10-month) and old (21-month) male FBN rats 

raised by Harlan Sprague-Dawley (Indianapolis, IN) were purchased from the 

National Institute on Aging (Bethesda, MD). Adult (6-month) and old (24-month) 

male F344 rats raised by Taconic Farms, Inc. (Hudson, NY) were also purchased 

from the National Institute on Aging (Bethesda, MD). Adult male Sprague Dawley 

(SD) rats weighing 250-300 gm were purchased from Harlan Laboratories 

(Indianapolis, IN). The rats were housed in plastic cages in the University of 

Houston animal care facility and were used as per the National Institutes of 

Health guidelines and approved protocols by the Institutional Animal Care and 

Use Committee. Animals had free access to the standard rodent chow and 

drinking water. 

 

3.2 Tempol supplementation in FBN rats 

FBN rats were randomly divided into four groups, viz. control and tempol-

treated (2 each) adult and old rats. In the treated adult and old rat groups, tempol 
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(Sigma-Aldrich, MO; 1 mM) was supplemented in drinking water for a period of 3-

4 weeks while control adult and old rat groups received only drinking water. 

Water supplemented with tempol was changed twice a day to minimize its 

oxidation. 

 

3.3 In-vivo studies to determine renal dopamine D1 and angiotensin AT1 

receptor functions 

3.3.1 Animal surgery for measurement of blood pressure and renal function 

studies 

The animals were anesthetized with inactin (150g/kg b.w. i.p.) and 

tracheotomy was performed to facilitate breathing. To measure blood pressure 

and collection of blood samples, left carotid artery was catheterized with PE-50 

tubing connected to a pressure transducer. Blood pressure was continuously 

recorded on a Grass Polygraph (Model 7D; Grass Instrument Company, Quincy, 

MA) throughout the experiment. The left jugular vein was also catheterized with 

PE-50 tubing for infusion of drug/saline. A midline abdominal incision was made, 

bladder urine was collected (for biochemical analyses) with syringe and left 

ureter was catheterized with PE-10 tubing for urine collection during saline/drug 

infusion. The rats were continuously infused with normal saline (1% b.w.; ml/hr) 
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for the duration of the surgery in order to prevent dehydration and maintain a 

stable urinary output.  

 

3.3.2 Renal Function Studies 

 

3.3.2.1 Renal dopamine D1 receptor function studies using D1 receptor agonist 

SKF-38393 in adult and old FBN rats  

The protocol consisted of stabilizing the animals for 45 min after the surgery 

followed by three consecutive 30-min urine collection periods viz. C1, C2 and D. 

Collections C1 and C2 (basal) correspond to periods where only saline was 

infused whereas D corresponds to the period where SKF-38393 (1g/kg/min i.v.) 

in saline was infused. Urine samples were collected throughout the 30-min period 

whereas blood samples (250l) were collected at the end of each C2 and D 

collection periods. Equal volume of saline was infused to replace the collected 

blood samples.  
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3.3.2.2 Renal angiotensin AT1 receptor function studies using specific AT1 

receptor antagonist, candesartan. 

a) Candesartan dose standardization study in SD rats 

Candesartan at 100µg/kg dose although produces natriuresis and diuresis but 

also have renal hemodynamic effects (106, 132). Therefore, preliminary studies 

in SD rats were carried out to determine the effects of 1/10th lower dose of 

candesartan (10µg/kg) on urine and sodium excretion, and hemodynamic 

parameters (blood pressure and glomerular filtration rate). In addition, ability of 

candesartan (10µg/kg) in suppressing the pressor response to Ang II was also 

studied as a part of this dose standardization study.  

As above (3.3.2.1), animals were allowed to stabilize for 45 min after the surgery 

and urine was collected at eight consecutive 20-min periods viz. C1, C2, and D1-

D6. During C1 and C2, only saline was infused to determine the basal 

parameters. Candesartan was administered as a bolus dose (10g/kg b.w. i.v.) 

and D1-D6 represent collections following drug treatment. Urine samples were 

collected throughout the 20-min period and blood samples at the end of each D1-

D6 periods (250µl; replaced with equal volume of saline) were collected as 

above. 
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To determine the effectiveness of candesartan (10µg/kg) in attenuating pressor 

response to Ang II, carotid artery and jugular vein were catheterized under 

anesthesia as described in section 3.3.1. After allowing the animal to stabilize for 

45 min, Ang II (60ng) was administered through jugular vein and increase in 

blood pressure was recorded. The blood pressure was allowed to return to basal 

and subsequently, candesartan (10µg/kg i.v.) was administered as a bolus dose. 

Ang II was readministered at 20, 90, 150 and 210 min after candesartan 

administration and changes in blood pressure were recorded.  

To ensure that Ang II-mediated pressor response was not diminished on 

repeated administrations, blood pressure in response to Ang II (60ng i.v.) at 0, 5 

and 60 min was recorded in a separate set of SD rats. Blood pressure was 

recorded in these animals as described above in section 3.3.1. 

 

b) Renal angiotensin AT1 receptor function in adult and old F344 and FBN rats 

As above (3.3.2.1), animals were stabilized for 45 min followed by six 

consecutive 30-min urine collection periods viz. C1, C2, and D1-D4. During C1 

and C2, only saline was infused to determine the basal parameters. Candesartan 

was administered as a bolus dose (10g/kg b.w. i.v.) and D1-D4 represent 

collections following drug treatment. Urine samples were collected throughout the 
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30-min period and blood samples at the end of each C2, D2 and D4 collection 

periods (250µl; replaced with equal volume of saline) were collected as above. 

Urine samples collected from above were stored at -800C for further 

investigations.   

 

3.3.3 Isolation of plasma from blood 

Blood plasma was isolated by centrifuging blood samples at 1,500g for 15 min at 

40C. These plasma samples were also stored at -800C for further analyses. 

 

3.3.4 Urine and Plasma Analyses 

Sodium concentration in urine and plasma was measured using an AAnalyst 400 

atomic absorption spectrometer (Perkin Elmer, Waltham, MA). Creatinine levels 

in plasma and urine were measured using a commercially available assay kit 

(Catalog # K625-100; BioVision Inc., Mountain View, CA). 

 

3.3.5 Evaluation of Renal Function 

Urine volume was measured gravimetrically and urinary flow was assessed 

(l/min). Urinary sodium excretion (UNaV; mol/min) was calculated based on 
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urine flow and urinary sodium concentration [urine flow (l/min)*urinary sodium 

concentration (mol/l)]. The glomerular filtration rate (ml/min) was determined 

based on the clearance of creatinine [{urine flow (ml/min)*urine creatinine 

(mg/dl)}/plasma creatinine (mg/dl)]. Percent fractional excretion of sodium was 

also determined [{urinary sodium concentration (mol/l)*plasma creatinine 

(mg/dl)}/{plasma sodium concentration (mol/l)*urinary creatinine (mg/dl)}]*100. 

 

3.4 In-vitro biochemical studies 

3.4.1 Preparation of renal proximal tubules  

Another set of adult and old FBN rats treated without and with tempol was used 

to make renal proximal tubules. An in situ enzyme digestion procedure was used 

to prepare renal proximal tubules. Briefly, a midline abdominal incision was 

made, aorta was catheterized with PE-50 tubing, and kidneys were perfused with 

oxygenated Krebs-Henseleit buffer A (KHB-A) containing (in mM) 1.25 CaCl2, 

118 NaCl, 4 KCl, 1 KH2PO4, 0.12 MgCl2, 27.2 NaHCO3, 5 D-glucose, and 10 

HEPES (pH 7.4) at 370C using a flow rate of 8ml/min until the kidneys were 

devoid of blood. A suprarenal ligature was placed on the aorta immediately after 

initiation of perfusion. This was followed by in situ digestion with KHB-A buffer-

enzyme solution {containing enzymes collagenase type IV (230U/ml) and 

hyaluronidase type III (250U/ml) in 40ml buffer}. The kidneys were then excised, 
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capsules removed and were placed in ice-cold KHB buffer A. Coronal sections of 

the kidneys were obtained, and superficial cortical tissue slices (rich in proximal 

tubules) were dissected out with a razor blade. The cortical slices were then 

chopped into fine pieces and incubated in 20 ml of KHB-A enzyme solution 

{containing enzymes collagenase type III (460U/ml) and hyaluronidase type IV 

(500U/ml) in 20ml buffer} at 370C with constant oxygenation (95% O2 and 5% 

CO2) until the cortical tissues were uniformly dispersed. The suspension was 

then centrifuged at 50g for 2 min, following which the pellet was resuspended in 

20ml KHB-B buffer containing (in mM) 118 NaCl, 4 KCl, 1 KH2PO4, 0.12 MgCl2, 

27.2 NaHCO3, 5 D-glucose, and 10 HEPES (pH 7.4). The sample was washed 

three times with KHB-B buffer by centrifugation to remove residual enzymes. The 

proximal tubular pellet was re-suspended in 15 ml fresh KHB-B buffer and was 

centrifuged with 5 ml of 20% Ficoll at 250g for 20 min at 40C. The layer at the 

Ficoll interface (enriched in proximal tubules) was collected and washed three 

times by centrifugation in 15ml KHB-C buffer containing (in mM) 1.25 CaCl2, 118 

NaCl, 4 KCl, 1.2 MgCl2, 27.2 NaHCO3, 5 D-glucose, and 10 HEPES (pH 7.4). 

The pellet was re-suspended in 10ml of fresh KHB-C buffer and this suspension 

was used for further studies.  
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3.4.2 Viability test for renal proximal tubular cells 

Trypan blue exclusion test was performed to determine the viability of proximal 

tubular cells (prepared as above). In this test, an aliquot (10-15µl) from the 

proximal tubular suspension was mixed with equal volume of 0.15% trypan blue 

and counted using hematocytometer under the microscope. The proximal tubules 

were considered viable if more than 95% of proximal tubules excluded the trypan 

blue dye. These proximal tubules were then included in the further studies. 

 

3.4.3 Protein estimation in renal proximal tubules 

Protein estimation was done in renal proximal tubules (prepared as above) by the 

bicinchoninic acid (BCA) method using protein assay kit (Pierce, Rockford, IL) 

reagents and bovine serum albumin as protein standards.  

 

3.4.4 Preparation of renal proximal tubular membranes  

Renal proximal tubules in KHB-C buffer were homogenized using Wheaton 

homogenizer followed by centrifuging the homogenate at 2000 rpm for 10 min at 

40C. The supernatant was further centrifuged at high speed (18000 rpm) for 35 

min at 40C to obtain a membrane pellet. The pellet containing proximal tubular 

membrane was resuspended in sucrose buffer (in mM: 10 Tris, 250 sucrose, 1 

sodium orthovanadate, 2.5 sodium pyrophosphate, 1 β-glycerophosphate, 1 

PMSF and 1X protease inhibitor cocktail; pH 7.4) and washed once in the same 
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buffer by centrifugation to get rid of cytosolic proteins contamination. Finally, a 

small volume of sucrose buffer was added to resuspend the membrane pellet 

and stored at -80oC until further use.  

 

3.4.5 Measurement of oxidative stress  

3.4.5.1 Measurement of markers of oxidative stress 

a) Superoxide radical producing NADPH-gp91phox oxidase 

The levels of NADPH-gp91phox in the renal proximal tubular homogenate were 

measured using standard western blotting technique. Briefly, loading samples 

were prepared by dissolving homogenate proteins in SDS-Laemmli buffer. 

Samples (20µg) were then resolved by 10% sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) and electrophoretically 

transferred to a polyvinylidene difluoride (PVDF) membrane (Millipore, Billerica, 

MA). The membrane was blocked in 5% milk followed by incubation with specific 

anti-gp91phox antibody (1:1000) (BD Biosciences, San Jose, CA) each for 1hr. The 

membrane was then incubated with horseradish peroxidase (HRP)-conjugated 

goat-anti-mouse secondary antibody (1:1000) (Santa Cruz Biotechnology, Inc., 

Santa Cruz, CA) for 1hr. The bands were detected using chemiluminiscence 

substrate (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) on X-ray films and 

the band densities were quantified using Kodak ID Image analysis software 

(Eastman Kodak Company, Rochester, NY). The same blot was stripped and 
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reprobed for β-actin as loading control using specific anti-β-actin antibody 

(1:1000) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) followed by HRP-

conjugated goat-anti-mouse secondary antibody (1:1000) (Santa Cruz 

Biotechnology, Inc., Santa Cruz, CA). The bands were detected on X-ray films 

and quantified as described above. 

 

b) 8-Isoprostane  

8-Isoprostane was measured in plasma using a commercially available EIA-

based kit (Cayman Chemical Company, Ann Arbor, MI) according to the 

manufacturer’s instructions. Briefly, this assay is based on the competition 

between 8-Isoprostane and an 8-Isoprostane-acetylcholinesterase (AChE) 

conjugate (8-Isoprostane tracer) for a limited number of 8-Isoprostane-specific 

rabbit antiserum binding sites. The amount of 8-Isoprostane tracer bound (which 

is inversely proportional to the concentration of 8-Isoprostane in the sample) to 

the rabbit antiserum is determined by adding Ellman’s reagent (which contains 

the substrate for AChE) and the intensity of the developed yellow color is 

measured spectrophotometrically at 405 nm. 
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3.4.5.2 Measurement of antioxidants 

a) Urinary antioxidant capacity 

The total antioxidant capacity in bladder urine (diluted 1:10 with deionized water) 

was determined using a commercially available kit according to the 

manufacturer’s protocol (Catalog # 709001; Cayman Chemical, MI). Briefly, the 

assay relies on the ability of antioxidants in the sample to inhibit the oxidation of 

ABTS® (2,2'-azino-di-[3-ethylbenzthiazoline sulphonate]) to ABTS®.+ by 

metmyoglobin. The capacity of the antioxidants in the sample to prevent ABTS® 

oxidation is compared with that of Trolox, a water-soluble tocopherol analogue, 

and is quantified as millimolar Trolox equivalents. 

 

b) Hemeoxygenase-1  

Hemeoxygenase-1 (HO-1) and β-actin (loading control) levels were measured in 

the renal proximal tubular homogenate (15µg protein) by standard western 

blotting technique as described in section 3.4.5.1(a). Specific anti-HO-1 (1:1000) 

(Assay Designs, Ann Arbor, MI) and HRP-conjugated goat-anti-mouse secondary 

(1:1000) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) antibodies were used 

for this study.  
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3.4.6 Methods used for dopamine D1 receptor studies 

3.4.6.1 Measurement of dopamine D1 receptor levels  

a) Measurement of dopamine D1 receptor proteins  

Dopamine D1 receptor and β-actin (loading control) levels were measured in the 

renal proximal tubular homogenate (15µg protein) by standard western blotting 

technique as described in section 3.4.5.1(a). Specific anti-dopamine receptor 

D1A (1:500) (Millipore, Billerica, MA) and HRP-conjugated goat-anti-rabbit 

secondary (1:1000) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) antibodies 

were used for this study. 

 

b) Measurement of dopamine D1 receptor numbers  

Radio-ligand [3H] SCH-23390, a selective D1 receptor antagonist was used to 

determine dopamine D1-like receptors on the renal proximal tubular membranes 

(as prepared in section 3.4.4). The binding reaction was carried out in 

Multiscreen HTS 96 well glass fiber filter plates (Millipore, Billerica, MA). The 

membrane samples (50µg) were incubated with 20 nM [3H] SCH-23390 (specific 

activity 73.1 Ci/mmol) in binding buffer (50mM Tris HCl, 2mM MgCl2, 0.2 mM 

sodium metabisulfite, 0.2 mM PMSF, pH 7.4) at 250C for 120 min. The reaction 

was stopped by rapid filtration using Multiscreen HTS vacuum manifold 

(Millipore, Billerica, MA) following the addition of 100 µl of ice-cold stop solution 

(50 mM Tris HCl, 2 mM MgCl2, pH 7.4). The wells were washed four times with 
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250 µl of ice-cold stop solution by rapid filtration as above. The filters were 

extracted from the plate and incubated overnight in the scintillation fluid. 

Radioactivity was measured using a liquid scintillation counter (Beckman Coulter, 

Brea, CA). Non specific binding was determined using 10 µM unlabeled SCH-

23390. Specific binding was calculated as the difference between total and non 

specific binding and was normalized to protein. 

 

3.4.6.2 Measurement of dopamine D1R coupling with G proteins 

Binding of dopamine D1R with G proteins in response to D1 receptor agonist 

SKF-38393 was determined on renal proximal tubular membranes (as prepared 

in section 3.4.4) in Multiscreen HTS 96 well glass filter plates (Millipore, Billerica, 

MA). Membranes (5 µg) were incubated with vehicle (0.1% Na2S2O3) or SKF-

38393 (final conc. 10-6 M in 0.1% Na2S2O3) in the presence of [35S]-GTPγS (final 

conc. 0.6 nM) and GDP (final conc. 1 µM) at 300C for 60 min in 100 µl reaction 

buffer (25 mM HEPES, 15 mM MgCl2, 1 mM EDTA, 1 mM Dithiothreitol, 100 mM 

NaCl, pH 8). Non-specific binding was determined in the presence of 100µM cold 

GTP. The reaction was terminated by rapid filtration following the addition of 100 

µl of ice-cold stop/filtering solution (20 mM Tris HCl, 100 mM NaCl, 25 mM 

MgCl2, pH 8). The filters were washed four times with 250 µl ice-cold stop/filtering 

solution using Multiscreen HTS vacuum manifold (Millipore, Billerica, MA). The 

glass filters were removed from the plate and incubated overnight in Beckman 
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ready safe cocktail and the radioactivity was counted on a liquid scintillation 

counter (Beckman Coulter, Brea, CA).     

 

3.4.6.3 Measurement of PKC activity 

PKC activity was measured in the renal proximal tubules using a commercially 

available kit (Enzo Life Sciences, Inc., Butler Pike Plymouth Meeting, PA) 

according to the manufacturer’s instructions. Briefly, this assay is based on a 

solid phase enzyme-linked immunosorbent assay that utilizes a specific synthetic 

peptide as a substrate for PKC and a polyclonal antibody that recognizes the 

phosphorylated form of the substrate. In this assay, the substrate, which is 

readily phosphorylated by PKC, is precoated on 96-wells microtiter plate. The 

proximal tubular homogenate samples (20 µg) were incubated with ATP at 300C 

for 90 min. The kinase reaction was terminated and the wells were incubated 

with a phosphospecific antibody that recognizes PKC-mediated phosphorylation 

on the substrate, at room temperature for 60 min. The wells were then washed 

four times with wash buffer followed by incubation with an anti-rabbit IgG:HRP 

conjugate antibody at room temperature for 30 min. Again, the wells were 

washed four times with wash buffer, HRP substrate tetramethylbenzidine added 

and incubated at room temperature for 30-60 min. The reaction was terminated 

using an acid solution and the yellow color developed was read at 450 nm in a 

microplate reader. 
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3.4.6.4 Measurement of GRKs  

GRK-2, GRK-4 and β-actin (loading control) levels were measured in the renal 

proximal tubular homogenate (20µg) by standard western blotting technique as 

described in section 3.4.5.1(a). Specific anti-GRK-2 (1:500) & anti-GRK-4 (1:250) 

antibodies (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and HRP-

conjugated goat-anti-rabbit (1:1000) & goat-anti-mouse (1:1000) secondary 

antibodies respectively (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) were 

used for this study.  

 

3.4.7 Methods used for angiotensin AT1R studies 

3.4.7.1 Measurement of angiotensin AT1R protein  

Angiotensin AT1 receptor protein levels were measured in renal proximal tubular 

homogenate (15µg protein) and membranes (10µg protein) by standard western 

blotting technique as described in section 3.4.5.1(a). Specific anti-angiotensin 

AT1 receptor (1:200) (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) and 

HRP-conjugated goat-anti-rabbit secondary (1:1500) (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA) antibodies were used for this study. β-actin was measured 

as a loading control in renal proximal tubular homogenate as described in section 

3.4.5.1(a). 
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3.4.7.2 Measurement of Gα proteins  

Gαq/11 and Gαi-1 protein levels were measured on the renal proximal tubular 

membranes (7.5µg protein for Gαq/11 and 10µg protein for Gαi-1) by standard 

western blotting technique as described in section 3.4.5.1(a). Specific anti-Gαq/11 

(1:1000), anti-Gαi-1 (1:1000) (EMD Chemicals Group, Darmstadt, Germany) and 

HRP-conjugated goat-anti-rabbit secondary (1:1000) (Santa Cruz Biotechnology, 

Inc., Santa Cruz, CA) antibodies were used for this study. 

 

3.4.7.3 Measurement of angiotensin AT1R coupling with G proteins  

Binding of angiotensin AT1R with G proteins was determined on the proximal 

tubular membranes in Multiscreen HTS 96 well glass filter plates (Millipore, 

Billerica, MA). Membranes (5 µg) were incubated with vehicle (water) or Ang II 

(final conc. 10-6 M in water) in the presence of [35S]-GTPγS (final conc. 0.6 nM) 

and GDP (final conc. 1 µM) at 300C for 60 min in 100 µl reaction buffer (50 mM 

Tris HCl, 5 mM MgCl2, 1 mM EDTA, 1 mM Dithiothreitol, 100 mM NaCl, pH 7.4). 

Non-specific binding was determined in the presence of 100µM cold GTP. The 

reaction was terminated by rapid filtration following the addition of 100 µl of ice-

cold stop/filtering solution (20 mM Tris HCl, 100 mM NaCl, 25 mM MgCl2, pH 8). 

The filters were washed four times with 250 µl ice-cold stop/filtering solution 

using Multiscreen HTS vacuum manifold (Millipore, Billerica, MA). The glass 

filters were removed from the plate and incubated overnight in Beckman ready 
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safe cocktail and the radioactivity was counted on a liquid scintillation counter 

(Beckman Coulter, Brea, CA).     

 

3.4.7.4 Measurement of angiotensin II-mediated Na,K-ATPase activity  

Freshly isolated renal proximal tubules were used to determine Na,K-ATPase 

activity. Briefly, renal proximal tubules (1mg/ml) were incubated with vehicle 

(distilled water) or angiotensin II (final conc. 10-12, 10-10, 10-9 and 10-6 M in 

distilled water) for 15 min at 370C. The reaction was terminated by rapidly 

freezing the renal proximal tubules in liquid nitrogen. The proximal tubular 

suspension was thawed and Na,K-ATPase activity was determined by measuring 

end-point phosphate hydrolysis of ATP in the absence and presence of Na,K-

ATPase inhibitor, ouabain. The reaction mixture (final volume 1.025 ml) 

contained 37.5 mM imidazole, 75 mM NaCl, 5 mM KCl, 5 mM MgCl2, 6 mM 

NaN3, 1 mM sodium EGTA, 75 mM Tris-HCl and 100 µl proximal tubular 

suspension. Ouabain-insensitive ATPase activity was determined in parallel 

using reaction mix containing 150 mM Tris HCl and 1 mM ouabain. The reaction 

was initiated by incubating with 4 mM ATP and continued for 15 min at 370C. The 

reaction was terminated by adding 50 µl of ice-cold trichloroacetic acid. The 

liberated inorganic phosphate was measured by a colorimetric assay (133) and 

the Na,K-ATPase activity was calculated as the difference between total and 

ouabain-insensitive ATPase activity. 
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3.4.8 Measurement of protein in urine  

Bladder urine samples were diluted (1:100) with deionized water and protein 

levels were measured as in section 3.4.3. 

 

3.5 Data Analysis 

Data are presented as mean + SEM. Repeated measures ANOVA followed by 

Dunnett post hoc test was used to compare variations (from control) within the 

group. One-way ANOVA followed by Newman-Keuls post hoc test was used to 

compare variations amongst the groups. Also, paired Student’s t test was used 

wherever appropriate. Statistical analysis was carried out using a software 

program (GraphPad Prism ver. 5; GraphPad Software, San Diego, CA). The 

minimum level of significance was considered at P < 0.05.  
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4. RESULTS 

 

4.1 Effect of aging on blood pressure and some of the general body 

parameters in FBN rats 

There was an age-associated increase in systolic, diastolic and mean arterial 

pressures in FBN rats (old>middle age>adult) (Figure 1). Treatment with tempol 

reduced blood pressure in old but not in adult rats (Figure 2). The body weight 

was significantly higher in old compared to adult rats and remained unchanged 

with tempol treatment. The food and water intake were not different between 

adult and old control rats. Although, there was no change in food intake, water 

intake in tempol-supplemented rats was significantly higher in old compared to 

adult rats (Table 1). Heart rate was not different between adult (306.2 + 

15.57bpm) and old (330.3 + 6.9bpm) rats.  

 

  



39 
 

4.2 Effect of aging on oxidative stress in FBN rats 

4.2.1 Effect of aging on markers of oxidative stress 

a) Renal proximal tubular levels of NADPH-gp91phox oxidase 

As shown in Figure 3, the levels of superoxide radical producing enzyme, 

NADPH-gp91phox oxidase was higher in the renal proximal tubular homogenate of 

control old compared to control adult rats. Tempol treatment reduced the levels 

of NADPH-gp91phox oxidase in old but not in adult rats. 

 

b) Plasma 8-Isoprostane levels 

Plasma 8-Isoprostane levels were higher in control old compared to control adult 

rats (Figure 4). The levels of plasma 8-Isoprostane decreased in tempol-treated 

compared to control old rats. However, tempol treatment did not change the 

plasma 8-Isoprostane levels in adult rats.  
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4.2.2 Effect of aging on antioxidant system 

a) Urinary antioxidant capacity  

As shown in figure 5, the urinary antioxidant capacity was lower in control old 

than in control adult rats. Tempol treatment increased the urinary antioxidant 

capacity in old rats. However, tempol treatment did not change the antioxidant 

capacity in adult rats.  

 

b) Renal proximal tubular levels of HO-1 

Figure 6 shows the levels of HO-1 in the renal proximal tubules of adult and old 

FBN rats. The HO-1 levels were higher in control old than in control adult rats. 

Tempol treatment did not affect the levels of HO-1 in both adult and old rats.   

 

4.3 Effect of aging on renal dopamine D1 receptor function and signaling 

cascade in FBN rats 

4.3.1 Renal dopamine D1 receptor function in whole animal 

As shown in figure 7, D1-like receptor agonist SKF-38393 increased urine flow in 

both adult and old rats. However, urinary sodium excretion (UNaV) in response 

to SKF-38393 significantly increased only in adult rats (Figure 8). These diuretic 
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and natriuretic effects of SKF-38393 were not associated with changes in 

glomerular filtration rate (Figure 9) and mean arterial pressure (Adult: saline vs. 

SKF-38393, 78.56 + 2.95 vs. 71.64 + 2.42 mmHg; Old: saline vs. SKF-38393, 

107.5 + 2.86 vs. 99.38 + 3.79 mmHg).  

 

4.3.2 Dopamine D1 receptor abundance in the renal proximal tubules 

There were no age-related differences in the levels of dopamine D1R proteins in 

the renal proximal tubular homogenates between control adult and control old 

rats. The levels of D1R protein did not change with tempol treatment in both adult 

and old rats (Figure 10). However, there was an age-related decline in dopamine 

D1R numbers on the renal proximal tubular membranes in control old compared 

to control adult rats. Tempol-treatment restored the age-related decline in the 

dopamine D1R numbers in old rats (Figure 11). 

 

4.3.3 Dopamine D1 receptor coupling with G proteins in the proximal 

tubular membranes 

D1R-G-protein coupling in response to D1R agonist SKF-38393 is an index of D1 

receptor function in renal proximal tubules (53). Treatment of proximal tubular 

membranes with SKF-38393 increased [35S]-GTPγS binding in control and 
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tempol-treated adult rats. However, the ability of SKF-38393 to stimulate [35S]-

GTPγS binding was attenuated in control old rats. Tempol treatment in old rats 

increased the SKF-38393-mediated [35S]-GTPγS binding (Figure 12). The basal 

[35S]-GTPγS binding was not different between control and tempol-treated adult 

and old rats (Figure 13).   

 

4.3.4 PKC activity in the renal proximal tubules 

The PKC activity, measured in the renal proximal tubular homogenates, was not 

different between adult and old rats and remained unchanged with tempol 

treatment (Figure 14). 

 

4.3.5 Effect of aging on GRK-2 and GRK-4 protein abundance in the renal 

proximal tubules 

The levels of GRK-2 proteins in the renal proximal tubular homogenates were not 

different between adult and old rats and remained unchanged with tempol 

treatment (Figure 15). However, the levels of GRK-4 proteins in the renal 

proximal tubular homogenates increased in an age-dependent manner. 

Treatment with tempol in old rats reduced the age-related increase in GRK4 to 

the levels seen in adult rats (Figure 16). 
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4.4 Candesartan dose characterization in adult SD rats 

4.4.1 Effect of candesartan (10µg/kg i.v. bolus) on urine flow, urinary 

sodium excretion and fractional excretion of sodium 

Administration of candesartan produced a significant increase in urine flow 

(Figure 17), urinary sodium excretion (Figure 18) and fractional excretion of 

sodium (Figure 19) compared to basal in SD rats.  

 

4.4.2 Effect of candesartan (10µg/kg i.v. bolus) on glomerular filtration rate 

and blood pressure 

There was no significant change in glomerular filtration rate (Figure 20) and 

blood pressure (Figure 21) with the administered dose of candesartan in SD rats. 

 

4.4.3 Effectiveness of candesartan (10µg/kg i.v. bolus) as an AT1 receptor 

antagonist 

The pressor response to angiotensin II was attenuated in the presence of 

candesartan. The effect of candesartan, in terms of its ability to attenuate pressor 

response of Ang II, lasted for up to 210 min (Figure 22). 

 



44 
 

4.4.4 Measurement of pressor response to angiotensin II at different time 

points 

Administration of Ang II in the same animal at 0, 5 and 60 min increased blood 

pressure at each time point suggesting that repeated administrations of Ang II 

does not lead to tachyphylaxis to pressor response to Ang II (Figure 23). 

 

4.5 Effect of aging on renal angiotensin AT1 receptor function and 

signaling cascade in FBN rats 

4.5.1 Renal angiotensin AT1 receptor function in whole animal  

Renal AT1 receptor function was determined by measuring urine flow and urinary 

sodium excretion (UNaV) in response to AT1 receptor antagonist candesartan.  

Both urine flow (Figure 24) and UNaV (Figure 25) in response to candesartan 

increased in an age-dependent manner in control FBN rats.  While tempol 

treatment did not have any effect on the diuretic and natriuretic response to 

candesartan in adult rats, the exaggerated diuretic (Figure 24) and natriuretic 

(Figure 25) responses to candesartan were reduced with tempol treatment in old 

rats. These diuretic and natriuretic effects of candesartan were not associated 

with changes in glomerular filtration rate (Figure 26) and mean arterial pressure 
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(Adult: saline vs. Candesartan, 86.08 + 3.93 vs. 83.69 + 4.21 mmHg; Old: saline 

vs. Candesartan, 93.79 + 4.7 vs. 88.57 + 5.2 mmHg). 

 

4.5.2 Angiotensin AT1R protein abundance in the renal proximal tubules 

Angiotensin AT1 receptor protein levels were measured by standard western 

blotting technique in the renal proximal tubular homogenates and membranes. 

There were no age-associated changes in the levels of angiotensin AT1 receptor 

proteins in both homogenates (Figure 27) and membranes (Figure 28) of renal 

proximal tubules. Treatment with tempol did not affect the levels of AT1 receptor 

proteins in both homogenates (Figure 27) and membranes (Figure 28) from renal 

proximal tubules in adult and old rats. 

 

 4.5.3 Abundance of Gα subunits in the renal proximal tubules 

Gαi-1 and Gαq/11 protein levels were measured on the renal proximal tubular 

membranes. With respect to Gαi-1 protein, there was a moderate but significant 

age-associated decrease in control old compared to control adult rats. Treatment 

with tempol did not change the levels in adult and old rats (Figure 29). However, 

there were no age-associated changes in Gαq/11 protein levels between control 
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adult and control old rats, and the protein levels remained unchanged with 

tempol treatment in these rats (Figure 30).    

 

4.5.4 Angiotensin AT1R coupling with G proteins in the renal proximal 

tubules 

AT1 receptor coupling with G proteins in the proximal tubular membranes was 

determined by measuring [35S]-GTPγS binding in response to Ang II. The [35S]-

GTPγS binding in response to Ang II increased in both control adult and old rats, 

however, with a much higher degree in control old rats. Tempol treatment in old 

rats reduced the Ang II-mediated [35S]-GTPγS binding to the levels seen in adult 

rats (Figure 31). The basal [35S]-GTPγS binding was not different between 

control and tempol-treated adult and old rats (Figure 32).   

 

4.5.5 Na,K-ATPase activity in the renal proximal tubules of FBN rats 

Na,K-ATPase activity was measured in the renal proximal tubules in response to 

Ang II. While Ang II (10-12 and 10-9 M) stimulated Na,K-ATPase activity to a 

greater extent in control old compared to control adult rats, tempol treatment in 

old rats normalized the Ang II-mediated stimulation of Na,K-ATPase to levels 

seen in adult rats (Figure 33). 
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4.6 Effect of aging on renal angiotensin AT1 receptor function and blood 

pressure in F344 rats 

4.6.1 Renal angiotensin AT1 receptor function in whole animal 

Administration of candesartan significantly increased urine flow (Figure 34) and 

sodium excretion (Figure 35) compared to basal in both adult and old F344 rats. 

However, there were no significant differences in diuretic and natriuretic 

responses to candesartan between adult and old rats (Figures 34 & 35). 

 

4.6.2 Blood pressure  

Systolic, diastolic and mean arterial pressures were not different between adult 

and old Fischer 344 rats (Figure 36) 

 

4.7 Effect of aging on proteinuria in FBN rats 

Urinary protein levels increase with age and is considered a general marker of 

kidney dysfunction. There was age-related increase in the levels of urinary 

proteins, which decreased with tempol treatment in old rats. However, tempol 

treatment did not affect the levels of urinary proteins in adult rats (Figure 37). 
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Figure 1: There is an age-associated increase in blood pressure in FBN rats 

(old>middle age>adult). Blood pressure (systolic, diastolic and mean arterial) 

was measured in anesthetized rats (details in the methods section). Results are 

mean + SEM. (n= 6-10 rats). Significantly different from adult control rats using 

one-way ANOVA followed by Newman-Keuls post hoc test (***P<0.001, **P<0.01 

and *P<0.05). Significantly different from middle age rats using one-way ANOVA 

followed by Newman-Keuls post hoc test (##P<0.01). 
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Figure 2: Antioxidant tempol reduces age-related increase in blood pressure in 

old FBN rats. Blood pressure (systolic, diastolic and mean arterial) was 

measured in anesthetized rats (details in the methods section). Results are mean 

+ SEM. (n= 6-10 rats). Significantly different from adult control rats using one-

way ANOVA followed by Newman-Keuls post hoc test (***P<0.001 and **P<0.01). 

Significantly different from old control rats using one-way ANOVA followed by 

Newman-Keuls post hoc test (#P<0.05). 
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Figure 3: Superoxide radical producing enzyme NADPH-gp91phox oxidase 

increases with aging in FBN rats. Antioxidant tempol decreases age-related 

increase in NADPH-gp91phox in FBN rats. The levels of NADPH-gp91phox in renal 

proximal tubules were measured by western blotting (details in the methods 

section). The same blot was stripped off and was probed for β-actin as a protein 

loading control. Right panel: representative blots of NADPH-gp91phox and β-actin. 

In lanes from left to right are adult control, adult tempol, old control and old 

tempol. Left panel: bars are ratios of the densities between NADPH-gp91phox and 

β-actin protein bands. Results are mean + SEM (n=4-5 rats in each group).  

***Significantly different from adult rats at P<0.001. ##Significantly different from 

old control rats at P<0.01 (One-way ANOVA followed by Newman-Keuls post hoc 

test). 
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Figure 4: Antioxidant tempol decreases age-related increase in plasma 8-

Isoprostane levels in old FBN rats. 8-Isoprostane in plasma was measured using 

an EIA-based kit assay (details in the methods section). Results are mean + 

SEM (n=6-8 rats in each group). ***Significantly different from adult control rats at 

P<0.001. #Significantly different from old control rats at P<0.05 (One-way ANOVA 

followed by Newman-Keuls post hoc test). 
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Figure 5: Urinary antioxidant capacity decreases with aging in FBN rats. 

Antioxidant tempol increases age-related decline in antioxidant capacity in old 

rats. Total antioxidant capacity in urine was measured using a kit based assay 

(details in the methods section). Results are mean + SEM (n=6 rats in each 

group). **Significantly different from adult control rats at P<0.01. #Significantly 

different from old control rats at P<0.05 (One-way ANOVA followed by Newman-

Keuls post hoc test). 
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Figure 6: Old control rats exhibit age-associated increase in HO-1 levels 

compared to adult control rats. Treatment with antioxidant tempol produces no 

changes in HO-1 levels in adult and old rats. The HO-1 levels in the renal 

proximal tubules were measured using standard western blotting techniques 

(details in methods section). The same blot was stripped off and probed for β-

actin as a protein loading control. Right panel: representative blots of HO-1 and 

β-actin. In lanes from left to right are adult control, adult tempol, old control and 

old tempol. Left panel: bars are ratios of the densities between HO-1 and β-actin 

protein bands. Results are mean + SEM (n=4-5 rats in each group). *Significantly 

different from adult control rats at P<0.05 (One-way ANOVA followed by 

Newman-Keuls post hoc test). 
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Figure 7: Renal dopamine D1 receptor activation produces diuresis (urine flow) 

in both adult and old FBN rats. Urine flow in response to D1 receptor agonist 

SKF-38393 (1µg/kg/min i.v.) was measured in anesthetized rats (details in the 

methods section). C represents average of two 30 min control periods where 

saline only was infused. D represents 30 min drug infusion period where SKF-

38393 in saline was infused. Results are mean + SEM (n=6 adult and 8 old rats). 

**Significantly different from C in adult rats at P<0.01. #Significantly different from 

C in old rats at P<0.05. Statistical significance was achieved using paired t test. 
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Figure 8: Renal dopamine D1 receptor activation produces natriuresis (UNaV) in 

adult but not in old FBN rats. UNaV in response to D1 receptor agonist SKF-

38393 (1µg/kg/min i.v.) was determined in anesthetized rats (details in the 

methods section). C represents average of two 30 min control periods where 

saline only was infused. D represents 30 min drug infusion period where SKF-

38393 in saline was infused. Results are mean + SEM (n=6 adult and 10 old 

rats). *Significantly different from C in adult rats at P<0.05 (paired t test). 
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Figure 9: Treatment with D1 receptor agonist SKF-38393 does not affect 

glomerular filtration rate (GFR) in adult and old FBN rats. GFR was determined 

by measuring creatinine clearance (details in the methods section) before and 

after SKF-38393 administration in adult and old rats. Results are mean + SEM 

(n=5 adult and 8 old rats). P=0.1081 for adult and P=0.1658 for old using paired t 

test. 
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Figure 10: Dopamine D1 receptor protein levels remain unchanged with aging 

and tempol treatment. Dopamine D1 receptor protein was measured in the renal 

proximal tubular homogenates using standard western blotting techniques as 

mentioned in the methods section. The same blot was stripped off and probed for 

β-actin as a protein loading control. Right panel: representative blots of dopamine 

D1 receptor and β-actin. In lanes from left to right are adult control, adult tempol, 

old control and old tempol. Left panel: bars are ratios of the densities between D1 

receptor and β-actin protein bands. Results are mean + SEM (n=5 rats in each 

group). P=0.9584 (One-way ANOVA). 

0

10

20

30

40

50

Adult-Control

Adult-Tempol

Old-Control

Old-Tempol

D
1
 r

e
c
e
p
to

r 
p
ro

te
in

(A
rb

itr
a
ry

 d
e
n
si

ty
 u

n
its

)



58 
 

 

 

 

 

 

 

 

 

Figure 11: Antioxidant tempol restores the age-associated decline in dopamine 

D1 receptor numbers in old FBN rats. Dopamine D1 receptor numbers were 

measured on the renal proximal tubular membranes using radioligand binding 

assay (details in methods section). Results are mean + SEM (n=3-5 rats in each 

group). *Significantly different from control adult rats at P<0.05. ###Significantly 

different from control old rats at P<0.001 (One-way ANOVA followed by 

Newman-Keuls post hoc test). 
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Figure 12: Antioxidant tempol restores the age-related decline in SKF-38393-

mediated [35S]-GTPγS binding [an index of D1 receptor G-protein coupling] in old 

rats. [35S]-GTPγS binding in the absence and presence of D1 receptor agonist 

SKF-38393 (10-6M) was measured on the renal proximal tubular membranes as 

described in the methods section. Results are mean + SEM (n=8-9 rats in each 

group). *Significantly different from adult control rats at P<0.05. #Significantly 

different from old control rats at P<0.05 (One-way ANOVA followed by Newman-

Keuls post hoc test). 
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Figure 13: Aging does not affect the basal [35S]-GTPγS binding in FBN rats. The 

basal GTPγS binding was measured on the renal proximal tubular membranes 

using radioactive [35S]-GTPүS in the presence of vehicle as described in the 

methods section. Results are mean + SEM (n=10 rats in each group). P=0.4462 

(One-way ANOVA). 
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Figure 14: Aging does not affect PKC activity in FBN rats. Tempol treatment in 

these rats does not change PKC activity. PKC activity was measured in the renal 

proximal tubules using a commercially available kit (details in methods section). 

Results are mean + SEM (n=5-6 rats in each group). P=0.9686 (One-way 

ANOVA). 
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Figure 15: Aging does not affect the levels of GRK-2 protein in FBN rats. Tempol 

treatment does not change the levels of GRK-2 protein in these rats. GRK-2 

levels were measured in the renal proximal tubules using standard western 

blotting techniques (details in methods section). The same blot was stripped off 

and probed for β-actin as a protein loading control. Right panel: representative 

blots of GRK-2 and β-actin. In lanes from left to right are adult control, adult 

tempol, old control and old tempol. Left panel: bars are ratios of the densities 

between GRK-2 and β-actin protein bands.  Results are mean + SEM (n=5 rats in 

each group). P=0.6284 (One-way ANOVA). 
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Figure 16: Aging increases the levels of GRK-4 protein in FBN rats. Tempol 

treatment decreases age-related increase in the GRK-4 protein levels in old FBN 

rats. GRK-4 protein levels were measured in the renal proximal tubules using 

standard western blotting techniques (details in methods section). The same blot 

was stripped off and probed for β-actin as a protein loading control. Right panel: 

representative blots of GRK-4 and β-actin. In lanes from left to right are adult 

control, adult tempol, old control and old tempol. Left panel: bars are ratios of the 

densities between GRK-4 and β-actin protein bands. Results are mean + SEM 

(n=4-5 rats in each group). *Significantly different from adult control rats at 

P<0.05. #Significantly different from old control rats at P<0.05 (One-way ANOVA 

followed by Newman-Keuls post hoc test).  
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Figure 17: Administration of AT1 receptor antagonist candesartan (10µg/kg i.v. 

bolus) produces significant diuresis (urine flow) in Sprague Dawley rats (details in 

the methods section). C represents average of two 20 min control periods where 

saline only was infused. D1-D6 represent drug infusion periods (each 20 min) 

after candesartan was administered as a bolus dose. Results are mean + SEM 

(n= 5-10 rats).  Significantly different from C (basal) using repeated measures 

ANOVA followed by Dunnett post-hoc test (**P<0.01 and *P<0.05).  
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Figure 18: Administration of AT1 receptor antagonist candesartan (10µg/kg i.v. 

bolus) produces significant natriuresis (UNaV) in Sprague Dawley rats (details in 

the methods section). C represents average of two 20 min control periods where 

saline only was infused. D1-D6 represent drug infusion periods (each 20 min) 

after candesartan was administered as a bolus dose. Results are mean + SEM 

(n= 5-10 rats).  Significantly different from C (basal) using repeated measures 

ANOVA followed by Dunnett post-hoc test (**P<0.01 and *P<0.05).  
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Figure 19: Administration of AT1 receptor antagonist candesartan (10µg/kg i.v. 

bolus) produces significant fractional excretion of sodium (% FENa) in Sprague 

Dawley rats (details in the methods section). C represents average of two 20 min 

control periods where saline only was infused. D1-D6 represent drug infusion 

periods (each 20 min) after candesartan was administered as a bolus dose. 

Results are mean + SEM (n= 3-5 rats). Significantly different from C (basal) using 

repeated measures ANOVA followed by Dunnett post-hoc test (*P<0.05).  
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Figure 20: Administration of AT1 receptor antagonist candesartan (10µg/kg i.v. 

bolus) produces no significant change in GFR in Sprague Dawley rats (details in 

the methods section). C represents average of two 20 min control periods where 

saline only was infused. D1-D6 represent drug infusion periods (each 20 min) 

after candesartan was administered as a bolus dose. Results are mean + SEM 

(n= 4-10 rats). P= 0.1107 using repeated measures ANOVA. 
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Figure 21: Administration of AT1 receptor antagonist candesartan (10µg/kg i.v. 

bolus) produces no significant change in mean arterial pressure (MAP) in 

anesthetized Sprague Dawley rats (details in the methods section). Results are 

mean + SEM (n= 4 rats in each group). P= 0.1026 using paired t test. 
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Figure 22: Administration of candesartan (10µg/kg i.v. bolus) significantly blunts 

angiotensin II-mediated increase in systolic, diastolic and mean arterial pressures 

up to 210 min after giving candesartan. Increase in blood pressure (Δ blood 

pressure) in response to angiotensin II (60ng i.v.) was measured in the absence 

and 20, 90, 150 and 210 min post-candesartan administration. Blood pressure 

was measured in anesthetized Sprague Dawley rats (details in methods section). 

Results are mean + SEM (n= 3-6 rats in each group). 
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Figure 23: Increase in systolic, diastolic and mean arterial pressures in response 

to angiotensin II (60ng i.v.) does not change on repeated administrations. 

Response to angiotensin II (Δ blood pressure) was recorded after 5 and 60 min 

of an initial increase in blood pressure in response to angiotensin II 

administration. Blood pressure was measured in anesthetized Sprague Dawley 

rats as described in the methods section. Results are mean + SEM (n= 3-6 rats 

in each group). 
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Figure 24: Antioxidant tempol reduces exaggerated candesartan-mediated 

diuresis (urine flow) in old rats. Urine flow in response to AT1 receptor antagonist 

candesartan (10µg/kg i.v. bolus) was determined in anesthetized rats (details in 

the methods section). C represents average of two 30 min control periods where 

saline only was infused. D1-D4 represent drug infusion periods (each 30 min) 

after candesartan was administered as a bolus dose. Results are mean + SEM 

(n= 5-7 rats).  Significantly different from C (basal) using repeated measures 

ANOVA followed by Dunnett post-hoc test (***P<0.001, **P<0.01 and *P<0.05). 

Significantly different from adult control rats using one-way ANOVA followed by 

Newman-Keuls post hoc test ($$$P<0.001 and $$P<0.01). Significantly different 

from old control rats using one-way ANOVA followed by Newman-Keuls post hoc 

test (##P<0.01 and #P<0.05). 
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Figure 25: Antioxidant tempol reduces exaggerated candesartan-mediated 

natriuretic response (UNaV) in old rats. UNaV in response to AT1 receptor 

antagonist candesartan (10µg/kg i.v. bolus) was determined in anesthetized rats. 

C represents average of two 30 min control periods where saline only was 

infused. D1-D4 represent drug infusion periods (each 30 min) after candesartan 

was administered as a bolus dose. Results are mean + SEM (n= 5-7 rats). 

Significantly different from C (basal) using repeated measures ANOVA followed 

by Dunnett post-hoc test (**P<0.01 and *P<0.05). Significantly different from 

adult controls using one-way ANOVA followed by Newman-Keuls post hoc test 

($$P<0.01 and $P<0.05). Significantly different from old control rats using one-

way ANOVA followed by Newman-Keuls post hoc test (#P<0.05). 
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Figure 26: Administration of candesartan produces no significant change in GFR 

in adult and old FBN rats. GFR was determined based on the clearance of 

creatinine (details in the methods section) before and after candesartan 

administration. Results are mean + SEM (n=7 adult and 6 old rats). P=0.1245 for 

adult and P=0.7097 for old using paired t test. 
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Figure 27: AT1 receptor protein levels are not significantly different between 

control and tempol-treated adult and old FBN rats. AT1 receptor levels were 

measured in the renal proximal tubular homogenate using standard western 

blotting techniques (details in methods section). The same blot was stripped off 

and probed for β-actin as a protein loading control. Right panel: representative 

blots of AT1 receptor and β-actin. In lanes from left to right are adult control, adult 

tempol, old control and old tempol. Left panel: bars are ratios of the densities 

between AT1 receptor and β-actin protein bands. Results are mean + SEM (n=5 

rats in each group). P=0.9167 (One-way ANOVA). 
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Figure 28: AT1 receptor protein levels on the renal proximal tubular membranes 

are not significantly different between the four groups. AT1 receptor protein was 

measured using standard western blotting techniques (details in methods 

section). Right panel: representative blot of AT1 receptor protein. In lanes from 

left to right are adult control, adult tempol, old control and old tempol. Left panel: 

bars are representative of the density of AT1 receptor protein bands. Results are 

mean + SEM (n=3-4 rats in each group). P=0.5933 (One-way ANOVA). 
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Figure 29: Old control rats have reduced Gαi-1 protein levels on the renal 

proximal tubular membranes compared to adult control rats. Treatment with 

tempol produces no change in Gαi-1 protein levels in adult and old rats. Gαi-1 

protein levels were measured using standard western blotting techniques as 

described in the methods section. Right panel: representative blot of Gαi-1 

protein. In lanes from left to right are adult control, adult tempol, old control and 

old tempol. Left panel: bars are representative of the density of Gαi-1 protein 

bands. Results are mean + SEM (n=3-4 rats in each group). *Significantly 

different from adult control rats at P<0.05 using one-way ANOVA followed by 

Newman-Keuls post hoc test. 
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Figure 30: Gαq/11 protein levels are not significantly different between control and 

tempol-treated adult and old FBN rats. Gαq/11 protein levels were measured on 

the renal proximal tubular membranes using standard western blotting 

techniques (details in methods section). Right panel: representative blot of Gαq/11 

protein. In lanes from left to right are adult control, adult tempol, old control and 

old tempol. Left panel: bars are representative of the density of Gαq/11 protein 

bands. Results are mean + SEM (n=3-4 rats in each group). P=0.7678 (One-way 

ANOVA). 
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Figure 31: Antioxidant tempol restores age-associated elevated angiotensin II-

mediated [35S]-GTPγS binding [an index of AT1 receptor G-protein coupling] in 

old FBN rats. [35S]-GTPγS binding in the absence and presence of angiotensin II 

(10-6M) was measured on the renal proximal tubular membranes as described in 

the methods section. Results are mean + SEM (n=6-7 rats in each group). 

*Significantly different from adult control rats at P<0.05. #Significantly different 

from old control rats at P<0.05 (One-way ANOVA followed by Newman-Keuls 

post hoc test). 

  

0

5

10

15

20

25
Adult-Control

Adult-Tempol

Old-Control

Old-Tempol

*

#

G
T
P

S

 b
in

d
in

g

(%
 c

h
a
n
g
e
 f

ro
m

 b
a
s
a
l)



79 
 

 

 

 

 

 

 

 

 

 

 

Figure 32: Aging does not affect the basal [35S]-GTPγS binding in FBN rats. The 

basal GTPγS binding was measured on the renal proximal tubular membranes 

using radioactive [35S]-GTPүS in the presence of vehicle as described in the 

methods section. Results are mean + SEM (n=6-8 rats in each group). P=0.1559 

(One-way ANOVA). 
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Figure 33: Old control rats have an age-associated increase in angiotensin II-

mediated Na,K-ATPase activity (10-12 and 10-9 M) compared to adult control rats. 

Treatment with tempol restores the exaggerated angiotensin II-mediated 

response in old rats. The basal Na,K-ATPase activity (nmolPi/mg/min) was not 

different between adult (323.9 + 20.33) and old (364.7 + 31.96) rats. Na,K-

ATPase activity was measured in the freshly isolated renal proximal tubules by a 

colorimetric assay as described in the methods section. Results are mean + SEM 

(n=4-10 rats in each group). Significantly different from adult control rats using 

one-way ANOVA followed by Newman-Keuls post hoc test (**P<0.01). 

Significantly different from old control rats using one-way ANOVA followed by 

Newman-Keuls post hoc test (#P<0.05, ##P<0.01). 
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Figure 34: There are no age-associated changes in diuretic response (urine 

flow) to candesartan between adult and old F344 rats. Urine flow in response to 

AT1 receptor antagonist candesartan (10µg/kg i.v. bolus) was determined in 

adult (6 month) and old (24 month) rats (details in the methods section). C 

represents average of two 30 min control periods where saline only was infused. 

D1-D4 represent drug infusion periods (each 30 min) after candesartan was 

administered as a bolus dose. Results are mean + SEM (n= 7 adult and 5 old 

rats). Significantly different from C (basal) using repeated measures ANOVA 

followed by Dunnett post-hoc test (**P<0.01 and *P<0.05). Using unpaired t test, 

no significant difference was observed between adult and old rats. 
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Figure 35: There are no age-associated changes in natriuretic response to 

candesartan between adult and old F344 rats. Urinary sodium excretion (UNaV) 

in response to AT1 receptor antagonist candesartan (10µg/kg i.v. bolus) was 

determined in adult (6 month) and old (24 month) rats (details in the methods 

section). C represents average of two 30 min control periods where saline only 

was infused. D1-D4 represent drug infusion periods (each 30 min) after 

candesartan was administered as a bolus dose. Results are mean + SEM (n= 7 

adult and 5 old rats). Significantly different from C (basal) using repeated 

measures ANOVA followed by Dunnett post-hoc test (**P<0.01). Using unpaired t 

test, no significant difference was observed between adult and old rats. 
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Figure 36: There are no age-associated changes in blood pressure between 

adult and old F344 rats. Blood pressure (systolic, diastolic and mean arterial) 

was measured in anesthetized F344 rats (details in the methods section). 

Results are mean + SEM. (n= 7 adult and 6 old rats). Using unpaired t test, there 

was no difference in systolic (P= 0.1822), diastolic (P= 0.0795) and mean arterial 

(P= 0.1061) pressures between adult and old rats. 
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Figure 37: Antioxidant tempol restores the age-associated elevated urinary 

protein excretion levels in old FBN rats. Urinary protein was measured by BCA 

method as described in the methods section. Results are mean + SEM. (n= 5-6 

rats). Significantly different from adult control rats using one-way ANOVA 

followed by Newman-Keuls post hoc test (*P<0.05). Significantly different from 

old control rats using one-way ANOVA followed by Newman-Keuls post hoc test 

(#P<0.05).
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Significantly different from adult rats (*P<0.05; ***P<0.001) 

Table 1: Effect of aging on general body parameters in FBN rats

General Parameters Adult-Control Old-Control Adult-Tempol Old-Tempol 

Body Weight (gm) 
302.5 + 8.4 

(n=8) 

561.3 + 16.84*** 

(n=8) 

305.6 + 7.53 

(n=8) 

552.5 + 14.49*** 

(n=8) 

Food Intake (gm/rat/day) 
21.9 + 0.9 

(n=7-8) 

21.81 + 0.95 

(n=7-8) 

18.38 + 1.64 

(n=8) 

21 + 1.22 

(n=8) 

Water Intake (ml/rat/day) 
29.44 + 1.54 

(n=7-8) 

25.12 + 1.74 

(n=7-8) 

26.3 + 1.12 

(n=12) 

30.99 + 1.33* 

(n=12) 
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5. DISCUSSION 

Aging is frequently associated with high blood pressure (hypertension) and its 

accompanied cardiovascular complications like myocardial ischemia, stroke and 

heart failure (28). The exact mechanism of patho-biology of age-associated 

hypertension is not known. However, since sodium retention is a hallmark for 

essential hypertension, growing number of studies have focused on abnormal 

renal sodium handling in the pathogenesis of hypertension (7-10). In the kidneys, 

there are two key receptor systems namely dopamine D1 and angiotensin AT1 

receptors, which by counter regulating proximal tubular sodium transporters 

maintain sodium homeostasis and regulate blood pressure (11). Dopamine D1 

(96) and angiotensin AT1 (25, 26) receptor dysfunctions have been reported in 

humans and animal models with hypertension. In FBN rats; an animal model 

widely used in aging research, we found age-related increase in blood pressure 

(old>middle aged>adult) and reduced renal D1 and exaggerated renal AT1 

receptor functions. It is likely that abnormal sodium handling as a result of altered 

D1 and AT1 receptor functions may have caused age-associated hypertension in 

old FBN rats. 

We further explored the cause and mechanisms of altered renal D1 and 

AT1 receptors functions contributing to hypertension in old FBN rats. There is 

emerging evidence that oxidative stress contributes to increase in blood pressure 
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in various animal models of hypertension (25, 124, 134). Also, aging is 

associated with an increased state of oxidative stress (32). However, in the 

kidneys, role of oxidative stress in the development of high blood pressure as it 

relates to aging has not been clearly established. We have previously studied 

age-associated oxidative stress in renal dopamine D1 receptor dysfunction in old 

F344 rats (41). Although age-related or oxidative stress mediated alterations in 

renal AT1 receptor function were not known, we did not investigate these animals 

in this study as they do not develop age-associated hypertension. Instead, we 

used FBN rats (rat aging model that exhibits hypertension) to determine the 

contribution of oxidative stress in age-related impairments in renal D1 and AT1 

receptor functions and hypertension. We found a causal role of oxidative stress 

in the development of age-related high blood pressure in old FBN rats; most 

likely mediated via alterations in renal D1 and AT1 receptor functions. 

To examine the role of oxidative stress in age-associated hypertension in 

FBN rats, we treated adult and old rats with antioxidant tempol and determined 

BP, oxidative stress, and renal D1 and AT1 receptor functions. Tempol is a 

known antioxidant with SOD mimetic properties and has been used previously to 

reduce oxidative stress and high blood pressure in spontaneously hypertensive 

rats (135). We began our studies by determining the effects of aging and 3-4 

week tempol treatment on blood pressure and some of the general parameters 

such as body weight and food and water intake in FBN rats. We found age-
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associated increase in blood pressure in old compared to adult FBN rats; which 

was reduced with tempol treatment in old rats. The old FBN rats were overweight 

compared to adult FBN rats despite a similar amount of food and water intake in 

these rats. This observation was similar to an earlier report by Turturro et al 

(1999) (131). Although tempol intake was higher in old than in adult rats it did not 

alter body weight or food-intake in adult and old FBN rats. 

Furthermore, the effects of aging and tempol on oxidative stress were 

studied by determining some of the markers of oxidative stress and antioxidant 

defenses. The antioxidant markers were studied so as to determine their 

contribution to age-associated oxidative stress. NADPH-gp91phox enzyme and 8-

isoprostane were studied as oxidative stress markers while HO-1 enzyme and 

total antioxidant capacity were included in the study as antioxidant markers. 

NADPH-gp91phox enzyme produces superoxide radicals (136) whereas 8-

isoprostane levels are an index of lipid oxidation (137). We found higher levels of 

NADPH-gp91phox in the renal proximal tubules and 8-isoprostane in the plasma in 

old FBN rats. Tempol treatment in old FBN rats decreased the levels of NADPH-

gp91phox and 8-isoprostane. With regard to antioxidant defenses, we found that 

there was an age-associated reduction in total urinary antioxidant capacity in old 

FBN rats, which increased with tempol treatment. However, antioxidant enzyme 

HO-1 levels in the renal proximal tubules were higher in old FBN rats. HO-1 is an 

inducible enzyme that is expressed in response to oxidative stress (138), thus 
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greater levels of HO-1 enzyme in old FBN rats further confirms increased age-

associated oxidative stress in these animals. Reduction in oxidative stress with 

tempol did not reduce HO-1 levels in old rats. The reasons for increased HO-1 

levels despite reduced oxidative stress in tempol-treated old rats are unclear. 

However, increased HO-1 expression with tempol treatment has been previously 

reported (139). Taken together, these findings suggest that there is an age-

related increase in oxidative stress in FBN rats and tempol is an effective 

antioxidant in this animal model. 

We also found an age-associated defect in renal D1 receptor function in 

FBN rats as activation of dopamine D1 receptor failed to increase sodium 

excretion in old rats. In the present study, we did not measure natriuretic 

response to D1 receptor activation in tempol-supplemented adult and old rats. 

This was decided based upon our previous finding in F344 rats, where tempol 

treatment restored a similar decline in D1 receptor function in old rats (41). 

To study the mechanism(s) for impaired renal D1 receptor function with 

aging in FBN rats, we measured the levels of dopamine D1 receptors and its 

associated signaling molecules in the renal proximal tubules of control and 

tempol-treated adult and old rats. We found reduced D1 receptor numbers on the 

proximal tubular membranes of old rats. The levels of D1 receptor proteins in the 

proximal tubular homogenate; however, were not changed in old rats. These are 
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interesting findings as similar observations have been reported in hypertensive 

Obese Zucker rats, which are also associated with oxidative stress (38). Our 

results in old FBN rats suggest that perhaps a similar mechanism of D1 receptor 

dysfunction exists in these rats as in Obese Zucker rats. G protein coupling in 

response to D1 receptor activation was also reduced in old rats. The uncoupling 

of D1 receptor from its G protein effector complex involves activation of GRKs 

(98, 100, 140-142). GRKs 2-6 have been reported to cause D1 receptor 

desensitization in heterologous expression systems (100, 141-143). Previous 

work from our laboratory has established a role of GRK-2 mediated serine 

phosphorylation in D1 receptor uncoupling from G proteins in old F344 rats. This 

study suggested a role of elevated PKC levels in this phenomenon (41). In renal 

proximal tubules from FBN rats, we found no age-associated changes in PKC 

and GRK-2 levels; however, the levels of GRK-4 were elevated in old rats. While 

PKC and GRK-2 levels remained unchanged with tempol treatment, GRK-4 

levels were reduced in renal proximal tubules of old FBN rats. GRK-4 is 

considered important than some other GRKs (including GRK-2) in the 

desensitization of D1 receptor in the renal proximal tubules (144). GRK-4 gene 

variants are also associated with salt sensitive hypertension (145, 146); however, 

we are not aware of any such report in FBN rats. Phosphorylation of D1 receptor 

by GRK-4 causes D1 receptor G-protein uncoupling resulting in reduced D1 

receptor responsiveness (145). Although we did not measure D1 receptor 
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phosphorylation in this study; higher levels of GRK-4 probably may have caused 

a decline in D1 receptor coupling to G proteins resulting in D1 receptor 

dysfunction as observed in old FBN rats. Furthermore, reduction of oxidative 

stress with tempol in old FBN rats increased D1 receptor numbers and restored 

D1 receptor function, in terms of D1 receptor G-protein coupling, suggesting a 

role of age-associated oxidative stress in impaired renal D1 receptor function in 

old FBN rats. These results in FBN rats are in agreement with our previous 

finding in F344 rats, where tempol while reducing oxidative stress also restored 

age-associated decline in dopamine D1 receptor numbers and G-protein 

coupling (41). 

We also measured the effect of aging and tempol treatment on 

angiotensin AT1 receptor function in response to AT1 receptor antagonist, 

candesartan, in adult and old FBN rats. However, before measuring renal AT1 

receptor function in FBN rats, we did some preliminary studies using candesartan 

in adult SD rats. The objective of these preliminary studies was to characterize 

an appropriate dose for candesartan, as natriuretic and diuretic responses to a 

previously reported dose (100µg/kg) of candesartan were associated with 

hemodynamic effects (106, 132). Using 1/10th (10µg/kg) of the reported dose, 

we found that candesartan significantly increased sodium excretion without 

affecting hemodynamic parameters such as blood pressure and glomerular 

filtration rate. Pressor response to Ang II was also attenuated in the presence of 
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candesartan (10µg/kg), suggesting that the candesartan dose used was effective 

for AT1 receptor antagonism. The attenuated pressor response to Ang II was not 

due to desensitized AT1 receptor function but indeed, due to AT1 blocking effect 

of candesartan at this dose.   

After establishing the dose of candesartan, the diuretic and natriuretic 

responses to candesartan were studied in control and tempol-treated adult and 

old FBN rats. Both diuresis and natriuresis in response to candesartan 

administration were greater in old compared to adult FBN rats, suggesting that 

there is exaggerated renal AT1 receptor function in old FBN rats. These 

exaggerated diuretic and natriuretic responses were normalized in old FBN rats 

treated with tempol. With regard to understanding the mechanism(s) of 

exaggerated renal AT1 receptor function in old FBN rats, we measured levels of 

angiotensin AT1 receptor proteins and its signaling components in the renal 

proximal tubules of these rats. We found that there were no age-associated 

changes in AT1 receptor protein levels in the renal proximal tubules in these 

animals. Previously, increases in Gαi and Gαq/11 protein expression have been 

attributed to increased renal AT1 receptor responses in Obese Zucker rats (26, 

37). However, we found no age-associated increase in expression levels of these 

G proteins in the renal proximal tubules of adult and old FBN rats. In fact, there 

was a modest decrease in Gαi-1 protein levels in old rats. However, Ang II- 

mediated G protein coupling was higher (twice as compared to adults) in old rats. 
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Similarly, there was a greater response to Ang II in activating Na,K-ATPase in 

the renal proximal tubules of old compared to adult rats. Increase in Ang II-

mediated G protein coupling in part may have contributed to greater Na,K-

ATPase stimulation and exaggerated renal AT1 receptor function in old rats. 

Treatment with tempol restored Ang II-mediated both G protein coupling and 

Na,K-ATPase activity; which in turn may have restored renal AT1 receptor 

function in old FBN rats. As tempol treatment by reducing AT1 receptor mediated 

signaling in the renal proximal tubules restored renal AT1 receptor function, we 

suggest a causative role of oxidative stress in the development of exaggerated 

renal AT1 receptor function in old FBN rats.  

In normotensive F344 rats that have defective renal D1 receptor function, 

the effects of aging on renal AT1 receptor function have never been reported. 

Therefore, we measured age-associated changes in renal AT1 receptor function 

using candesartan in adult and old F344 rats. We found that the diuretic and 

natriuretic responses to candesartan were not different between adult and old 

F344 rats; suggesting that aging does not alter renal AT1 receptor function in 

F344 rats. This finding was contrary to our results in FBN rats and perhaps 

explains the normotensive phenotype, despite age-associated defects in renal 

D1 receptor function in old F344 rats. 
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Taken together, our studies suggest that both diminished D1 and 

exaggerated AT1 receptor function in the aging kidneys probably contributes to 

increase in blood pressure observed in old FBN rats. Age-associated oxidative 

stress seems to play a causative role in this phenomenon as reducing oxidative 

stress with antioxidant tempol restores both D1 and AT1 receptors functions and 

reduces blood pressure in old FBN rats.  

In addition to determining renal D1 and AT1 receptor functions and blood 

pressure, we also measured urinary protein levels in adult and old FBN rats. 

Proteinuria is an index of general kidney dysfunction. The urinary protein levels 

increased in an age-dependent manner but decreased with antioxidant tempol 

treatment in old FBN rats. These studies suggest that reducing age-associated 

oxidative stress also improves general kidney function in old FBN rats.  

In summary, to our knowledge for the first time, we show causative role of 

age-associated oxidative stress in the development of high blood pressure in 

FBN rats. The mechanism by which oxidative stress mediates age-related 

hypertension most likely involves both impaired D1 and exaggerated AT1 

receptor functions in the aging kidneys. However, defective D1 receptor function, 

per se, as found in F344 rats, is not sufficient to cause hypertension during 

aging. These altered renal D1 and AT1 receptor functions by increasing sodium 

reabsorption may contribute to age-associated hypertension in FBN rats. The 
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research presented here provides a mechanism for the development of age-

related hypertension and suggests a beneficial role of antioxidant therapy in 

reducing blood pressure and subsequently, improving the overall health and 

quality of life in the aging population. 
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6. SUMMARY AND CONCLUSIONS 

1. There is increased oxidative stress and high blood pressure with aging in 

old FBN rats. 

2. Natriuretic response to D1R activation is impaired with aging suggesting 

age-associated decline in D1R function in old FBN rats. 

3. Reduced D1 receptor numbers and GRK-4 mediated D1R-G protein 

uncoupling may contribute to age-associated impairments in D1R function 

in old FBN rats. 

4. Natriuretic and diuretic response to candesartan (AT1 receptor antagonist) 

is exaggerated with aging suggesting age-associated increase in renal 

AT1R function in old FBN rats. 

5. Increase in angiotensin II-mediated G protein coupling and Na,K-ATPase 

activity may cause exaggerated renal AT1R function with aging in old FBN 

rats. 

6. Antioxidant tempol treatment alleviates age-associated increase in 

oxidative stress and reduces blood pressure in old FBN rats. 

7. Tempol treatment increase D1R numbers, reduces GRK-4 levels and 

restores D1R-G protein coupling in old FBN rats. 

8. Tempol treatment reduces age-associated increase in G protein coupling 

and Na,K-ATPase activity in response to AT1 receptor activation in old 

FBN rats. 
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9. Age-associated increases in natriuretic and diuretic responses to 

candesartan were also restored with tempol in old FBN rats. 

10.  Contrary to FBN rats, renal AT1R function remains unchanged with aging 

in normotensive F344 rats, underscoring alterations in both D1R and 

AT1R functions for the development of age-associated hypertension. 

11.  Impaired D1R and exaggerated AT1R functions in the aging kidneys 

contribute to age-associated hypertension in old FBN rats. As antioxidant 

tempol treatment restores renal D1 and AT1 receptor functions and 

reduces blood pressure, it is likely that oxidative stress is involved in this 

phenomenon. 
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