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ABSTRACT 

Renal dopamine plays a pivotal role in the maintenance of sodium homeostasis 

and blood pressure.  Dopamine by activating D1 receptors (D1R) and inhibiting sodium 

transporters, Na, K-ATPase and Na, H exchanger, in renal proximal tubules (RPTs) 

promotes sodium excretion and thus maintains sodium homeostasis. 

The aging process alters vital organ functions including kidney function. Our 

previous studies have demonstrated a diminished natriuretic response to dopamine in  

aging kidneys. Age-associated oxidative stress is reported to increase D1R serine-

phosphorylation via PKC/GRK-2 pathway. This causes D1R G-protein uncoupling and 

the inability of D1R agonist SKF-38393 to inhibit Na, K-ATPase in RPTs and 

subsequently promote sodium excretion in old rats.  

Exercise improves physiological function and reduces mortality. However, it is 

not known whether exercise reverses the age-related decline in D1R function.  Therefore, 

the objective of this project was to determine if exercise could restore renal D1R 

function. The first part of the project studied the effect of exercise on natriuretic response 

to D1R agonist SKF-38393, revealing an increased sodium excretion with SKF-38393 in 

exercised compared to sedentary aged rats indicating restoration of D1R function.   The 

second part studied the molecular events in RPTs. The study revealed that exercise 

mediated antioxidant enzymes over-expression, reduction in oxidative stress, decrease in 

PKC activity and D1R serine-phosphorylation and increase in D1R-G protein coupling 
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and inhibitory effect of SKF-38393 on Na, K-ATPase in aged rats.  Also, these events 

were associated with increased activation of transcription factors NF-κB and Nrf-2 in 

exercised aged rats.  The third part of the project elucidated a causative role of NF-κB 

and/or Nrf-2 in antioxidant enzymes expression and subsequent protection from oxidative 

stress-induced D1R dysfunction in NF-κB and/or Nrf-2 transfected HK-2 cells. The study 

showed that NF-κB and/or Nrf-2 increased antioxidant enzyme levels and ability of SKF-

38393 to stimulate 35S-GTPγS binding (index of D1 receptor function) even in the 

presence of the oxidant H2O2.  

Taken together, these studies demonstrate that the mechanism of exercise 

mediated decrease in oxidative stress and restoration of renal D1R function in aging 

involves exercise-induced increase in antioxidant defense via NF-κB and/or Nrf-2. 
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1. INTRODUCTION AND STATEMENT OF PROBLEM 

 

 Aging is accompanied by a host of morphological and functional changes 

in several organ systems including the kidney (Niedermuller et al., 1991; Epstein, 

1996).  Many of the degenerative changes observed during aging and the ensuing 

morbidity and mortality have been associated with an age-related increase in 

oxidative stress (Ames et al., 1993).   

Renal dopamine is important in the maintenance of sodium homeostasis 

and blood pressure (Jose et al., 2000; Aperia, 2001; Carey, 2001; Banday et al., 

2003).  One of the mechanisms by which the body maintains sodium homeostasis 

during increased salt intake is by synthesizing dopamine in proximal tubules.  

This dopamine activates renal dopamine D1 receptors and promotes sodium 

excretion via the inhibition of sodium transporters, Na/K-ATPase and Na, H-

exchanger located on basolateral and brush-border membranes, respectively 

(Vieira-Coelho et al., 1999; Jose et al., 2000; Aperia, 2001; Carey, 2001; Banday 

et al., 2003; Hussain et al., 2003).  Age related impairment in renal dopamine 

responsiveness to salt load is linked to the development of hypertension (Zemel 

et al., 1988) 

Renal dopamine D1 receptor function is defective in aging due in part to 

reduced D1 receptor numbers and impaired D1 receptor-G protein coupling.  This 

results in diminished natriuretic response to dopamine (Beheray et al., 2000, 
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Kansra et al., 1997).    Age-associated oxidative stress has been implicated as a 

cause of renal dopamine D1 receptor dysfunction (Asghar and Lokhandwala, 

2004; Fardoun et al., 2006).    Antioxidant supplementation reduces oxidative 

stress and restores an age-related decline in D1 receptor function. (Fardoun et al., 

2006).  However, beneficial effects of antioxidant supplementation in terms of 

cardiovascular and cancer risk reduction have been difficult to establish in large 

scale clinical trials (Lonn et al., 2005; Pechanova et al., 2009).  Meanwhile, 

exercise has beneficial effects in terms of reducing disease burden in the elderly 

(Edwards et al., 2004).   

Hence, we elected to study whether exercise reverses the age-related 

impairment in dopamine D1 receptor function and if so, what are the underlying 

mechanisms involved?  We studied these using three different approaches, 

namely (1) in vivo whole animal study, (2) in vitro study in isolated renal 

proximal tubules and (3) cell culture study in HK-2 cells.  We used a treadmill 

exercise protocol (12 meter/min•60min/day•5days/week) for 3 months in old (21-

month) Fischer 344 rats to determine whether the natriuretic response to D1 

receptor stimulation, which is diminished in aging, is restored with exercise.  We 

studied the biochemical changes associated with exercise-mediated restoration of 

D1 receptor function in adult (3-month) and old (21-month) Fischer 344 rats 

using the same exercise protocol mentioned above.  We examined the effect of 

exercise on oxidative stress in aging and oxidative stress-induced changes on D1 
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receptor such as D1 receptor hyperphosphorylation, receptor–G protein 

uncoupling, and diminished Na, K-ATPase inhibition following D1 receptor 

agonist stimulation.  We then performed cell culture experiments in HK-2 cells to 

understand the molecular mechanisms of exercise mediated reduction in 

oxidative stress and restoration of D1 receptor function.  The cell culture studies 

were designed to elucidate the role of transcription factors Nuclear Factor-κB 

(NF-κB) and Nuclear factor E2-related factor-2 (Nrf-2), which were upregulated 

with exercise, in antioxidant enzyme upregulation and oxidative stress reduction 

and subsequently on restoration of D1 receptor function.   

The research presented here aims to establish links between exercise, 

modulation of D1 receptor signaling and renal D1 receptor function.  By 

identifying the mechanisms by which exercise modifies D1 receptor – G protein 

coupled receptor– signaling, we might be able to develop novel strategies that 

will improve the health and quality of life of the aging population.  
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2. REVIEW OF LITERATURE 

2.1  Role of kidney in sodium homeostasis 

2.1.1 Hormonal regulation of sodium excretion 

Kidney, by regulating sodium and water reabsorption, plays an 

essential role in maintaining sodium homeostasis, extracellular fluid 

volume and blood pressure.   A large number of specific carriers able to 

transport a variety of substrates that are finely regulated by specific factors 

and hormones are involved in the solute regulation by the kidney.  Apical 

ion-transport proteins (co-transporters, exchangers, and ion channels) 

expressed in separate nephron segments and Na,K-ATPase pump 

expressed in the basolateral membrane throughout the nephron are 

responsible for the homeostatic function of the kidney (Rossier et al., 

2002). The distribution of specific transporters varies from segment to 

segment in the nephron.  Na,H exchanger type 3 (NHE3) is the major 

apical sodium transporter in the proximal tubules.  Other sodium co-

transporters coupled to amino acids, glucose, and phosphate are also 

involved in sodium reuptake in the proximal tubule (Waldegger et al., 

1996). However, in the thick ascending limb of loop of Henle, the 

bumetanide sensitive Na, K, 2Cl-cotransporter is the primary mediator of 
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apical sodium transport.  A relatively small percentage of the total filtered 

sodium is reabsorbed by thiazide sensitive Na-Cl channel in the distal 

convoluted tubule and amiloride-sensitive Na channel in the collecting 

duct (Meneton, 2000).  Over 70% of the filtered sodium is reabsorbed in 

the proximal tubules and apical NHE and the basolateral Na,K-ATPase in 

the proximal tubules play an important role in maintaining sodium 

homeostasis in the body.  Various natriuretic and anti-natriuretic hormones 

regulate the sodium transporters in the nephron.  Sodium balance is 

regulated by natriuretic factors such as dopamine and atrial natriuretic 

peptide (ANP) and anti-natriuretic factors such as angiotensin II and 

norepinephrine in a counter regulatory manner (Aperia et al., 1996).  The 

relative degrees to which natriuretic or anti-natriuretic hormones are 

activated is dependent upon the sodium intake/output leading to sodium 

homeostasis (Chen et al., 1991; Kuchel et al., 1991; Baum et al., 1998).  

Under normal physiological conditions, anti-natriuretic hormones 

dominate as it is the primary role of the kidney to conserve sodium.  

However, during periods of increased sodium intake, natriuretic hormones 

such as dopamine and ANP predominate to increase sodium excretion and 

prevent sodium accumulation.  For example, stimulation of Na,K-ATPase 

activity by angiotensin II and norepinephrine is opposed by dopamine and 

ANP (Aperia et al., 1994). On the other hand, the inhibition of Na,K-
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ATPase by dopamine is opposed by α-adrenoceptor agonists and 

angiotensin II (Ibarra et al., 1993).  The natriuretic response to ANP 

requires an intact renal dopaminergic system as D1-like receptor 

antagonists as well as carbidopa (an inhibitor of dopamine synthesis) 

abolish the natriuretic effect of ANP (Marin-Grez et al., 1985; Katoh et al., 

1989). Thus, sodium homeostasis in the kidney is regulated by balance 

between natriuretic and anti-natriuretic hormones. 

 2.1.2 Role of dopamine in sodium excretion 

Dopamine plays an important role in renal sodium excretion by 

acting as a paracrine and autocrine hormone in the kidney (Hussain and 

Lokhandwala, 2003).  Dopamine was first discovered to regulate renal 

function and sodium excretion by increasing glomerular filtration rate 

(GFR) in the early 1970s (Goldberg, 1972).  However, it is now known 

that dopamine mediates natriuresis and diuresis by additional mechanisms 

such as (1) decrease renal vascular resistance and increase renal blood 

flow and (2) inhibition of sodium transporters Na,K-ATPase and Na,H-

exchanger in the proximal tubule.  Of the many mechanisms by which 

dopamine can produce natriuresis, the direct tubular action of dopamine 

on sodium transporters is the major mechanism involved in dopamine-

induced natriuresis.  This is clearly the mechanism by which intrarenally 
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formed dopamine exerts its natriuretic action.  The major site of action of 

dopamine in the kidney is the proximal tubules where approximately 70% 

of filtered load of sodium is reabsorbed. Furthermore, most of the 

dopamine that is active in the kidney is synthesized in the proximal 

tubules (Hayashi et al., 1990). 

 2.1.3 Synthesis of dopamine in the kidney 

Renal dopamine is synthesized in the proximal tubules from 

levodopa (L-DOPA), which is filtered into the glomerular filtrate.  

Proximal tubules lack tyrosine hydroxylase, the enzyme which converts 

tyrosine to L-DOPA.  Renal tubules take up L-DOPA via a sodium-

dependent transporter in the apical membrane and it is converted to 

dopamine by aromatic amino acid decarboxylase (AADC) (Soares-da-

Silva et al., 1994).  Proximal tubules are the major sites of this enzymatic 

conversion as AADC activity is highest in the proximal tubule segment of 

the nephron (Hayashi et al., 1990).  The majority of dopamine that is 

active in the kidney is derived from decarboxylation of L-DOPA by 

AADC in the proximal tubule.  The synthesized dopamine is then secreted 

and acts in an autocrine and paracrine fashion to activate dopamine 

receptors.  Dopamine that is filtered does not contribute much to the renal 

actions since the plasma concentration of dopamine is in the picomolar 
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range while dopamine present in the proximal tubules is in the micromolar 

range (Van Loon et al., 1980; Baines et al., 1992).  Renal dopamine levels 

correlate to the body’s sodium status.  In sodium depleted states renal 

dopamine levels are low and in sodium replete states renal dopamine 

levels are high.  Moreover, during sodium replete states, there is an 

increase in L-DOPA in the glomerular filtrate as plasma L-DOPA levels 

correlate to plasma sodium levels.  L-DOPA uptake and conversion to 

dopamine in the proximal tubules is increased as dopamine 

metabolism/inactivation by monoamine oxidase is inhibited in sodium 

replete states (Soares-da-Silva et al., 1994). Increases in sodium intake 

from 20 to >200 mmol/day in humans increases renal dopamine 

production, peaking on the second day (Oates et al., 1979).  Sodium 

chloride loading in rats also increases renal dopamine excretion (Jadhav 

and Lokhandwala, 1990).  
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2.2 Dopamine receptors in the kidney 

 2.2.1 Classification 

Dopamine produces its physiological effect in the kidney by acting 

on dopamine receptors that belong to the rhodopsin-like family of G-

protein coupled receptors (GPCR). To distinguish peripheral dopamine 

receptors from central nervous system (CNS) receptors, they were initially 

classified as DA1 and DA2 subtypes, which correspond to the D1-like and 

D2-like receptors, respectively in the CNS (Goldberg et al., 1986).  

However, analysis of the coding sequences of central and peripheral 

dopamine receptors revealed no difference, although CNS receptors have 

higher affinity for the receptor ligands than the peripheral dopamine 

receptors (Jose et al., 1998).  Dopamine receptors both in the CNS and 

periphery are currently classified into D1-like and D2-like receptors based 

on their differential effect on adenylyl cyclase (AC) activity (Kebabian et 

al., 1979). D1-like receptors are coupled to Gs proteins (and Gq/11) and 

activate AC, while D2-like receptors are coupled to either Gi or Go 

proteins and inhibit AC.  The mammalian D1-like receptors are sub-

classified in to D1 and D5 receptors (in rodents, D1A and D1B respectively).   

On the other hand, D2-like receptors include D2, D3 and D4 receptors. 

D1A/D1 and D1B/D5 share approximately 50% sequence homology, while 
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D2, D3 and D4 receptors share only about 30% homology (Sibley et al., 

1992).  The transmembrane sequences are highly conserved in both D1-

like and D2-like receptor families (Gingrich et al., 1993; Seeman et al., 

1994). 

 2.2.2 Dopamine receptor distribution in the kidney 

Dopamine receptor distribution has been studied in detail in rat 

kidneys.  All cloned dopamine receptor subtypes are present in the kidney 

(Missale et al., 1998).  Radioligand binding and autoradiography studies 

have indicated that D1-like and D2-like receptors are present in renal blood 

vessels as well as renal cortex, whereas, only D2-like receptors are present 

in the glomeruli and renal medulla (Missale et al., 1998).  The effect of 

dopamine on the inhibition of sodium and water reabsorption in the kidney 

is mediated by D1 receptors (Frederickson et al., 1985; Jose et al., 1987). 

Dopamine receptors are expressed in various segments along the nephron.  

D1 receptors are expressed in the proximal convoluted tubules, proximal 

straight tubule, medullary thick ascending limb of Henle, macula densa, 

and cortical collecting duct segments of the nephron (Jose et al., 1998).  

D1-like receptors are expressed to the greatest extent in the proximal 

convoluted tubules compared to other nephron segments (Kinoshita et al., 

1989; Ohbu et al., 1991; Takemoto et al., 1991).  In the proximal tubules, 
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D1-like receptors are present on both the basolateral and brush border 

membranes.  Of the D1-like receptor subclass, both D1 and D5 receptors 

are expressed in proximal tubules.  However, only D1 receptors contribute 

to inhibition of sodium reabsorption by dopamine (Albrecht et al., 1996).  

 2.2.3 Dopamine signaling in renal tubular cells (Figure 1) 

D1-like receptor activation results in inhibition of Na,K-ATPase, 

while D2-like receptor activation leads to stimulation of Na,K-ATPase 

activity.  Dopamine induced natriuresis is attributed to the activation of D1 

receptors.  D1 receptors are coupled to stimulatory G protein Gsα, or 

Gq/11α.  Ligand binding to Gsα-coupled D1 receptors leads to stimulation 

of adenylyl cyclase activity and increase in cAMP levels, subsequently 

leading to cAMP-dependent kinase PKA activation (Felder et al., 1990).  

Activated PKA phosphorylates and inhibits NHE activity.  Ligand binding 

to Gq/11α coupled D1 receptors stimulates phospholipase C (PLC) and to 

DAG-mediated activation of Protein Kinase C (PKC) (Chen et al., 1993).  

PKC then phosphorylates and inhibits Na, K-ATPase pump (Bertorello et 

al., 1990; Middleton et al., 1993).  Gq/11α-coupled receptor activation can 

also inhibit Na, K-ATPase indirectly by stimulation of phospholipase A2 

(PLA2) and production of 20-hydroxyeicosatetraenoic acid (20-HETE) 

(Satoh et al., 1992; Hussain et al., 1996).  Ligand binding and activation of 
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D2-like receptors on the other hand leads to inhibition of adenylyl cyclase 

as the receptors are coupled to the inhibitory G protein, Giα (Huff, 1996).   

 

 

 

 

 

 

 

 

 

 

 

 

12 
 



BLM

IP3
PKC

DAG

DOPAMINED1‐like
receptor

cAMP

PKA

D1‐like
receptor

BBM

PLC

Gq/11

AC

Gs

LUMENBLOOD

INCREASED SODIUM 
EXCRETION

Figure 1. Dopamine D1 receptor signaling in renal proximal tubules. As shown
above, we and others (Hussain and Lokhandwala, 1998; Jose et al., 1998) have
shown that D1 receptor activation in proximal tubules leads to their coupling to Gs
and Gq/11 proteins. Coupling of D1 receptors to Gs causes stimulation of adenylyl
cyclase (AC) and increase in cAMP. Increase in cAMP leads to protein kinase A
(PKA) activation, which inhibits Na,H-Exchanger located on the brush border
membrane (BBM). On the other hand, coupling of D1 receptors to Gq/11 leads to
stimulation of phospholipase C (PLC) and activation of protein kinase C (PKC) via
diacylglycerol (DAG), which then inhibits Na,K-ATPase located on basolateral
membranes (BLM). Inhibition of Na,H-Exchanger and Na, K-ATPase by dopamine
results in increased sodium excretion. (Dashed line indicates inhibition)
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2.3 Age related changes in the kidney 

Aging is accompanied by a host of morphological and functional 

changes in several organ systems including the kidney (Niedermuller et 

al., 1991; Epstein, 1996).  Aging is associated with a decline in glomerular 

filtration rate and increased susceptibility to renal and electrolyte disorders 

such as acute renal failure, hyper- and hyponatriemia, hyperkalemia and 

hypertension (Clark, 2000). Structural changes such as glomerulosclerosis, 

tubular atrophy, and interstitial atrophy are associated with the aging 

process in the kidney (Zhou et al., 2008).  

Morphological changes in the kidney include significant loss of 

total and cortical renal mass, which is more pronounced in males than 

females, resulting in weight and volume loss of the kidney (Brown et al., 

1986; Epstein, 1996).  Consistent with decrease in kidney weight seen 

with advancing age, the number of functional glomeruli decrease and the 

percentage of glomeruli showing glomerulosclerosis increase (Zhou et al., 

2008).  Aging is also associated with intimal fibrosis of the interlobular 

arteries, and this change can be accelerated by hypertension and diabetes 

mellitus (Takazakura et al., 1972).  In addition, renal tubules decrease in 

number, the proximal tubular volume and length decrease, and 

diverticulae development in distal tubules increase (Goyal, 1982).   

14 
 



Functional changes associated with renal senescence include 

declines in glomerular, tubular, and endocrine functions.  Glomerular 

filtration rate is believed to start declining at the rate of 1 ml per year, 

starting at the age of about 30 years, resulting in an inulin clearance of 

65ml/min at the age of 90 years (Morrissey et al., 2006).  Aging-related 

alterations in renal tubular function manifest themselves in many ways.    

The reduction in renal sodium reabsorption accompanying a reduction in 

dietary sodium intake is impaired in the elderly (Epstein et al., 1976).  

Lithium clearance is reduced in the elderly, indicating impaired proximal 

tubular function.  Fractional sodium reabsorption in the proximal tubules 

is elevated, while that in the distal tubule is reduced in the elderly (Fliser 

et al., 1997).  Additionally, the ability of the kidney to maximally 

concentrate urine diminishes with age (Rowe et al., 1976; Sands, 2003).   

2.4 Dopamine D1 receptor dysfunction in aging: Role of oxidative stress 

Age-related increase in oxidative stress is implicated in the renal 

dopamine D1 receptor dysfunction in aged Fischer 344 rats (Asghar et al., 

2004).  In addition to aging, pathophysiological conditions such as 

hypertension and diabetes are associated with increased oxidative stress, 

contributing to defective renal dopamine D1 receptor function in these 

conditions (White et al., 1998; Manning et al., 2003; Marwaha et al., 2004; 
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Banday et al., 2005; Marwaha et al., 2006).  Also, induction of oxidative 

stress by exposing proximal tubular epithelial cells to H2O2 produces D1 

receptor dysfunction (Asghar et al., 2006).  Reduction of oxidative stress 

by antioxidants such as tempol and α-lipoic acid restores receptor 

signaling (Asghar et al., 2004; Trivedi et al., 2004; Banday et al., 2005; 

Marwaha et al., 2006).  Oxidative stress produces renal dopamine D1 

receptor dysfunction by receptor–G protein uncoupling as well as 

reduction in receptors numbers (White et al., 1998; Asghar et al., 2002; 

Trivedi et al., 2004; Asghar et al., 2006; Fardoun et al., 2006; Marwaha et 

al., 2006; Banday et al., 2007). This age-related decrease in D1 receptors 

and G protein coupling contributes to diminished Na, K-ATPase inhibition 

and diminished natriuretic response to dopamine (Beheray et al., 2000).   

Previous work from our laboratory has also shown that oxidative 

stress increases basal serine-phosphorylation of the D1 receptor, leading to 

D1 receptor-G protein uncoupling and loss of functional response in old 

animals (Asghar et al., 2002, 2004, 2006).  Antioxidant supplementation 

to old rats decreases D1 receptor serine-phosphorylation and restores D1 

receptor-G protein coupling and function in renal proximal tubules of old 

rats (Asghar et al., 2002, 2006).     Increased phosphorylation of serine 

residues in D1 receptors is responsible for D1 receptor–G protein 
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uncoupling and the attenuation of the natriuretic effects of dopamine in 

other animal models such as spontaneously hypertensive rats and insulin 

resistant obese Zucker rats (Yu et al., 2000; Trivedi et al., 2005).  Higher 

basal serine-phosphorylation of D1 receptor has been reported in proximal 

tubular culture from essential hypertension patients (Sanada et al., 1999; 

Felder et al., 2002).  The proximal tubular culture from these patients 

failed to exhibit fenoldopam-mediated increase in cAMP compared with 

the cultures from normotensive humans (Sanada et al., 1999; Felder et al., 

2002).  Therefore, it appears that an increase in basal serine-

phosphorylation of D1 receptors in animal models associated with 

oxidative stress; such as hypertension (Sanada et al., 1999; Yu et al., 

2000), aging (Asghar et al., 2002), obesity/diabetes (Banday et al., 2005; 

Trivedi et al., 2005), and hyperglycemia (Marwaha et al., 2006), leads to 

D1 receptor uncoupling from the G proteins and loss of downstream 

signaling in proximal tubules of the kidney.   

G protein coupled receptor kinases (GRKs) play an important role 

in G protein-coupled receptor (GPCR) signaling due to their ability to 

phosphorylate and desensitize agonist occupied receptors (Kohout et al., 

2003).  Three members of this family of serine/threonine kinases GRKs 2, 

3, and 5 phosphorylate D1 receptors and cause reduction in agonist affinity 
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when human embryonic kidney cells were transfected with D1 receptors 

and GRKs plasmids (Tiberi et al., 1996).  In addition to the 

aforementioned mechanism, we and others have reported that ligand 

independent serine-phosphorylation of D1 receptor by GRKs leads to 

uncoupling of the D1 receptor from G proteins during conditions of 

increased oxidative stress such as hypertension, diabetes and aging 

(Watanabe et al., 2002; Trivedi et al., 2005; Asghar et al., 2002).  We have 

studied the mechanism of oxidative stress induced D1 receptor hyper 

serine-phosphorylation by inducing oxidative stress with H2O2 in primary 

cultures of renal proximal tubules, and found that H2O2 induces GRK-2 

translocation to the membrane and this requires PKC activation (Asghar et 

al., 2006).  The role of PKC activation in inducing GRK-2 translocation is 

revealed by the observation that H2O2-induced membrane translocation of 

GRK-2 is attenuated by PKC inhibitors chelerythrine chloride and 

staurosporine, but not by PKA inhibitor H-89 (Asghar et al., 2006).  Also, 

H2O2 induced increase in D1 receptor serine-phosphorylation is abolished 

when cells are pretreated with the PKC inhibitor, staurosporine (Asghar et 

al., 2006).  In many situations, oxidative stress/oxidants activate PKC 

(Gopalakrishna et al., 1991; Schuppe-Koistinen et al., 1994).  We have 

also reported that age-associated oxidative stress causes higher basal PKC 

activity in Fischer 344 rats and antioxidant supplementation with tempol 
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and α-lipoic acid reduces basal PKC activity in renal proximal tubules of 

old rats (Asghar et al., 2004).  The higher basal PKC activity is linked to 

overexpression of PKC-βI and -δ in proximal tubules of old Fischer 344 

rats (Asghar et al., 2003). 

2.5 Reactive oxygen species in physiology 

The term “Reactive Oxygen Species” (ROS) is used to collectively 

refer to oxygen radicals such as superoxide (O2
•―), alkoxyl (RO•), peroxyl 

(ROO•), and hydroxyl radical (OH•), and non-radical oxygen derivatives 

such ozone (O3) and hydrogen peroxide (H2O2) (Sies, 1991).  These pro-

oxidants have the capability of setting off a chain reaction that creates 

reactive intermediates that propagate the oxidative damage initiated by a 

single free radical.  ROS are continuously generated in physiological 

conditions and steady-state formation of pro-oxidants in cells and organs 

is balanced by their consumption by enzymatic and nonenzymatic 

antioxidants (Sies, 1991).  Oxidative stress is the result of an imbalance 

between the generation of reactive oxygen and nitrogen species and the 

body’s ability to remove those reactive oxygen and nitrogen species and 

repair the damage caused by these molecules that result in disruption of 

normal cellular processes.  The pro-oxidants species can interact with 

essential biological macromolecules such as lipids, proteins, and DNA, 
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leading to structural and functional abnormalities.  However, more 

recently, low levels of ROS are being recognized as signaling molecules 

capable of transducing cellular signals and generating adaptive cellular 

responses (Sies, 1991; Calabrese et al., 2003).   

2.5.1 Sources of reactive oxygen species 

Reactive oxygen species (ROS), such as H2O2, O2
•―, and OH• are 

generated by various cellular pathways.  Mitochondria are believed to be 

the major site of ROS production in vivo (Boveris et al., 1973).  Cellular 

energy metabolism involves mitochondrial generation of ATP via the 

electron transport chain where O2 accepts electrons and H+ and gets 

eventually reduced to water (Boveris et al., 1973).   In addition to the 

normal reaction, respiratory electron leaks results in the formation of 

superoxide anion radicals, O2
•―, when a single electron is transferred to O2 

in complexes II and III of the respiratory chain.  While the electron 

transport through the mitochondrial respiratory chain is a highly efficient 

process and a vast majority of O2 is converted to water, approximately 1-

2% of O2 is converted to superoxide radical (O2
•―) (Boveris et al., 1973).   

 In addition to the mitochondria, various other sources of ROS have 

been described such as cyclooxygenase, lipoxygenase, xanthine oxidase, 
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cytochrome P-450, uncoupled nitric oxide synthase (NOS), and NAD(P)H 

oxidase (Zafari et al., 1999; Cai et al., 2000; Gottlieb, 2003; Misra et al., 

2009).  In pathophysiological conditions that are associated with oxidative 

stress such as hypertension and diabetes, many of the aforementioned 

sources of ROS are known to possess increased activity in various organs 

and tissues.  For example, NAD(P)H oxidase activity is increased in the 

kidneys during diabetic nephropathy and genetic hypertension 

(Chabrashvili et al., 2002; Kitada et al., 2003).   

 2.5.2 Cellular Antioxidants 

Vitamins A, C, and E, beta-carotene and reduced glutathione 

(GSH) are some of the major non-enzymatic components of the cellular 

antioxidant system.  Antioxidant vitamins serve as reducing agents that 

reduce and neutralize reactive oxygen species.  Glutathione exists in 

reduced (GSH) or oxidized state (GSSG). Vitamins A, C, and E, and GSH 

are able to donate a reducing equivalent (H+ + e-) to unstable molecules 

such as ROS and stabilize them.  Glutathione in the process becomes 

reactive and reacts with another GSH to form oxidized GSSG.  GSH can 

be regenerated from GSSG by glutathione reductase.   
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The major enzymatic scavengers of ROS include superoxide 

dismutase (SOD), catalase and glutathione peroxidase.  SOD is the 

enzyme that catalyzes the conversion of superoxide (O2•–) to H2O2 that 

has metal cofactors such as copper, zinc, and manganese.  SOD has 

cytosolic (Cu/Zn SOD), mitochondrial (Mn SOD) as well as extracellular 

(EC-SOD) isoforms that catalyze superoxide dismutation in their 

respective locations.   H2O2 is eliminated by antioxidant enzymes catalase 

and glutathione peroxidase, which catalyze its conversion to H2O and O2.  

H2O2 instead can undergo the Fenton reaction and be converted to 

extremely reactive HO• radicals, which immediately attack surrounding 

macromolecules.  The glutathione antioxidant system that confers cellular 

protection comprises of glutathione reductase (responsible for GSH 

regeneration from GSSG), glutathione S-transferase (catalyzes the transfer 

of sulfhydryl groups (SH) to oxidized lipids and other cellular 

components), and glutathione peroxidase (catalyzes conversion of H2O2 to 

H2O) (Aliciguzel et al., 2003; Zhan et al., 2004; Terman et al., 2006).   

 2.5.3 Measurement of oxidative stress 

Direct quantification of ROS generation in tissues is challenging 

due to their extreme reactivity and short half-lives (10-9 sec for HO• and 

10-10 sec for ROO• radicals).  The formation of end-products from reaction 
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with ROS has been measured to address the involvement of oxidative 

stress in a given pathogenic state.  Lipid peroxidation of unsaturated fatty 

acids, one of the in vivo reactions involving ROS, is used as an index of 

increased oxidative stress (Haugaard, 1968).  Polyunsaturated fatty acyl 

chains when attacked by HO• radicals form malondialdehyde (MDA), 

which reacts to form a pink color when heated in the presence of 

thiobarbituric acid (TBA).  In our animal studies, we have measured MDA 

levels as a measure of lipid peroxidation and thus an index of oxidative 

stress.  Old Fischer 344 rats have increased MDA levels in plasma and 

renal proximal tubules compared to adult rats indicating increased 

oxidative stress with aging (Asghar et al., 2004).   

In cell culture studies, we employed ROS sensitive fluorescent 

dye, dichlorofluorescein (CM-H2DCFDA), to measure intracellular ROS 

levels to detect cellular oxidative stress.  CM-H2DCFDA, is de-acetylated 

by cellular enzymes and results in the formation of a charged molecule 

which is retained in the intracellular compartment.  Dichlorofluorescein 

only becomes fluorescent following oxidation by cellular ROS and allows 

for detection of intracellular ROS in cell culture systems (Yamagishi et al., 

2001, 2003).      
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2.6 Antioxidant supplementation in rodent models to reduce oxidative 

stress induced D1 receptor dysfunction 

 In the elderly, the failure of dopamine to elicit an adequate 

natriuretic response to a sodium load has been attributed to the 

development of age-related hypertension (Zemel et al., 1988).  The 

increase in oxidative stress seen in aging has been implicated in age-

related decline in renal dopamine D1 receptor function (Fardoun et al., 

2006).  Reports from our laboratory have implicated oxidative stress, in 

the impairment in D1 receptor signaling and diminished natriuretic 

response to dopamine in rodent models of aging (Fischer 344), 

hypertension (SHR), obesity (obese Zucker rats), and diabetes (STZ-

treated rats) ( Fardoun et al., 2006; Hussain et al., 1999; Trivedi et al., 

2004; Marwaha et al., 2006; Banday et al., 2008).  Reports from our 

laboratory also show that antioxidant supplementation with either α-lipoic 

acid or tempol reduces the oxidative stress and restores D1 receptor 

function in these models (Asghar et al., 2004; Banday et al., 2005; 

Fardoun et al., 2006; Marwaha et al., 2006).  Our laboratory has also 

reported that improvement in D1 receptor function with antioxidant 

supplementation is due to reduction in oxidative stress leading to 

normalization of the PKC-GRK-2 pathway, reduction of D1 receptor 
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hyper serine-phosphorylation, improvement in D1 receptor-G-protein 

coupling and restoration of the natriuretic response to D1 receptor agonist 

(Asghar et al., 2002, 2003, 2004; Banday et al., 2005, 2007, 2008; 

Fardoun et al., 2006; Marwaha et al., 2006).   

2.7 Antioxidant supplementation in humans to reduce pathophysiology 

associated with increased oxidative stress 

Beneficial effects of antioxidant supplementation in animal models of 

disease led to studies in humans using antioxidants for prevention of 

cardiovascular events and cancer.   However, large scale clinical trials 

have shown that antioxidant supplementation either has no benefit or has 

detrimental effects in humans in terms of disease risk reduction 

(Vivekananthan et al., 2003; Bjelakovic et al., 2004; Lonn et al., 2005).    

Observational studies have shown reduction in cardiovascular disease risk 

with antioxidants vitamin E and β-carotene; however clinical trials have 

failed to show such a benefit.  Vivekananthan et al. (2003) performed a 

meta-analysis of randomized clinical trials using antioxidant vitamin E 

and/or β-carotene for the prevention of cardiovascular disease.  The meta-

analysis included the use of vitamin E in 81,788 patients and β-carotene in 

138,113 patients and assessed all-cause mortality and cardiovascular 

disease risk compared to control treatment.  Vitamin E did not reduce the 
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risk of all cause mortality, risk of cardiovascular death or cerebrovascular 

accident when compared to placebo.  β-carotene treatment on the other 

hand resulted in slight but significant increase in all-cause mortality and 

risk of cardiovascular death (Vivekananthan et al., 2003).  In addition to 

increased cardiovascular risk, oxidative stress is also associated with 

increased cancer risk. A meta-analysis (n=170,525) of 14 randomized 

clinical trials by Bjelakovic et al. (2003) assessing the effect of β-carotene, 

Vitamins A, C, E, and selenium supplementation on gastrointestinal 

cancers showed that antioxidants increased mortality compared to placebo.  

Also in the Heart Outcomes Prevention Evaluation (HOPE) trial, 

involving patients with vascular disease or diabetes mellitus, evaluating 

the effect of vitamin E (400 IU daily) on cancer and cardiovascular event 

risk failed to show any benefits.  In fact, vitamin E supplementation in this 

population was associated with increased risk for heart failure (Lonn et al., 

2005).  The failure of oxidative stress reduction by antioxidants to 

improve patient outcomes is possible because ROS themselves are 

signaling molecules that can induce the adaptive response, such as 

increase in antioxidant defenses.  Thus the reduction of ROS by 

antioxidants may mitigate this adaptive physiological processes 

(Pechanova et al., 2009).   
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2.8 Effect of exercise on pathophysiology in rodents and humans 

In recent years, the focus in aging research has shifted somewhat 

from antioxidants to regular physical activity as a means to promote health 

and wellness.  Aging is associated with a progressive decline in physical 

capacity and a sedentary life-style is an independent risk factor for 

coronary artery diseases (CAD), which can lead to further decline in 

physical function capacity (Dehn et al., 1972; Fletcher et al., 1992).  

Exercise is known to have beneficial effects such as reduction in all cause 

mortality and mortality from cardiovascular and non cardiovascular 

diseases (Lie et al., 1985; Paffenbarger et al., 1993; Sandvik et al., 1993).   

Although we know more about the beneficial effects of exercise 

today than we did in the past, the overall results are far from clear.  Most 

of the exercise research that has been conducted to date is focused on 

studying its effects on muscle performance (Karlsson, 1997; Baar et al., 

2006; Marzetti et al., 2008).  Little is known about the effects of exercise 

on other organ systems and specifically on G-protein coupled receptors 

(GPCRs).     

Exercise can extend the average life span and improve survival in 

rats (Holloszy et al., 1987, 1993; Emter et al., 2005).  Exercise also 
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reduces oxidative stress in rats and mice (Navarro et al., 2004; Asghar et 

al., 2007).  Exhaustive vigorous exercise has long been shown to be pro-

oxidative and detrimental to muscle integrity (Armstrong et al., 1983).  

However, evidence is emerging that low levels of reactive oxygen species 

(ROS) that are created during moderate non-exhaustive exercise might 

induce the expression of antioxidant enzymes (Calabrese et al., 2003; 

Gomez-Cabrera et al., 2008)   

2.9 Role of transcription factors Nrf-2 and NF-κB in regulation of 

oxidative stress 

Transcription factor Nrf-2 (nuclear factor-E2 related factor-2) is an 

important mediator of antioxidant defense mechanism. Nrf-2 increases the 

expression of antioxidant enzymes such as glutathione S-transferase 

(GST), NAD(P)H:quinone reductase, and γ-glutamylcysteine synthetase 

(GCS) via the antioxidant response elements (ARE) in the promoter 

regions of their genes (McMahon et al., 2001; Kang et al., 2005; Leonard 

et al., 2006).  Although Nrf-2’s role in upregulating the expression of 

antioxidant enzymes such as GST, GCS, NAD(P)H:quinone reductase, 

superoxide dismutase (SOD), hemeoxygenase-1 (HO-1), and catalase is 

widely accepted, NF-κB p65 has only been viewed as a promoter of 
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antioxidant defense mechanism very recently (Gomez-Cabrera et al., 

2008; Rubiolo et al., 2008).   

Nuclear factor-κB (NF-κB) is an inducible transcription factor 

which was first discovered to play a role in the regulation of immune 

system in response to pathogens (Sen et al., 1986; Atchison et al., 1987; 

Nabel et al., 1987).  Subsequently, it has been implicated in the regulation 

of other systems affecting transcription of a wide array of target gene 

families, such as stress response, apoptosis, and receptors genes, and 

influencing cell survival, differentiation and proliferation (Garg et al., 

2002; Hayden et al., 2008; Gilmore, 2010).  NF-κB has been the focus of 

research in diseases such as cancer, asthma and muscular dystrophy (Garg 

et al., 2002; Panwalkar et al., 2004; Luo et al., 2005; Acharyya et al., 

2007; Charokopos et al., 2009; Janssen-Heininger et al., 2009). 

Most of our understanding about NF-κB signaling comes from 

immune cell research. Many of the studies describe NF-κB’s involvement 

in the process of inflammation and oxidative stress (Li et al., 2002; 

Inohara et al., 2003). For example, it has been linked in the production of 

surrogate markers of inflammation such as chemokines (CCL5, MCP-1) 

(Wickremasinghe et al., 2004), cytokines (IL-1a, IL-1b, IL-6) (Hiscott et 

al., 1993; Mori et al., 1996; Son et al., 2008) and adhesion molecules 
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(VCAM-1, NCAM) (Iademarco et al., 1992; Simpson et al., 2000). Also, 

NF-κB has been suggested to regulate the transcription of an enzyme 

involved in oxidant production namely NADPH-oxidase (Anrather et al., 

2006). For long, it was thought that NF-κB is exclusively involved in the 

inflammatory and oxidative stress processes. More recent studies 

implicate its role in the process of antioxidant homeostasis (Lavrovsky et 

al., 1994; Rojo et al., 2004; Gomez-Cabrera et al., 2008).  However, 

studies implicating a role of NF-κB in the regulation of antioxidant 

enzymes in the kidney are lacking.   

Figure 2 depicts a summary of oxidative stress mechanisms that we 

have reported to play a role in causing a defect in renal dopamine D1 

receptor function in aging.  Based upon these observations and other 

studies discussed previously, we formulated our hypothesis, illustrated in 

Figure 3.  Subsequently, we designed experimental protocols to test the 

hypothesis in this project. 
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Figure 2. Mechanism of oxidative stress induced D1 receptor dysfunction in
aging. Age-related increases in oxidative stress lead to PKC activation increased
GRK-2 translocation to the membrane and D1 receptor hyper serine-
phosphorylation. D1 receptor hyperphosphorylation leads to D1 receptor-G
protein uncoupling and a loss of functional responsiveness of D1 receptor.
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Figure 3. General Hypothesis. Exercise activates transcription factors NF-κB and
Nrf-2 and increases antioxidant enzyme expression resulting in reduction of age-
related increase in oxidative stress. This subsequently reduces PKC-GRK2 activity
and D1 receptor hyper serine-phosphorylation, resulting in increase in D1 receptor-
G protein coupling and restoration of functional responsiveness of D1 receptor.
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3. MATERIALS AND METHODS 

Methods used in animal studies: 

 The effect of exercise on renal dopamine D1 receptor function in aging 

was studied using treadmill exercise (section 3.1.1) in Male Fischer 344 rats.  All 

experimental protocols involving animals were approved by the University of 

Houston Animal Care and Use Committee.  Male Fischer 344 rats 

(F344/NNiaHsd) raised by National Institute on Aging (NIA) and housed by 

Harlan (Indianapolis, IN) were purchased from NIA (Bethesda, MD).  Two age 

groups of rats of 3-month and 21-month were included in the study. The 3- and 

21-month rats were considered as adult and old rats, respectively. The rats were 

maintained in the animal care facility with a 12 hour light and 12 hour dark cycle 

and were given free access to standard rodent chow (Purina Mills, St. Louis, MO) 

and drinking water. Fischer 344 rats, from here onward, are referred as F344 rats.   

3.1 Treadmill Exercise 

3.1.1 Experimental Protocol 

 Two sets of animals were used in exercise study. First set included two 

groups of rats (1) old sedentary and (2) old exercised, and these animals were 

used to conduct renal function studies. Second set included four groups of rats: (1) 
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adult sedentary; (2) adult exercised; (3) old sedentary and (4) old exercised, and 

used for performing biochemical studies.  The rats were acclimatized for 7 days 

before any experimental maneuver. The exercised groups of adult and old rats 

were subjected to a treadmill training regimen for 12 weeks (treadmill speed 12 

meter.min-1 for 60min, using 15 degree grade, 5 days/week) according to a 

published protocol (Asghar et al., 2007).  The sedentary groups of adult and old 

rats were not exercised.   

3.2 Measurement of renal function in sedentary and exercised old rats 

 3.2.1 Surgical procedures 

Exercised rats were rested for 48 hours after the last day of exercise 

protocol. Both sedentary and exercised old rats were fasted overnight and 

anesthetized with Inactin® (100 mg/kg, i.p.).  In order to facilitate breathing, a 

tracheotomy was performed.  To collect blood samples and to measure blood 

pressure and heart rate, the left carotid artery was catheterized with PE-50 tubing.  

This tubing was connected to a pressure transducer (Statham P23AC) for 

monitoring blood pressure and heart rate using a cardiotachograph.  The left 

jugular vein was also catheterized with PE-50 tubing for saline and drug infusion.  

A laprotomy was performed and the left ureter was isolated and catheterized with 

PE-10 tubing connected to tygon® tubing for urine collection.  Following the 
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surgery, normal saline (1% body weight, mL/hr) was continuously infused 

throughout the experimental period to maintain a stable urine output and to 

prevent dehydration.  Heart rate and blood pressure were continuously recorded 

on a Grass polygraph (model 7D; Grass Instruments Co., Quincy, MA). 

3.2.2 Experimental protocol to determine natriuretic and diuretic response to 

dopamine D1 receptor agonist, SKF-38393 in exercised and sedentary old 

rats 

At the completion of surgery, a stabilization period of 45 minutes was 

allowed where normal saline (1% body wt, mL/hr) was infused continuously. 

Thereafter, five consecutive 30-min urine collection periods comprising 2 control 

periods (C1and C2; 30 min each), one 30-min drug period, and 2 recovery periods 

(R1, R2; 30 min each) were performed. During control periods only saline was 

infused. During drug period D1 receptor agonist SKF-38393 (1µg•kg-1• min-1) in 

saline was infused. During recovery periods saline was infused after withdrawal 

of the drug (refer to Figure 4). Urine samples were collected throughout the 30-

min for each period and the volume measured gravimetrically. Blood samples 

(250μl) were collected at the end of each period, which were replaced by infusing 

equal volume of saline to compensate blood loss.  Plasma was isolated by 

centrifuging blood at 1500g for 15 min at 4°C.  Urine and plasma samples were 

stored at -80°C until analyzed for creatinine and sodium.  Sodium concentration 
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in the urine and plasma was measured using a flame photometer 480 (Ciba 

Corning Diagnostics, Norwood, MA).  Plasma and urine creatinine levels were 

measured using creatinine analyzer (Model 2, Beckman, CA).  The values of two 

control (C1 and C2) and recovery (R1 and R2) periods were averaged and 

presented as C and R, respectively, in the results section.   

Natriuretic response to D1 receptor agonist SKF-38393 is represented as urinary 

sodium excretion (UNaV) and fractional excretion of sodium (FENa) in the results 

section. UNaV and FENa were calculated using the following formulae: 

 UNaV (µmol/min) = Urine flow (µL/min) x Urinary sodium concentration 

(µmol/µL) 

 FENa = [(urinary Na conc. x plasma creatinine levels) ÷(plasma Na conc. x 

urinary creatinine levels)] x 100  
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3.3 Preparation of renal cortical proximal tubular suspension 

 3.3.1 Surgical procedures 

Adult and old exercised and sedentary rats were used in the preparation of 

renal proximal tubular suspension.  The rats were anesthetized with sodium 

pentobarbital (50mg/kg body wt) 48 hours after the last exercise session along 

with the respective age matched sedentary control rats.  A tracheotomy was 

performed to assist ventilation and a midline abdominal incision was made, 

following which both the celiac and mesenteric arteries were occluded to facilitate 

selective renal perfusion.  Bladder urine was needle aspirated and stored at -80˚C 

for further biochemical analyses.  The abdominal aorta was cannulated with PE-

50 tubing below the renal artery and blood was collected in EDTA coated tubes.  

The kidneys were perfused with Krebs-Henseleit Buffer (KHB) without calcium 

(KHB-B; NaCl 118mM, NaHCO3 27.2 mM, KCl 4mM, MgCl2 0.12mM, 

KH2PO4 1mM, Glucose 5mM, HEPES 10mM, pH 7.4) at 37°C with a flow rate 

of 4mL/min until the kidneys were washed of blood. In situ kidney digestion was 

performed with KHB-B buffer containing collagenase type IV 230 U/mL and 

hyaluronidase type III 250 U/mL at the rate of 8mL/min for 5 min.  The kidneys 

were excised and immediately placed in ice-cold KHB-A (NaCl 118mM, 

NaHCO3 27.2 mM, KCl 4mM, MgCl2 1.2mM, KH2PO4 1mM, CaCl2 1.25mM, 

Glucose 5mM, HEPES 10mM, pH 7.4).  The kidneys were then decapsulated and 
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cut sagitally into halves, and the outer cortex was removed above the cortico-

medullary junction using fine surgical scissors.  The cortex was then chopped into 

fine pieces and digested in 20 mL of KHB-A enzyme solution (collagenase type 

IV 460 U/mL and hyaluronidase type III 500 U/mL) under 95% O2:5% CO2 for 

25 min or until uniformly suspended.  The suspension was filtered through a 

nylon mesh (mesh size, 105 µm, Spectrum Medical Industries, Los Angeles, CA) 

and the filtrate was centrifuged in a swinging bucket rotor (rotor #224, Centra-

MP4R centrifuge, IEC, Needham Heights, MA) at 50g for 2 min to obtain a 

pellet.  The pellet was then washed thrice in ice-cold KHB-B by centrifugation for 

5 min at 250g and resuspended in 15mL KHB-B to prepare proximal tubules.   

3.3.2 Enrichment of proximal tubules 

Proximal tubules (PTs) were enriched using 20% ficoll gradient in KHB-

B.  Cortical suspension (15mL) was layered over 5 mL of ficoll solution in a 

50mL centrifuge tube and centrifuged at 4°C for 15 min at 250g using a swinging 

bucket rotor as above.  The layer at the ficoll interface was collected, resuspended 

in KHB-C (NaCl 118mM, NaHCO3 27.2 mM, KCl 4mM, MgCl2 1.2mM, CaCl2 

1.25mM, Glucose 5mM, HEPES 10mM, pH 7.4) and centrifuged at 250g for 5 

min.  The morphology of the tubules in the isolated fraction was verified 

microscopically and found to be enriched in proximal tubules.  
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 3.3.3 Cell viability studies 

 Trypan blue exclusion test was used to determine proximal tubular cell 

viability (Gesek et al., 1987).  The viability test was done by mixing an aliquot of 

proximal tubular suspension with equal volume of trypan blue (0.15% in KHB-A) 

followed by monitoring the dye uptake by proximal tubules under microscope.  

The proximal tubules were considered viable if more than 95% of proximal 

tubules excluded trypan blue, and included in further studies.   

3.4 Measurement of biochemical markers in urine of adult and old rats 

3.4.1 Experimental protocol 

 The levels of protein, phosphate, and creatinine were measured in the 

urine samples obtained from urinary bladder of sedentary and exercised adult and 

old rats. 

3.4.2 Urinary protein  

Urine samples were diluted 1:100 with deionized water and urinary 

protein was measured by the bicinchoninic acid (BCA) method using the protein 

assay kit (Pierce, Rockford, IL) reagents and bovine serum albumin (BSA) as 

protein standard.  
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3.4.3 Urinary phosphate  

 Urine samples were diluted 1:200 with deionized water and inorganic 

phosphate in the urine was measured using colorimetric assay first described by 

Taussky and Shorr (1953).  Briefly, diluted urine (100 µL) was mixed with 36% 

trichloroacetic acid (50µL) in a clear 96 well plate by gentle shaking.  Ferrous 

sulfate-molybdate reagent (100µL) (5% FeSO4 in H2O + 10% ammonium 

molybdate in 10N H2SO4) was added to each well.  The color was developed and 

read at 740nm.  The concentrations of phosphate in the samples were determined 

using KH2PO4 standards (1-20 μM).   

3.4.4 Urinary creatinine 

The levels of creatinine in the urine were measured by Jaffe reaction using 

the method of Taussky (Taussky, 1954).  Urine samples were diluted 1:200 with 

deionized water and 100µL of the diluted urine samples were used to perform the 

assay.  To the urine samples, 10µL of 10% NaOH and 40µL of saturated picric 

acid (made in deionized water) were added and the mixture was vortexed and 

allowed to sit for 20 minutes. After 20 minutes of incubation period, 100 μl of the 

samples were transferred to a 96 well plate and the absorbance was read at 520 

nm.  Creatinine aqueous (Beckman Coulter, Brea, CA) solution (1 - 20µg/mL) 

was used as standards.  
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3.5 Biochemical markers of oxidative stress 

Lipid peroxidation products in renal proximal tubules of adult and old rats 

were quantified by measuring thiobarbituric acid reactive substances (TBARS) 

namely malondialdehyde (MDA) using previously described method (Buege et 

al., 1978).  Proximal tubules were homogenized in cold buffer (1.15% KCl, pH 

7.4) with a polytron homogenizer at 4°C and centrifuged at 12000g for 5 min.  

The supernatant was used to measure MDA levels.  The supernatant was diluted 

to 0.5 mg/mL with 1.15% KCl and boiled with 2 mL of 15% trichloroacetic acid, 

0.375% thiobarbituric acid, and 0.25N HCl for 15 min.  The samples were cooled 

and centrifuged at 1000g for 10 min.  The color was read at 535nm on a 

spectrophotometer.  MDA was quantified using the molar extinction coefficient 

(1.56 x 105 M-1 cm-1) and expressed as nmoles/mg protein.   

3.6 Detection of transcription factors NF-κB p65 and Nrf-2 

3.6.1 Western blotting of nuclear NF-κB p65 and Nrf-2 

Nuclear fractions from PTs were isolated using commercially available 

NE-PER nuclear and cytoplasmic protein extraction kit (Pierce biotechnology, 

Rockford, IL).  Nuclear proteins (20µg proteins) were resolved by SDS-PAGE.  

The resolved proteins were transblotted electrophoretically onto a PVDF 

membrane (Immobilon-P, Millipore, Bedford, MA).  The PVDF membrane was 
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blocked with 5% milk overnight at 4°C followed by incubation with rabbit 

polyclonal NF-κB- p65 (1:250) or Nrf-2 (1:500) antibodies separately for 60 min.  

Secondary horseradish peroxidase-conjugated goat anti-rabbit antibody (1:1000) 

incubation was carried out for 60 min.  After washing, the PVDF membranes 

were incubated with enhanced chemiluminescence reagent (Alpha Diagnostics, 

San Antonio, TX) and the protein bands were visualized on X-ray film.  The 

bands were quantified by densitometric analysis using Alphainnotech software 

(Cell biosciences, Santa Clara, CA). 

3.6.2 Electrophoresis Mobility Shift Assay (EMSA) for NF-κB  

NF-κB–DNA binding was detected using LightShift Chemiluminescent 

EMSA kit (Pierce, Rockford, IL).  The DNA strands containing NF-κB consensus 

binding sequence were synthesized from Sigma Genosys (Woodland, Texas). The 

first strand nucleotide sequences were 5’- gag agg caa ggg gat tcc ctt agt tag ga-

3’, which was labeled with biotin at 5’ end. The second complementary strand 

nucleotide sequences were 5’- tcc taa cta agg gaa tcc cct tgc ctc tc-3’.  Both the 

strands were diluted to equimolar concentrations (26.33µM) in annealing buffer 

(10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA) and 50µL of each were 

added to a microcentrifuge tube and placed on a tube holder pre-heated at 90-

95˚C. The tubes were heated at this temperature for 2 min. Thereafter, the holder 

was removed from the heating assembly and allowed to cool at room temperature.  
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The annealed DNA probe was diluted to 200 fM using annealing buffer.  The 

DNA binding reaction was carried out in  20µL reaction volume containing 1X 

binding buffer, 50ng/µL Poly dI.dC , 2.5% Glycerol,  0.05% NP-40, 5 mM 

MgCl2, 200 fmoles annealed DNA probe, nuclear protein 1µg, and ultrapure 

water  at room temperature for 20 min.  The reaction was terminated by adding 

5µL of 5X loading buffer and mixed thoroughly using pipette.  The samples 

(20µL) were loaded onto 6% DNA retardation gel (Invitrogen, Carlsbad, CA) and 

electrophoresed at 100V until the bromphenol blue dye moved 2/3 down the 

length of the gel.  The samples were transblotted onto a nylon membrane (Bio-

Rad, Hercules, CA) using 0.5X TBE Buffer (45 mM Tris, 45 mM Boric Acid, 1 

mM EDTA, pH 8.3) at 100V for 45 min.  The transferred DNA was cross-linked 

to the membrane by placing a UV lamp (λ 254 nm) at a distance of 0.5 cm for 10 

min followed by incubating the membranes with 20 mL of blocking buffer for 15 

min.  Streptavidin conjugated horseradish peroxidase (1:300) reaction in blocking 

buffer (20 mL) was carried out for 15 min with gentle shaking.  After washing 4X 

each for 5 min with 20 mL wash buffer, the membranes were transferred to a new 

container and incubated with 30 mL of substrate equilibration buffer for 5 min.  

Thereafter, the membranes were incubated with substrate solution (6 mL 

luminol/enhancer solution + 6 mL stable peroxide solution) for 5 min followed by 

exposure to X-ray film and quantifying the signal using AlphaInnotech software 

(Cell biosciences, Santa Clara, CA). 
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3.7 Determination of antioxidant enzymes 

 3.7.1 Hemeoxygenase-1 by enzyme linked immunosorbant assay (ELISA) 

Hemeoxygenase-1 (HO-1) was measured in the plasma and  proximal 

tubular homogenates of adult and old sedentary and exercised F344 rats using 

commercially available sandwich ELISA kit (Assay Designs, Ann Arbor, MI).  

Briefly, samples were added to 96 well plate pre-coated with mouse monoclonal 

HO-1 antibody followed by incubation with rabbit polyclonal HO-1 antibody. 

Goat anti-rabbit horseradish peroxidase (HRP) conjugated secondary antibody 

incubation was carried out to probe rabbit polyclonal HO-1 antibody. The wells 

were washed after each antibody incubation. The HRP substrate, 

tetramethylbenzidine, was added and incubated till the development of blue color. 

The reaction was terminated by the addition of acidic stop solution and the yellow 

color thus developed was read at 450 nm on a microplate reader (Biotek, 

Winooski, VT).  Standards for HO-1 (0.195-12.5 ng/mL) were prepared 

simultaneously and used to determine the amount of HO-1 in the samples.  The 

values in the plasma and RPTs are presented as per milliliter and per microgram 

proteins, respectively.  
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3.7.2 Superoxide dismutase activity 

 Superoxide dismutase (SOD) activity was measured in the plasma of adult 

and old sedentary and exercised rats using an assay kit from Cayman Chemical 

(Cat # 706002, Ann Arbor, MI).  The plasma samples were diluted (1: 5) with 

sample dilution buffer (50 mM Tris-HCl, pH 8.0).  Radical detector solution was 

prepared by diluting 50µL tetrazolium salt solution in 19.95 mL of assay buffer 

[50 mM Tris-HCl, pH 8.0, containing 0.1 mM diethylenetriaminepentaacetic acid 

(DTPA)].  Radical detector solution (200µL) and samples (10µL) were added to 

96 well plate and mixed gently by shaking. The reaction was initiated by the 

addition of xanthine oxidase and the plate was incubated for 20 min at room 

temperature with gentle shaking.  Similarly, SOD standard was prepared by using 

different enzyme units (0.025-0.25 U). The absorbance was read at 440-460nm 

and SOD activity was calculated following manufacturer’s instructions.  

   3.7.3 Western blotting for Superoxide Dismutase (SOD) 

The protein levels of Cu/Zn-SOD in renal proximal tubules of old 

sedentary and exercised rats were determined by using specific Cu/Zn-SOD 

antibody.  Total homogenate proteins (25µg) were resolved using SDS-PAGE 

and electrophoretically transblotted on PVDF membranes as described above.  

The blots were incubated with 5% milk for 1 hour at room temperature to block 
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non-specific antibody binding.  The blots were then incubated with 1:2000 anti- 

SOD rabbit polyclonal primary antibody (Millipore, Billerica, MA) for 1 hour 

followed by 1 hr incubation with 1:2000 anti rabbit HRP-conjugated secondary 

antibody (Santa Cruz, Santa Cruz, CA). Both primary and secondary antibody 

incubations were carried out in 2.5% milk. The proteins bands were visualized 

using chemiluminescence reagents and quantified as mentioned above.  

3.8 Determination of D1 receptor abundance 

3.8.1 Experimental protocol 

 D1 receptor abundance was determined by radioligand binding and 

immunoblotting in the membranes of PTs in adult and old F344 rats. 

3.8.2 Preparation of proximal tubular membranes 

Membranes from proximal tubules of F344 rats and cell cultures were 

isolated as described previously (Asghar et al., 2006; Fardoun et al., 2007; George 

et al., 2009).  The freshly isolated proximal tubular suspension in KHB buffer was 

centrifuged at 250g for 5 min and supernatant was removed.  The proximal 

tubules were then rapidly frozen in liquid nitrogen and permeabilized by thawing 

on ice in 2 mL homogenization buffer [10 mM Tris-HCl, 250 mM sucrose, 1 mM 

PMSF, 1X protease inhibitor cocktail; pH 7.4].  For cell culture studies, 250 µL of 
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homogenization buffer was used.  The proximal tubular and cell suspensions were 

homogenized using Wheaton homogenizer and centrifuged at 20,000g for 25 min 

at 4°C. The pellet was washed once in the same buffer by centrifugation as above. 

Finally, a small volume of homogenization buffer was added to the pellet and the 

fluffy membrane was resuspended in the same buffer.  The membranes thus 

obtained were used for radioligand binding, immunoblotting and 

immunoprecipitation studies. 

3.8.3 Radioligand ([3H] SCH-23390) binding 

Selective D1 receptor antagonist, [3H] SCH 23390, was used to determine 

D1 receptor binding.  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 86 

Ci/mmol) in binding buffer (50 mM Tris-HCl, 1 mM MgCl2, 0.2 mM sodium 

metabisulfite, pH 7.4; final volume 100 µL). The binding reaction was allowed to 

proceed for 90 min at 25°C with gentle shaking.  The reaction was stopped by 

rapid filtration following the addition of 100 µL of ice-cold binding buffer and 

washed four times with 300µL ice-cold binding buffer using Multiscreen HTS 

vacuum manifold (Millipore, Billerica, MA).  The radioactivity in the filters was 

counted on a liquid scintillation counter (Beckman, LS 6500).  Non-specific 

binding was determined using 10µM unlabeled SCH 23390, which was ~35% of 
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the total binding.  Specific binding was calculated as the difference between total 

and non-specific binding and normalized to per mg proteins.   

3.8.4 Immunoblotting for D1 receptor  

The proximal tubular membrane samples were prepared in Laemmli buffer 

(62.5 mM Tris-HCl, 10% glycerol, 2% sodium dodecyl sulfate (SDS), and 2.5% 

β-mercapto-ethanol and bromphenol blue).  The samples (20µg protein) were 

resolved on 8-16% sodium dodecyl sulfate-polyacrylamide gel by electrophoresis 

(SDS-PAGE) and transblotted onto PVDF membrane.  After blocking with 5% 

milk in PBST, the blots were incubated with polyclonal rabbit anti-D1 receptor 

antibody (1:500) followed by incubation with horseradish peroxidase-conjugated 

secondary antibody (1:1000).  The D1 receptor protein band was visualized with 

chemiluminescent substrate on X-ray film and densitometric analyses were 

performed using AlphaInnotech software (Cell Biosciences, Santa Clara, CA). 

3.8.5 RT-PCR  for D1 receptor  

A small aliquot of renal proximal tubules from adult and old rats were 

stored in RNA preservation reagent (Qiagen, Valencia, CA) at -80°C until used. 

Total RNA was isolated using RNeasy mini kit (Qiagen, Valencia, CA) as per 

manufacturer’s instructions. Briefly, PTs (30mg) were homogenized in 600 µL of 

RLT buffer and centrifuged at 14,000g for 3 min.  The supernatant was saved and 
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mixed with equal volume of 70% ethanol.  The sample (700µL) was transferred to 

RNeasy spin column and centrifuged at 8,000g for 15 sec. The spin column was 

washed once with RW1 buffer (700µL) and twice with RPE buffer (500µL) by 

centrifugation at 8,000g for 15 sec.  RNA bound to the spin column was eluted 

with 50µL RNase-free water by centrifuging at 8,000g for 1 min.  The RNA 

purity was assessed as a ratio between the absorbance at 260 and 280 nm and 

yield was determined using absorbance at 260 nm (U-2910 Spectrophotometer, 

Hitachi, Kernersville, NC).   

Thereafter, total RNA (1 μg) was reverse transcribed to cDNA using 

Advantage RT for PCR kit from Clontech (Mountain View, CA).  Briefly, RNA 

in 12.5µL of DEPC-treated H2O was mixed with 1µL of oligo(dT)18 primer, 

heated at 70˚C for 2 min and quenched rapidly on ice before proceeding to the 

next step.  The cDNA was made by adding 4µL reaction buffer (5X), 1µL dNTP 

mix (10mM each), 0.5µL recombinant RNase inhibitor, 1µL MMLV reverse 

transcriptase and incubating the sample at 42˚C for 1 hour.  The cDNA synthesis 

was stopped by heating at 94˚C for 5 min. The cDNA concentration was made to 

10ng/µL by adding 80µL of DEPC-treated H2O and employed in the PCR 

reaction using forward 5' AGATCTCTTGGTGGCTGTC 3' and reverse 5' 

ATAATGGCTACGGGGATGT 3' primers for D1A receptor. The forward and 

reverse primers corresponded to the nucleotide sequences 263-281 and 688-706 of 
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D1A receptor gene, respectively (O'Connell et al., 1998).  The PCR reaction 

mixture (50µL) contained: 5µL of PCR buffer (10X)), 5µL each of D1A receptor 

forward/reverse primers (5 mM), 5µL each of GAPDH forward/reverse primers (5 

mM), 1µL of dNTP mix (50X ), 1µL DNA polymerase, 5µL of cDNA (10 ng/µL) 

and 18µL PCR-grade ddH2O.  The PCR reaction was initiated by heating the 

samples at 95˚C for 10 min.  The samples were then amplified using 35 cycles of 

denaturing (95˚C for 30 sec) and annealing (68˚C for 1 min) temperatures.  

Finally, an extension period of 10 min at 72˚C was allowed.  The samples were 

resolved on 0.8% agarose gel containing ethidium bromide (0.005%) by 

electrophoresis using DNA ladder (1 kilo base). The DNA bands were visualized 

and quantified using UV transilluminator and software, respectively, on 

AlphaInnotech Image Station (Cell Biosciences, Santa Clara, CA).   

3.9 Measurement of Protein Kinase C activity 

 Protein Kinase C (PKC) activity was measured in RPTs of adult and old 

rats using commercially available PepTag Protein Kinase C assay kit (Promega, 

Madison, WI) according to manufacturer’s instructions. RPTs were homogenized 

in a buffer (Tris HCl 25mM, EDTA 0.5mM, EGTA 0.5mM, Triton X-100 0.05%, 

β-mercaptoethanol 10mM, PMSF 0.5mM and protease inhibitor cocktail) and 

centrifuged at 14,000g for 5 min at 4°C. The supernatant was used for PKC 

assay. PKC assay was performed in a reaction mixture containing 5µL each of 

51 
 



5X reaction buffer, PepTag C1 peptide (0.4µg/µL), 5X activator solution, and 

10µL sample (2.5µg/µL). The reaction was started by incubating at 30°C for 30 

min.  The reaction was stopped by incubating at 95°C for 10 min. After adding 

glycerol (80%, 1µL), the samples were separated on a 0.8% agarose gel at 100V 

for 15 min. The phosphorylated C1 peptide band that migrated toward the 

cathode (+) side was excised under UV light. The agarose containing peptide 

band was melted at 95°C in a graduated microcentrifuge tube. The melted 

agarose (125µL) was transferred to a tube containing 75µL of gel solubilization 

solution and 50µL glacial acetic acid.  The mixture was vortexed and quickly 

transferred (200µL) to a 96 well plate and the fluorescence was read using 

excitation (540 nm) and emission (600nm) wave lengths.  

3.10 Determination of serine-phosphorylation of D1 receptors 

 3.10.1 Experimental protocol 

Serine-phosphorylation of D1 receptors was determined in renal proximal 

tubular membranes of adult and old exercised and sedentary rats.   

 3.10.2 Immunoprecipitation of D1 receptor. 

Renal proximal tubular membranes were used to immunoprecipitate D1 

receptor using specific D1 receptor antibody as published previously (Asghar et 
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al., 2002). Briefly, RPTs were homogenized in sucrose buffer [mM: 250 sucrose, 

10 Tris, 1 phenylmethylsulfonyl fluoride (PMSF), 1 orthovanadate, 2.5 Na-

pyrophosphate, 1 β-glycerophosphate, protease inhibitor cocktail, pH 7.4] and the 

membranes were isolated by differential centrifugation as described above. The 

membranes (1.5 mg/ml) were suspended in immunoprecipitation (IP) buffer [mM: 

140 NaCl, 3 KCl, 10 Na2HPO4, 2 KH2PO4, 1 Na orthovanadate, 1 PMSF, 1 % 

NP-40, 0.5% sodium cholate, 0.1% SDS, and protease inhibitor cocktail, pH 7.4], 

incubated with protein A/G agarose beads for 30 min at 4°C and centrifuged at 

14000g. The supernatant (devoid of non-specific proteins bound to agarose beads) 

was incubated with 2.5 µg of D1 receptor antibody (Millipore, Billerica, MA) for 

2 hours at 4°C followed by incubation with 50µL agarose beads overnight at 4°C. 

The antigen-antibody-A/G agarose beads complex was settled down by 

centrifugation and washed twice with IP buffer and once with 50 mM Tris HCl 

pH 8.0.  The antigen-antibody complex was dissociated with Laemmli buffer [125 

mM Tris HCl, 4% SDS, 5% β-mercaptoethanol, and 20% glycerol] at 37°C for 1 

hr.  The samples were vortexed and centrifuged at room temperature and the 

supernatant was used for electrophoresis. 

3.10.3 Detection of D1 receptor serine phosphorylation.   

The immunoprecipitated D1 receptor samples (5µL) were resolved by 

SDS-PAGE and transferred onto a polyvinylidene difluoride (PVDF) membrane.  

53 
 



The membrane was blocked with 5% BSA in PBS with 0.05% Tween 20 for 2 

hours at room temperature and incubated with a specific phosphoserine antibody 

(clone 16B4, Calbiochem, Gibbstown, NJ) (1:400) in 2.5% BSA overnight at 4°C. 

HRP-conjugated secondary antibody was used to probe phosphoserine antibody. 

The serine-phosphorylated D1 receptor protein band was visualized using 

enhanced chemiluminescence reagents (Alpha Diagnostics, San Antonio, TX).  

Thereafter, the PVDF membranes were incubated with antibody stripping solution 

(Alpha diagnostics, San Antonio, TX) followed by reprobing for D1 receptor 

protein using specific D1 receptor antibody (Millipore, Billerica, MA).    

3.11 Determination of D1 receptor coupling with G protein 

 3.11.1 Experimental protocol 

D1 receptor G protein coupling was determined in proximal tubular 

membranes of adult and old sedentary and exercised rats.    

3.11.2 Preparation of membranes 

Membranes were prepared as described in Section 3.8.2 
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3.11.3 Measurement of [35S] GTPγS binding 

[35S]-GTPγS binding in response to D1 receptor agonist SKF-38393 was 

performed as an index of D1 receptor function by previously described method 

(Hussain et al., 1997).    Membranes (5µg) were incubated with vehicle or various 

concentration of SKF-38393 (10 pmol/L to 10μmol/L) in the presence of [35S]-

GTPγS (final conc. 0.6nM, specific activity 1250 Ci/mmol) for 1 hour at 30°C in 

100µL of reaction mixture (25mM HEPES, 15mM MgCl2, 1mM EDTA, 1mM 

dithiothreitol, 100mM NaCl, pH 8.0). Nonspecific binding was determined in the 

presence of 100μM cold GTP. The reaction was carried out in Multiscreen HTS 

96 well glass filter plates (Millipore, Billerica, MA).  The reaction was stopped by 

rapid filtration following the addition of 100 µL of ice-cold filtering solution 

(20mM Tris-HCl, 100 mM NaCl, and 25 mM MgCl2, pH 8.0) and washed four 

times with 300µL filtering solution using Multiscreen HTS vacuum manifold 

(Millipore, Billerica, MA).  The glass filters were carefully removed from the 

plates and incubated overnight in Beckman Ready Safe Cocktail and the 

radioactivity was counted on a scintillation counter (Beckman Coulter, Brea, CA). 
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3.12 Effect of dopamine D1 receptor agonist, SKF-38393 on Na, K ATPase (NKA) 

activity in proximal tubules 

3.12.1 Experimental protocol 

D1 receptor agonist SKF-38393-mediated inhibition of NKA activity was 

measured in the RPTs of adult and old sedentary and exercised F344 rats. 

 

3.12.2 Na, K ATPase activity assay in proximal tubules 

Freshly isolated RPTs were used to determine Na, K-ATPase activity as 

we have reported previously (Narkar et al., 2002; Banday et al., 2003, 2004, 

2008).  Briefly, RPTs (1 mg/ml) were incubated with vehicle (0.1% Na 

metabisulfite) or SKF-38393 (final concentration 10-9 M to 10-5 M) for 15 minutes 

at 37°C. The reaction was terminated by rapidly freezing the RPTs in liquid 

nitrogen.  The proximal tubular suspension (1 mg protein/mL) was thawed and 

Na, K-ATPase activity was measured by determining end-point phosphate 

hydrolysis of ATP as a result of the enzyme action.  The reaction mixture 

(1.025mL) contained: 37.5 mM imidazole, 75mM NaCl, 5mM KCl, 5mM MgCl2, 

6 mM NaN3, 1 mM Na EGTA, 75mM Tris-HCl, and 100µL proximal tubular 

suspension.  Ouabain-insensitive ATPase activity was determined in parallel 
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using reaction mix containing 150 mM Tris-HCl and 1mM ouabain.  The reaction 

was initiated by adding 4mM ATP and continued for 15 min at 37˚C. The reaction 

was terminated by adding 50µL of ice-cold 50% trichloroacetic acid.  The 

liberated inorganic phosphate (Pi) was measured by using a colorimetric method 

(Taussky et al., 1953) described in detail in section 3.4.3.  The Na, K-ATPase 

activity was calculated as the difference between total and ouabain-insensitive 

ATPase activity.   

3.13 METHODS USED IN CELL CULTURE STUDIES 

The following methods were used to study the effects of NF-κB and Nrf-2 

over-expression on dopamine D1 receptor function in cell cultures. 

3.13.1 Human Kidney (HK-2) Cell Cultures 

 HK-2 cells of proximal tubular origin were purchased from American 

Type Culture Collection (ATCC, Manassas, VA). The cells were grown in 

DMEM/F12 culture media containing 10% fetal bovine serum, 5ng/mL epidermal 

growth factor, 50µg/mL bovine pituitary extract and cocktail of antibiotics and 

antimycotic (penicillin/100units, streptomycin/100µg, and amphotericin B/0.25µg 

per mL) (Invitrogen, Carlsbad, CA) in a humidified cell culture incubator 

maintained at 37°C under 5% CO2.   
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3.14 Transfection of NF-κB and Nrf-2 plasmids 

 NF-κB p65 plasmid in p-shooter vector (pEF/myc/nuc-NF-κB) with 

nuclear translocation domain (Lu et al., 2004) was provided by Dr. Mark Nanes 

(Emory University School of Medicine and VA Medical Center, Atlanta, GA).   

Nrf-2 plasmid (pCMV/myc/cyto-Nrf-2) was a kind gift of Dr. Jefferson Chan 

(University of California, Irvine).  pEF/myc/nuc (pShooter) and pCMV/myc/cyto 

(pCMV) served as the empty vector controls for NF-ĸB and Nrf-2, respectively.  

The cells were grown to 40% confluency and transfected with either empty vector 

or NF-κB p65 and/or Nrf-2 plasmids keeping Fugene-6 transfection reagent to 

DNA ratio as 3µL : 1µg, respectively, as per the manufacturer’s protocol (Roche, 

Indianapolis, IN).  The DNA amount in transfection studies was kept at 2µg by 

using appropriate empty vector. All the experiments were conducted 24 hours 

post transfection.   

3.15 Detection of NF-κB p65 and Nrf-2 

3.15.1 Western blotting of NF-κB p65 and Nrf-2 in HK-2 cells 

 The effect of transfection of NF-κB p65 and Nrf-2 plasmids on the levels 

of NF-κB p65 and Nrf-2 proteins in HK-2 cells was determined by western 

blotting.  Whole cell lysate (20µg proteins) and specific NF-κB p65 and Nrf-2 

antibodies were used to determine NF-κB p65 and Nrf-2 protein using the 
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protocol as in section 3.6.1.  The subcellular localization of NF-κB p65 and Nrf-2 

was carried out using immunofluorescence technique as described in the 

following section.   

3.15.2 Immunofluorescence detection of NF-κB p65 and Nrf-2 

The cells were grown on 1% poly D-lysine coated glass cover slips and 

transfected with NF-κB p65 and Nrf-2 plasmids as well as empty vectors as 

described above in section 3.14.  Twenty four hours after transfection, the cells 

were fixed with 4% ice cold paraformaldehyde in PBS for 10 min and processed 

for immunofluorescence staining as reported (Fardoun et al., 2007).  Briefly, the 

cells were incubated with blocking buffer (5% normal goat serum and 0.1% triton 

X-100 in PBS) followed by incubation with rabbit NF-κB p65 (1:200) and Nrf-2 

(1:200) antibodies separately (Santa Cruz, Santa Cruz, CA). After washing with 

PBS, Alexa Fluor 568–conjugated goat anti-rabbit antibody (1:1000) (Invitrogen, 

Carlsbad, CA) was used to probe primary antibodies.   In the NF-κB p65 and Nrf-

2 dual transfected cells, double labeling of NF-κB p65 and Nrf-2 was conducted 

using mouse NF-κB p65 (1:200) (Millipore, Billerica, MA) and rabbit Nrf-2 

(1:200) primary antibodies, respectively.  These were then probed with Alexa 

Fluor 488–conjugated goat anti-mouse antibody (1:1000) and Alexa Fluor 568–

conjugated goat anti-rabbit antibody (1:1000) (Invitrogen, Carlsbad, CA), 

respectively.  Thereafter, the cells were mounted with nuclear dye DAPI (4', 6-
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diamidino-2-phenylindole) containing mount media (Vector Laboratories, 

Burlingame, CA) and scanned under Olympus 181x series fluorescence 

microscope using 60x oil objective (1.4 numerical aperture) and respective filters.  

The specific NF-κB p65 and Nrf-2 immunofluorescence signals were confirmed 

by probing cells with only secondary antibody resulting in no fluorescence signal. 

3.16 Dual Luciferase Assay 

3.16.1 Custom promoter–reporter construct 

A custom promoter–reporter construct was synthesized by NorClone 

Biotech Labs (London, Ontario, Canada). The construct was made by linking 

2850bp corresponding to the promoter region upstream of the start site in 

hemeoxygenase-1 (HO-1) gene to firefly luciferase gene in pGL4.10 vector.  The 

promoter region of HO-1 has consensus sites for Nrf-2 and NF-κB binding.   

3.16.2 Transfection of reporter constructs and controls 

The cells were transfected with 1µg DNA of each of HO-1 promoter–

luciferase-reporter construct along with empty vector, Nrf-2 and/or NF-κB p65, 

plasmids separately.  Renilla luciferase plasmid (0.1 µg pRL-TK) transfection 

was carried out at the same time and served as the transfection efficiency controls.  
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All the transfections were carried out using Fugene-6 reagent as described above 

in section 3.14.   

3.16.3 Dual Luciferase assay procedure 

Twenty four hour post plasmid transfection, cells were washed with 

phosphate buffered saline (PBS pH 7.4).  The cells were then lysed using passive 

lysis buffer provided with the Dual Luciferase Reporter Assay Kit (Promega, 

USA) and Luciferase assay was conducted according to manufacturer’s 

instructions.  Briefly, 20µL of the cell lysate was transferred to a 96 well plate and 

100µL of Luciferase Assay Reagent II was dispensed and firefly luciferase 

activity was measured using a Synergy 2 plate luminometer (Biotek, Winooski, 

VT). Thereafter, 100 µL of Stop and Glo reagent was added followed by 

measuring Renilla luciferase activity. The results are expressed as ratio between 

the activities of firefly luciferase and renilla luciferase and normalized to µg 

proteins. 

3.17 Antioxidant enzymes in NF-κB p65 and Nrf-2 plasmid transfected HK-2 cells 

3.17.1 Western blotting for Hemeoxygenase-1 

The levels of HO-1 enzyme were determined in empty vector, NF-κB p65 

and/or Nrf-2 plasmid transfected HK-2 cells by western blotting using 20µg 
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cellular homogenate.  The specific signal was detected using anti-HO-1 mouse 

monoclonal antibody (1:500) (Assay designs, Ann Arbor, MI) and HRP-

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

CA).  The incubation period for both the antibodies was 1 hour at room 

temperature. 

 3.17.2 Western blotting for Superoxide Dismutase 

The levels of superoxide dismutase (SOD) were determined in empty 

vector, NF-κB p65 and/or Nrf-2 plasmid transfected HK-2 cells by western 

blotting using 10µg cellular homogenates as described in section 3.7.3  

3.17.3 Western blotting for Glutathione-S-transferase 

Cellular homogenates (20 μg proteins) from empty vector, NF-κB and/or 

Nrf-2 transfected cells were used to determine the levels of Glutathione-S-

transferase (GST-M1) proteins by standard western blotting method.  Anti GST-

M1 rabbit polyclonal antibody (1:2000) (Millipore, Billerica, MA) and goat anti-

rabbit HRP-conjugated secondary antibody (1:1000) (Santa Cruz, Santa Cruz, 

CA) were used in the protocol. The protein bands were visualized using enhanced 

chemiluminescence reagents.  
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3.17.4 Determination of Glutathione peroxidase-1 mRNA by RT-PCR 

Total cellular RNA was isolated using RNeasy mini kit (Qiagen, Valencia, 

CA) as per manufacturer’s instructions.  cDNA was then synthesized from 1µg 

RNA using Advantage RT for PCR kit (Clontech, Mountain View, CA) as 

described in section 3.8.5 and used in the PCR to amplify glutathione peroxidase-

1 (GPx-1) gene using published primers for GPx-1 (forward: 5'-

GACTACACCCAGATGAACGAGC-3' and reverse: 5'- 

CACCAGGAACTTCTCAAAG-3') (Boutet et al., 2009).  β-actin mRNA was 

determined as internal control in these experiments.  The forward and reverse 

primers for β-actin were 5’-TCATCACCATTGGCAATGAG-3’ and 5’-

CACTGTGTTGGCGTACAGGT-3’, respectively.  The PCR conditions used 

were 95˚C for 10 min, 45 cycles of annealing (95˚C for 5 sec), denaturing (64˚C 

for 5 sec) and extension (72˚C for 20 sec) temperatures.  The amplified DNA 

bands together with 1 kb DNA ladder were resolved on 0.8% agarose gel by 

electrophoresis, visualized with ethidium bromide on image station and quantified 

using software (AlphaInnotech software, Cell Biosciences, Santa Clara, CA).  

3.18 Detection of intracellular levels of hydrogen peroxide, H2O2 

Intracellular H2O2 levels in HK-2 cells were determined using cell 

permeable fluorescent probe, dichlorofluorescein diacetate (CM-H2DCFDA) 
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(Invitrogen, Carlsbad, CA) (Yamagishi et al., 2001, 2003).  Briefly, cells grown in 

12-well plate were loaded with 5µM CM-H2DCFDA in PBS for 45 min at room 

temperature.  Thereafter, cells were washed with PBS twice, 2 ml of fresh PBS 

added and incubated with vehicle or 5µM H2O2. The fluorescence intensity as a 

result of intracellular dichlorofluorescein oxidation by H2O2 was recorded over a 

period of 5 min using Synergy 2 plate reader (Excitation: 492-495nm/Emission: 

517-527nm) (Biotek, Winooski, VT). The cells were detached using 

trypsin/EDTA (0.5/0.2 g/L), counted, and the number of cells used to normalize 

the results.   

3.19 35S-GTPγS binding in HK-2 cells 

HK-2 cells were transfected with NF-κB p65 and /or Nrf-2 plasmids as 

described in section 3.14.  Twenty four hour post transfection, the cells were 

treated with vehicle and 10µM H2O2 for 20 min at room temperature. Thereafter, 

the cells were washed and membranes were isolated by centrifugation as 

described in section 3.8.2.  The cellular membranes (5 μg proteins) were used to 

determine [35S] GTPγS binding in response to D1 receptor agonist SKF-38393 as 

described in section 3.11.3. 
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3.20 Data analysis 

 Results are presented as Means ± SEM.  Differences between means were 

analyzed using the unpaired student t test and analysis of variance.  Post hoc 

(Newman-Keuls) tests were performed for comparisons between groups with 

ANOVA when there were more than two groups.  P value less than 0.05 was 

considered statistically significant.  Statistical analysis was performed using 

Graph Pad Prism, version 4.03 (GraphPad Software, San Diego, CA).    

3.21 Materials  

The chemicals and materials were purchased from the sources indicated in 

parenthesis.   [3H] SCH 23390 and [35S] GTPγS (Perkin Elmer, Waltham, MA); 

Horseradish peroxidase conjugated anti-rabbit and anti-mouse antibodies,  NFκB 

p65 and Nrf-2 rabbit polyclonal antibodies, protein A/G agarose (Santa Cruz, 

Santa Cruz, CA); Chemiluminescence substrate (Alpha Diagnostics, San Antonio, 

TX); rabbit anti-rat D1 receptor polyclonal and NF-κB p65 mouse monoclonal 

antibodies, Immobilon P membrane (Millipore, Billerica, MA); anti-

phosphoserine mouse monoclonal antibody (Calbiochem, San Diego, CA); 

protease inhibitor cocktail, Fugene-6 transfection reagent (Roche, Indianapolis, 

IN); PCR primers, EMSA DNA probes (SigmaGenosys, Woodland, TX); Nuclear 

and cytosolic extraction kit (Pierce, Rockford, IL); PKC activity assay kit, Dual 
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Luciferase assay kit (Promega, Madison, WI); Treadmill (Columbus Instruments, 

Columbus, OH); Superoxide Dismutase Assay kit (Cayman Chemical, Ann 

Arbor, MI); Hemeoxygenase-1 ELISA kit (Assay Designs, Ann Arbor, MI); 

Advantage RT for PCR Kit, Advantage cDNA PCR kit (Clontech, Mountain 

View, CA); DMEM/F12 media, Antibiotic-antimycotic mix; growth factor 

supplements (100X) (Invitrogen, Carlsbad, CA).  All other chemicals used in the 

study were purchased from Sigma Chemical Co. (St. Louis, MO) and were of the 

highest grade available.  
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4. RESULTS 

4.1 Effect of exercise on dopamine D1 receptor function in old rats 

  4.1.1  SKF-38393 produces natriuresis and diuresis in exercised old rats 

D1 receptor agonist SKF-38393 produced increases in sodium 

excretion (Fig.5A), fractional excretion of sodium (FENa) (Fig.5B) and 

diuresis (Fig.5C) in exercised old rats. Contrary to this, SKF-38393 failed 

to produce increases in sodium excretion, FENa and diuresis in sedentary 

old rats.   

 4.2 Effect of exercise on other renal functions  

  4.2.1 Exercise reduces proteinuria in old rats 

Proteinuria, as measured by urinary protein/creatinine ratio, was 

significantly elevated (> 2x) in old sedentary rats compared to adult rats 

(Fig.6A).  Exercise significantly reduced proteinuria in old rats to the 

levels observed in adult sedentary and exercised rats.  The levels of 

proteinuria were not affected by exercise in adult rats (Fig.6A).    

  4.2.2 Exercise increases phosphaturia in adult and old rats 

Phosphaturia, as measured by urinary inorganic 

phosphate/creatinine ratio, was increased significantly with exercise in 

both adult and old rats (Fig.6B).   

4.3 Effect of exercise on the levels of oxidative stress  

4.3.1 Exercise reduces age-related increase in oxidative stress. 
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The levels of malondialdehyde (MDA), an oxidative stress marker 

measured as thiobarbituric acid reactive substances (TBARS) in renal 

proximal tubules (RPTs) were significantly elevated in sedentary old 

compared to adult sedentary or exercised rats (Fig.7).  Exercise training in 

old rats reduced the levels of MDA in the RPTs compared to sedentary old 

rats (Fig. 7).  There was no difference in the levels of MDA in sedentary 

and exercised adult rats.      

4.4 Effect of exercise on transcription factors Nrf-2 and NF-κB in adult 

and old rats 

4.4.1 Exercise increases Nrf-2 in nuclear fraction of renal proximal 

tubules 

Nrf-2 was determined by western blotting in nuclear fractions of 

RPTs.  The nuclear levels of Nrf-2 increased significantly in exercised old 

compared to sedentary adult and old rats (Fig.8).  Exercise training in 

adult rats also increased, although insignificantly, nuclear Nrf-2 levels in 

the RPTs (Fig.8).   

4.4.2 Exercise increases NF-κB p65 in nuclear fraction of renal 

proximal tubules 

Exercise increased NF-κB p65, as determined by western blotting, 

in the nuclear fraction of RPTs in old (Fig.9) compared to sedentary adult 
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and old rats.    Exercise also seemed to increase nuclear NF-κB p65 levels, 

although not significantly, in RPTs of adult exercised rats (Fig.9).  

4.4.3 Exercise increases NF-κB binding on DNA containing NF-κB 

consensus sequence  

NF-κB–DNA binding, as determined by EMSA, increased 

significantly in exercised compared to sedentary old rats (Fig.10).    

4.5 Effect of exercise on the levels of antioxidant markers 

4.5.1 Exercise increases the plasma and renal proximal tubule levels of 

hemeoxygenase-1in old rats 

 The levels of hemeoxygenase-1, measured by ELISA increased ~ 

2-3-fold both in plasma (Fig.11) and renal proximal tubules (Fig.12) in 

exercised old rats.  There were no changes in the levels of 

hemeoxygenase-1 both in plasma and renal proximal tubules between 

sedentary adult and old rats as well as exercised adult rats (Fig 11, 12).  

4.6.4 Exercise increases superoxide dismutase expression and activity 

The activity of superoxide dismutase (SOD) increased with 

exercise in the RPTs of old rats (Fig.13A). Also, the SOD activity in the 

plasma increased with exercise in adult and old rats (Fig.13B).  In 

addition, the levels of Cu/Zn SOD proteins in the RPTs increased with 

exercise in old rats (Fig.14).   
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4.6 Effect of exercise on D1 receptor numbers and protein in adult and 

old rats 

4.6.1 Exercise increases D1 receptor numbers in RPTs of old rats 

D1 receptor numbers, measured as radioligand binding using D1 

receptor selective antagonist [3H] SCH 23390, significantly increased in 

the RPT membranes of exercised old compared to sedentary old rats 

(Fig.15A). 

4.6.2 Exercise increases D1 receptor proteins in the RPT membrane of 

old rats 

The levels of D1 receptor proteins in the RPT membrane of old 

sedentary rats were significantly reduced compared to sedentary adult rats 

(Fig.15B).  The levels of D1 receptor proteins in the RPT membranes 

increased with exercise in both adult and old rats (Fig.15B).   

4.6.3 Exercise increases D1 receptor mRNA levels in the RPTs of old 

rats 

The D1 receptor mRNAs levels in the RPTs, determined by RT-

PCR, were significantly lower in old sedentary compared to adult 

sedentary and exercised rats (Fig.16).  Exercise training in old rats 

increased the levels of D1 receptor mRNA in the RPTs to the levels seen 

in adult sedentary and exercised rats.  There was no change in the levels of 

D1 receptor mRNA between adult sedentary and exercised rats (Fig.16).   
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 4.7 Effect of exercise on Protein Kinase C (PKC) activity 

  4.7.1 Exercise reduces elevated PKC activity seen in old sedentary rats 

PKC activity in the RPTs were ~2-fold higher in old sedentary 

than in adult sedentary and exercised rats (Fig.17).  Exercise training in 

old rats significantly reduced the PKC activity in the RPTs to the levels 

seen in adult sedentary and exercised rats (Fig.17).  There was no 

difference in the PKC activity in RPTs of adult sedentary and exercised 

rats  

 4.8 Effect of exercise on D1 receptor serine-phosphorylation 

4.8.1 Exercise normalizes D1 receptor hyper serine-phosphorylation in 

old rats 

The basal levels of serine-phosphorylation on D1 receptors were 

significantly higher in old sedentary compared to adult sedentary and 

exercised rats (Fig.18).  Exercise training in old rats reduced the levels of 

serine-phosphorylation on D1 receptors to the levels seen in adult 

sedentary and exercised rats.  Exercise training in adult rats did not affect 

D1 receptor serine-phosphorylation compared to sedentary counterparts. 

 4.9 Effect of exercise on dopamine D1 receptor function in renal proximal 

tubules 

4.9.1 Exercise increases SKF-38393 mediated [35S] GTPγS binding in 

old rats 

71 
 



D1 receptor agonist SKF-38393 (10-10-10-5M) increased the 35S-

GTPγS binding in the RPTs membranes of adult sedentary and exercised 

rats (Fig.19). The ability of SKF-38393 to stimulate 35S-GTPγS binding 

was attenuated in sedentary old rats, which increased with exercise in old 

rats.  

4.9.2 Exercise increases SKF-38393 mediated inhibition of Na, K-

ATPase activity in old rats 

 D1 receptor agonist SKF-38393 inhibited Na, K-ATPase activity 

(Fig.20) in the RPTs of adult sedentary and exercised rats.  The SKF-

38393-mediated inhibition of Na, K-ATPase was reduced in sedentary old 

rats.  Exercise training restored the inhibition of Na, K-ATPase in 

response to D1 receptor agonist SKF-38393 in old rats.   

4.10 Effect of transfection of NF-κB p65 and Nrf-2 plasmids on the levels 

of their proteins in HK-2 cells 

  4.10.1 NF-κB p65 plasmid transfection increases NF-κB p65 expression 

The levels of NF-κB p65 proteins as determined by western 

blotting increased in NF-κB p65 plasmid transfected compared to either 

empty vector or Nrf-2 plasmid transfected cells (Fig.21). The levels of 

NF-κB p65 proteins in dual plasmid (NF-κB p65 and Nrf-2) transfected 

cells increased to the same levels as in NF-κB p65 mono-plasmid 

transfected cells.   
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  4.10.2 Nrf-2 plasmid transfection increases Nrf-2 expression 

The levels of Nrf-2 proteins as determined by western blotting 

increased in Nrf-2 plasmid transfected compared to either empty vector or 

NF-κB p65 plasmid transfected cells (Fig.22). The levels of Nrf-2 protein 

in dual plasmid (Nrf-2 and NF-κB p65) transfected cells increased to the 

same levels as in Nrf-2 mono-plasmid transfected cells.   

4.11 Subcellular localization of overexpressed NF-κB p65 and Nrf-2 in 

HK-2 cells 

4.11.1  NF-κB p65 plasmid with nuclear domain localizes NF-κB p65 

protein in the nuclei 

The NF-κB p65 plasmid transfection exclusively localized NF-κB 

p65 proteins in the nuclei as determined by immunofluorescence 

technique.   The nuclear fluorescence staining of NF-κB p65 proteins 

increased in NF-κB plasmid (Fig. 23b) compared to empty vector 

transfected cells (Fig. 23a). The NF-κB p65 fluorescence staining was 

distributed throughout the cells in empty vector transfected cells (Fig. 

23a).   

4.11.2  Nrf-2 plasmid transfection localizes Nrf-2 proteins in the nuclei 

and cytosol 

As determined by fluorescence technique, the levels of Nrf-2 

fluorescence intensity increased in Nrf-2 plasmid (Fig. 23d) compared to 
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empty vector (Fig. 23c) transfected cells. The Nrf-2 fluorescence staining 

was distributed both in the nuclei and cytosol (Fig. 23d). 

4.11.3  NF-κB p65 and Nrf-2 dual plasmid transfection increases nuclear 

Nrf-2 proteins levels 

As seen in Fig. 23d, Nrf-2 plasmid transfection localized Nrf-2 

staining throughout the cells. However, when co-transfected with NF-κB 

p65 plasmid the fluorescence intensity of Nrf-2 increased in the nuclei 

(Fig. 24a). The fluorescence staining of NF-κB p65 protein in dual (NF-

κB p65 and Nrf-2) transfected cells was mostly localized in the nuclei 

(Fig. 24b) similar to NF-κB p65 mono-plasmid transfected cells (Fig. 

23b).   

4.12 NF-κB p65 and Nrf-2 plasmid transfection increase the transcription 

of hemeoxigenase-1 (HO-1) promoter luciferase reporter construct in 

HK-2 cells. 

The transcriptional activity of NF-κB p65 and/or Nrf-2, as 

determined by reporter-luciferase activity increased in NF-κB p65 and/or 

Nrf-2 plasmid transfected compared to empty vector transfected cells (Fig. 

25). The luciferase activity increased ~2-fold in Nrf-2, ~4-fold in NF-κB 

p65 and ~5-6-fold in dual (Nrf-2 and NF-κB p65) plasmid transfected 

compared to empty vector transfected cells.  
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4.13 Effect of NF-κB p65 and Nrf-2 plasmid transfection on antioxidant 

enzymes levels in HK-2 cells  

4.13.1 Glutathione peroxidase mRNA levels increase with NF-κB p65 and 

Nrf-2 overexpression 

Glutathione peroxidase mRNA levels in HK-2 cells were 

determined by RT-PCR.  The mRNA levels of glutathione peroxidase 

increased significantly in Nrf-2, NF-κB p65 and dual (Nrf-2 and NF-κB 

p65) plasmid transfected compared to both empty vector and non- 

transfected cells (Fig.26).   

4.13.2 NF-κB p65 and Nrf-2 plasmids increase the expression of 

superoxide dismutase enzyme   

As shown in Fig 27, the levels of superoxide dismutase determined 

by western blotting increased significantly in NF-κB p65, Nrf-2 and dual 

(NF-κB p65 and Nrf-2) plasmid transfected compared to empty vector 

transfected cells.  

4.13.3 NF-κB p65 and Nrf-2 plasmids increase the expression of  

glutathione-S-transferase enzyme  

Nrf-2 plasmid significantly increased glutathione-S-transferase 

proteins in the homogenates of HK-2 cells when compared to empty 

vector transfected cells (Fig.28). NF-κB p65 plasmid when transfected 

alone did not affect the expression of glutathione-S-transferase. However, 
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NF-κB p65 plasmid when transfected together with Nrf-2 plasmid 

increased the expression of glutathione-S-transferase even further 

compared to Nrf-2 alone plasmid transfected cells (Fig.28). 

4.14 Effect of NF-κB p65 and Nrf-2 overexpression on the levels of 

oxidative stress in HK-2 cells. 

4.14.1 NF-κB p65 and Nrf-2 overexpression reduce basal levels of 

cellular oxidative stress 

The cellular levels of oxidative stress were measured using a cell 

permeable fluorescent reactive oxygen species indicator.  The basal levels 

of fluorescence intensity decreased in NF-κB p65, Nrf-2, and dual (NF-κB 

p65 + Nrf-2) plasmid transfected compared to non- and empty vector 

transfected HK-2 cells (Fig.29).  The decrease in the basal levels of 

fluorescence intensity was significant only in dual (NF-κB p65 + Nrf-2) 

plasmid transfected cells. 

 

4.14.2 NF-κB and Nrf-2 overexpression reduce H2O2-induced increase in 

oxidative stress  

As shown in Fig 29, H2O2 treatment (5µM) increased the levels of 

fluorescence intensity in non- and empty vector transfected cells compared 

to vehicle treated non- and empty vector transfected cells. The levels of 

fluorescence intensity decreased significantly in NF-κB p65, Nrf-2, and 
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dual (NF-κB p65 + Nrf-2) plasmid transfected cells treated with H2O2 

compared to non- and empty vector transfected cells treated with H2O2 

(Fig.29).   

4.15 Effect of NF-κB p65 and Nrf-2 overexpression on D1 receptor 

function during oxidative stress in HK-2 cells. 

35S-GTPγS binding in response to D1 receptor agonist SKF-38393 

is an index of D1 receptor function. SKF-38393 increased 35S-GTPγS 

binding in non-transfected HK-2 cells, which was attenuated in H2O2 

(10μM/20 min) treated non- and empty vector transfected cells (Fig.30). 

The degree of 35S-GTPγS binding in response to SKF-38393 increased in 

H2O2 treated Nrf-2 (albeit small), NF-κB p65 and dual (Nrf-2 + NF-κB 

p65) plasmid transfected cells compared to non- and empty vector 

transfected cells treated with H2O2. Furthermore, the basal levels of 35S-

GTPγS binding decreased with H2O2 treatment compared to vehicle 

treatment. The basal 35S-GTPγS binding in the presence of H2O2 increased 

in NF-κB p65 and dual (Nrf-2 + NF-κB p65) plasmid transfected cells 

(Fig.30).   

 



0

50

100

150

200

250 Exercised
Sedentary* #

Control      SKF    Recovery

D
iu

re
si

s
(U

rin
e 

Vo
lu

m
e,
μ

l)

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 Exercised
Sedentary* #

Control       SKF     Recovery

FE
N

a 
(%

)

0.0

0.1

0.2

0.3

0.4

0.5

0.6 Exercised
Sedentary* #

#

Control      SKF     Recovery

So
di

um
 E

xc
re

tio
n 

R
at

e
( μ

m
ol

es
/m

in
)

A

C

B

Fi
gu

re
5.

E
xe

rc
is

e
in

cr
ea

se
s

na
tr

iu
re

tic
an

d
di

ur
et

ic
re

sp
on

se
to

D
1

re
ce

pt
or

ag
on

is
tS

K
F-

38
39

3
in

ol
d

F3
44

ra
ts

.A
-C

:
C

on
tro

lr
ep

re
se

nt
s

av
er

ag
e

of
va

lu
es

fr
om

C
1

an
d

C
2

pe
rio

ds
;

SK
F

re
pr

es
en

ts
SK

F-
38

39
3

in
fu

se
d

fo
r3

0
m

in
at

1μ
g/

kg
/m

in
;

R
ec

ov
er

y
re

pr
es

en
ts

av
er

ag
e

of
va

lu
es

fr
om

R
1

an
d

R
2

pe
rio

ds
ill

us
tra

te
d

in
Fi

g
4.

(A
)S

od
iu

m
ex

cr
et

io
n

ra
te

,b
as

al
(c

on
tro

l)
as

w
el

la
s

in
re

sp
on

se
to

SK
F-

38
39

3
w

as
si

gn
ifi

ca
nt

ly
hi

gh
er

in
ex

er
ci

se
d

ol
d

ra
ts

.
(B

)
Fr

ac
tio

na
le

xc
re

tio
n

of
so

di
um

(F
EN

a%
)

in
re

sp
on

se
to

SK
F-

38
39

3
w

as
in

cr
ea

se
d

in
ex

er
ci

se
d

ol
d

ra
ts

.
(C

)
U

rin
e

vo
lu

m
e

(d
iu

re
si

s)
in

re
sp

on
se

to
SK

F-
38

39
3

in
cr

ea
se

d
in

ex
er

ci
se

d
ol

d
ra

ts
.R

es
ul

ts
ar

e
M

ea
n

±
SE

M
.*

Si
gn

ifi
ca

nt
ly

di
ffe

re
nt

fr
om

re
sp

ec
tiv

e
co

nt
ro

l.
#S

ig
ni

fic
an

tly
di

ffe
re

nt
fr

om
co

rr
es

po
nd

in
g

tre
at

m
en

tp
er

io
d

in
se

de
nt

ar
y

ra
ts

.D
at

a
w

er
e

an
al

yz
ed

by
A

N
O

VA
fo

llo
w

ed
by

po
st

ho
c

N
ew

m
an

-K
eu

ls
an

al
ys

is
.

P<
0.

05
w

as
co

ns
id

er
ed

st
at

is
tic

al
ly

si
gn

ifi
ca

nt
.N

=
6

ra
ts

in
ea

ch
gr

ou
p.

78



AS AE OS OE

0

30

60

90

120

150

*

#
Pr

ot
ei

nu
ri

a
(p

ro
te

in
/c

re
at

in
in

e)

AS AE OS OE

0

25

50

75 $

$

Ph
os

ph
at

ur
ia

(p
ho

sp
ha

te
/c

re
at

in
in

e)

Figure 6. Exercise decreases proteinuria and increases phosphaturia in
Fischer 344 rats. A: Proteinuria: urinary proteins levels were normalized to
urinary creatinine. B: Phosphaturia: urinary phosphate levels were
normalized to urinary creatinine. The levels of total proteins, inorganic
phosphate and creatinine were measured as described in the methods section.
AS = Adult Sedentary, AE = Adult Exercised, OS = Old Sedentary, OE = Old
Exercised. Results are means ± SEM. *Significantly different from adult
sedentary rats. #Significantly different from old sedentary rats. $ Significantly
different from adult and old sedentary rats. Data were analyzed by ANOVA
followed by post hoc Newman-Keuls analysis. P<0.05 was considered
statistically significant. N = 5 rats in each group.
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Figure 7. Exercise decreases age-related increase in
malondialdehyde (MDA) levels in renal proximal tubules (RPTs).
AS = Adult Sedentary, AE = Adult Exercised, OS = Old Sedentary,
OE = Old Exercised. MDA was measured in RPTs homogenate as a
marker of oxidative stress as described in methods. Results are means
± SEM.. *Significantly different from adult sedentary and exercised
rats. #Significantly different from old sedentary rats. Data were
analyzed by ANOVA followed by post hoc Newman-Keuls analysis.
P<0.05 was considered statistically significant. N = 4 or 5 rats in each
group.
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Figure 8. Exercise increases the level of transcription factor Nrf-2 in nuclear
fraction of renal proximal tubules (RPTs) of old rats. Nuclear proteins (15µg )
were resolved by SDS-PAGE and immunoblotted for Nrf-2 using specific antibody.
AS = adult sedentary, AE = adult exercised, OS = old sedentary, OE = old exercised
rats. Upper panel: representative blot for Nuclear Nrf-2. Lower panel:
Densitometric analysis of Nrf-2 protein bands. Results are means ± SEM.
*Significantly different from adult and old sedentary rats. Data were analyzed by
ANOVA followed by post hoc Newman-Keuls analysis. P<0.05 was considered
statistically significant. N = 4 rats in each group.
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Figure 9. Exercise increases transcription factors NF-κB p65 in nuclear
fraction of renal proximal tubules of old rats. Nuclear proteins (15µg )
were resolved by SDS-PAGE and immunoblotted for NF- κB p65 using
specific antibodies. AS = Adult sedentary, AE = Adult exercised, OS = old
sedentary , OE = old exercised rats. Upper panel: representative blot for
Nuclear NF-κB p65. Lower panel: Densitometric analysis of NF-κB p65
protein bands. Results are means ± SEM. *Significantly different from adult
and old sedentary rats. Data were analyzed by ANOVA followed by post hoc
Newman-Keuls analysis. P<0.05 was considered statistically significant. N =
4 rats in each group.
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Figure 10. Exercise increases NF-κB-DNA binding in old rats.
Nuclear proteins (1 µg) were used to determine DNA binding by
EMSA as described in detail in the methods section 3.6.2 . S=
Sedentary old rats; E= Exercised old rats. Upper panel: Representative
blot for NF-κB protein bound to DNA probe. Lower panel: Bars
represent densitometric analysis of NF-κB-DNA bands. Results are
means ± SEM. *Significantly different from sedentary old rats. Data
were analyzed by Student’s t-test. P<0.05 was considered statistically
significant. N = 4 rats in each group.

83



AS AE OS OE

0

1

2

3

4

5 *
Pl

as
m

a 
H

O
-1

 (n
g/

m
L)

Figure 11. Exercise increases Hemeoxygenase-1 levels in plasma of
old rats. Hemeoxygenase-1 levels were measured using an ELISA
kit as described in methods. AS = Adult Sedentary, AE = Adult
Exercised, OS = Old Sedentary, OE = Old Exercised. Results are
means ± SEM. *Significantly different from adult sedentary, adult
exercised and old sedentary rats. Data were analyzed by ANOVA
followed by post hoc Newman-Keuls analysis. P<0.05 was
considered statistically significant. N = 4 or 5 rats in each group.
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Figure 12. Exercise increases Hemeoxygenase-1 levels in renal
proximal tubules of old rats. Hemeoxygenase-1 levels were
measured using an ELISA kit as described in methods. AS = Adult
Sedentary, AE = Adult Exercised, OS = Old Sedentary, OE = Old
Exercised. Results are means ± SEM. *Significantly different from
adult sedentary, adult exercised and old sedentary rats. Data were
analyzed by ANOVA followed by post hoc Newman-Keuls analysis.
P<0.05 was considered statistically significant. N = 4 or 5 rats in each
group.
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Figure 13. Exercise increases superoxide dismutase (SOD)
activity. SOD activity was determined in (A) renal proximal tubules
of old sedentary and exercised rats and (B) plasma of adult and old
sedentary and exercised rats using a SOD assay kit. Results are means
± SEM. *Significantly different from adult and old sedentary rats.
Data were analyzed by student’s t-test in (A) and by ANOVA followed
by Newman-Keuls analysis in (B). P<0.05 was considered statistically
significant. N= 4 or 5 rats in each group.
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Figure 14. Exercise increases Cu/Zn superoxide dismutase (SOD)
expression in renal proximal tubules of old rats. Cu/Zn SOD
levels were probed by western blotting as described in the methods
section and β-actin served as protein loading control. Upper panel:
representative blots for Cu/Zn SOD and loading control β-actin.
Lower panel: Densitometric analysis of Cu/Zn SOD bands normalized
by β-actin bands. Lanes: S1-4 sedentary old rats; E1-4 exercised old
rats. Results are means ± SEM. *Significantly different from
sedentary old rats. Data were analyzed by Student’s t-test. P<0.05 was
considered statistically significant. N= 4 rats in each group.
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Figure 15. Exercise increases [3H]SCH 23390 binding and D1 receptor proteins in
RPT of old rats. A: [3H]SCH 23390 (a specific D1 receptor antagonist) binding (an
index of D1 receptor number) was determined in the membranes of RPTs of sedentary
and exercised old rats. B: RPT membranes (20 µg proteins) were resolved by SDS-
PAGE and immunoblotted for D1 receptor proteins as described in methods. Upper
panel: Representative blot for D1 receptor protein in RPT membranes. Lower panel:
Densitometric analysis of D1 receptor protein bands. AS = Adult Sedentary, AE = Adult
Exercised, OS = Old Sedentary, OE = Old Exercised. Results are means ± SEM.
*Significantly different from adult sedentary rats. $Significantly different from old
sedentary rats. Statistical analysis: Student’s t-test in (A); ANOVA followed by
Newman-Keuls in (B). N=4 rats in each group
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Figure 16. Exercise increases the levels of D1 receptor mRNAs. D1 receptor
mRNA was amplified using gene specific primers and resolved on 0.8% agarose
gel. AS = Adult Sedentary, AE = Adult Exercised, OS = Old Sedentary, OE =
Old Exercised. Upper panel: Representative blot for D1 receptor mRNA (top)
and GAPDH (bottom). Lower panel: Densitometric analysis of D1 receptor
mRNA bands normalized by GAPDH bands. Results are means ± SEM. Data
were analyzed by ANOVA followed by post-hoc Newman-Keuls analysis. *

Significantly different from adult sedentary and exercised rats. # Significantly
different from old sedentary rats. P<0.05 was considered statistically
significant. N = 4 rats in each group.
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Figure 17. Exercise reduces the elevated PKC activity
in renal proximal tubules of old rats. PKC activity was
measured using PepTag assay kit from Promega. AS =
Adult Sedentary, AE = Adult Exercised, OS = Old
Sedentary, OE = Old Exercised. Results are Means ± SEM.
*Significantly different from adult sedentary and exercised
rats. # Significantly different from old sedentary rats. Data
were analyzed by ANOVA followed by post-hoc Newman-
Keuls analysis. P<0.05 was considered statistically
significant. N = 4 rats in each group.
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AS  AE  OS  OE 
← D1R serine phosphorylation

← D1R protein 

Figure 18. Exercise reduces the elevated D1 receptor serine-
phosphorylation in old rats. D1A receptor protein was
immunoprecipitated as described in methods and receptor
phosphorylation was determined using a specific phosphoserine antibody.
AS = Adult Sedentary, AE = Adult Exercised, OS = Old Sedentary, OE =
Old Exercised. Upper panel: Representative blot for serine-
phosphorylation on D1 receptor (top) and D1 receptor protein (bottom).
Lower panel: Densitometric analysis: bars are ratios between the densities
of D1 receptor serine-phosphorylation and D1 receptor proteins. Results
are means ± SEM. *Significantly different from adult sedentary and
exercised rats. # Significantly different from old sedentary rats. Data
were analyzed by ANOVA followed by post-hoc Newman-Keuls analysis.
P<0.05 was considered statistically significant. N = 4 rats in each group.
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Figure 19. Exercise increases 35S-GTPγS binding in response to D1
receptor agonist (SKF-38393) in old exercised rats. 35S-GTPγS binding,
an index of G protein activation, was measured in 5µg RPT membranes.
AS = Adult Sedentary, AE = Adult Exercised, OS = Old Sedentary, OE =
Old Exercised. Results are mean ± SEM. Data were analyzed by ANOVA
followed by Newman-Keuls post-hoc analysis. *Significantly different
from adult sedentary and old exercised rats. P<0.05 was considered
statistically significant. N = 5 rats per group.
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Figure 20. Exercise increases Na, K-ATPase inhibition in response to D1
receptor agonist (SKF-38393) in old exercised rats. Na, K-ATPase activity
measured in the RPTs as described in methods. AS = Adult Sedentary, AE =
Adult Exercised, OS = Old Sedentary, OE = Old Exercised. Results are means
± SEM. $ Significantly different from old sedentary rats. Data were analyzed
by ANOVA followed by post-hoc Newman-Keuls analysis. P<0.05 was
considered statistically significant. N = 5 rats in each group.
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←NF-κB p65

Figure 21. NF-ĸB p65 plasmid increases the levels of NF-κB p65 proteins
in HK-2 cells. Cellular homogenates (20µg proteins) were used to determine
NF-κB p65 by western blotting. Upper panel: representative blot for NF-κB
p65 and protein loading control, β-actin. Lanes: (1) empty vector transfected
cells; (2) NF-κB p65 plasmid transfected cells; (3) Nrf-2 plasmid transfected
cells; (4) NF-κB p65 and Nrf-2 plasmids transfected cells. Lower panel:
densitometric analysis of NF-κB p65 and β-actin protein bands. Bars are ratios
between the densities of NF-κB p65 and β-actin . Results are means ±SEM.
*Significantly different from empty vector or Nrf-2 plasmid transfected cells.
Data were analyzed by ANOVA and post-hoc Newman-Keuls analysis.
P<0.05 was considered statistically significant. N = 5 separate experiments.
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Figure 22. Nrf-2 plasmid increases the levels of Nrf-2 proteins in HK-2
cells. Cellular homogenates (20µg proteins) were used to determine Nrf-2 by
western blotting. Upper panel: representative blot for Nrf-2 and protein
loading control, β-actin. Lanes: (1) empty vector transfected cells; (2) Nrf-2
plasmid transfected cells; (3) NF-κB p65 plasmid transfected cells; (4) NF-κB
p65 and Nrf-2 plasmids transfected cells. Lower panel: densitometric analysis
of Nrf-2 and β-actin protein bands. Bars are ratios between the densities of
Nrf-2 and β-actin . Results are means ±SEM. *Significantly different from
empty vector or NF-κB p65 plasmid transfected cells. Data were analyzed by
ANOVA and post-hoc Newman-Keuls analysis. P<0.05 was considered
statistically significant. N = 5 separate experiments.
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Figure 24. NF-ĸB p65 plasmid increases the nuclear levels of Nrf-2
proteins in HK-2 cells when NF-ĸB p65 and Nrf-2 are transfected
simultaneously. (a) Nrf-2 fluorescence signal (red) and (b) NF-κB p65
fluorescence signal (green) in NF-κB p65 and Nrf-2 plasmid-transfected
cells; (c) nuclear DAPI signal (blue); (d) merged image of NF-κB p65, Nrf-2,
and DAPI signals
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Figure 25. NF-ĸB p65 and/or Nrf-2 plasmids increase the
transcription of firefly-luciferase in HK-2 cells. The NF-ĸB p65
and Nrf-2 transcription activity was determined using
hemeoxygenase-1 promoter– firefly luciferase reporter plasmid.
DLR [Dual Luciferase Reporter] is ratio between the fluorescence
intensities of firefly-luciferase and renilla–luciferase. Renilla-
luciferase plasmid was used as transfection control [details in
methods section]. Results are means ±SEM. *Significantly
different from empty vectors. Data were analyzed by ANOVA and
post-hoc Newman-Keuls analysis. P<0.05 was considered
statistically significant. N = 5 separate experiments.
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Figure 26. NF-κB p65 and/or Nrf-2 overexpression increase
the levels of antioxidant enzyme glutathione peroxidase
(GPx1) mRNA in HK-2 cells. GPx1 and β-actin mRNAs were
amplified by RT-PCR using respective primers and resolved on
0.8% agarose gel. Upper panel: representative bands for GPx-1
and β-actin. Lower panel: Densitometric analysis of GPx-1 and
β-actin bands. The bars are ratios of densities of GPx-1 and β-
actin bands. Lanes: (1) non-, (2) empty vector-, (3) NF-κB p65,
(4) Nrf-2, and (5) NF-κB p65 + Nrf-2 plasmid-transfected HK-2
cells. Results are means ±SEM. *Significantly different from
HK-2 and empty vector. Data were analyzed by ANOVA and
post-hoc Newman-Keuls analysis. P<0.05 was considered
statistically significant. N= 5 separate experiments.
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Figure 27. NF-κB p65 and/or Nrf-2 overexpression increase the levels of
antioxidant enzyme superoxide dismutase (SOD) in HK-2 cells. Cellular
homogenates (20 µg proteins) were used to determine SOD proteins by
western blotting. Upper panel: representative blots for SOD and loading
control, β-actin. Lower panel: Densitometric analysis of SOD and β-actin
bands. Bars are ratios between the densities of SOD and β-actin. Lanes: (1)
empty vectors-, (2) NF-κB p65-, (3) Nrf-2- and (4) NF-κB p65 + Nrf-2-
plasmid transfected cells. Results are means ±SEM. *Significantly different
from empty vector. Data were analyzed by ANOVA and post-hoc Newman-
Keuls analysis. P<0.05 was considered statistically significant. N= 5
separate experiments.

100



Vec
tors

NFkB
 p65

Nrf-
2

NFkB
 p65

 + N
rf-

2

500

600

700

800

*

*
G

ST
-M

1
(D

en
si

ty
,  

A
rb

itr
ar

y 
U

ni
ts

)

Figure 28. Nrf-2 and/or NF-κB p65 overexpression increase the levels of
antioxidant enzyme glutathione-S-transferase-M1(GST-M1) in HK-2
cells. Cellular homogenates (20 µg proteins) were used to determine GST-
M1 proteins by western blotting. Upper panel: representative blots for GST-
M1 and loading control, β-actin. Lower panel: Densitometric analysis of
GST-M1 and β-actin bands. Bars are ratios between densities of GST-M1
and β-actin. Lanes: (1) empty vectors-, (2) NF-κB p65-, (3) Nrf-2- and (4)
NF-κB p65 + Nrf-2- plasmid transfected cells. Results are means ±SEM.
*Significantly different from empty vector. Data were analyzed by ANOVA
and post-hoc Newman-Keuls analysis. P<0.05 was considered statistically
significant. N= 5 separate experiments.
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Figure 29. NF-κB p65 and/or Nrf-2 overexpression reduce the
intracellular levels of oxidative stress in HK-2 cells. Intracellular levels of
oxidative stress was determined by using cell permeable fluorescence probe,
CM-H2DCFDA, in non- (HK-2), empty vector-, NF-κB p65-, Nrf-2- and NF-
κB p65 + Nrf-2- plasmid transfected cells. Hydrogen peroxide (H2O2) radical
was used to increase intracellular levels of oxidative stress. Results are
means ±SEM. *Significantly different from basal HK-2 and empty vector
transfected cells; #Significantly different from H2O2 treated HK-2 and empty
vector transfected cells. Data were analyzed by ANOVA and post-hoc
Newman-Keuls analysis. P<0.05 was considered statistically significant. N=
5 separate experiments.
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Figure 30. NF-κB p65 and/or Nrf-2 overexpression increase dopamine D1
receptor function during oxidative stress in HK-2 cells. D1 receptor function
was measured as an index of 35S-GTPγS binding in response to D1 receptor
agonist, SKF-38393. Hydrogen peroxide (H2O2) radical was used to increase
cellular levels of oxidative stress in non- (HK-2), empty vector- , NF-κB p65-,
Nrf-2- and NF-κB p65 + Nrf-2- plasmid transfected cells. Results are means ±
SEM. *Significantly different from corresponding control and SKF-38393 in HK-
2 and empty vector transfected cells treated with H2O2; $Significantly different
from respective control. Data were analyzed by ANOVA and post-hoc Newman-
Keuls analysis. P<0.05 was considered statistically significant. N= 5 separate
experiments.
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5. DISCUSSION 

This project was designed to study the effect of exercise on age-related 

impairment in renal dopamine D1 receptor signaling and function in old (24 

month) Fischer 344 rats.  In addition to determining whether exercise could 

alleviate the oxidative stress-induced D1 receptor dysfunction in aging, we 

investigated the molecular mechanisms involved therein.  Since D1 receptor 

dysfunction in aging is associated with increased oxidative stress, we investigated 

how oxidative stress levels and changes associated with increased oxidative stress 

seen in aging are affected by exercise.  We explored changes in PKC activity and 

D1 receptor hyper serine-phosphorylation which are the molecular events 

implicated in D1 receptor-G protein uncoupling, diminished inhibition of Na, K-

ATPase and decreased urinary sodium excretion following D1 receptor agonist 

stimulation.  We examined various mechanisms by which exercise reduces 

oxidative stress and restores renal dopamine D1 receptor function in aging.  We 

studied activation of transcription factors, Nrf-2 and NF-κB, which are involved 

in antioxidant enzyme expression as their upregulation can be the mechanism by 

which exercise could reduce oxidative stress and restore D1 receptor function in 

aging.  We also examined the role of these transcription factors on regulation of 

D1 receptor function by using an overexpression approach in HK-2 cells.  We 

overexpressed Nrf-2 and NF-κB in HK-2 cells and determined whether 
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overexpression of these transcription factors upregulated antioxidant enzymes, 

reduced oxidative stress and restored D1 receptor function in H2O2 treated cells.   

We found that treadmill exercise restored sodium excretion, fractional 

excretion of sodium, and diuresis in response to D1 receptor agonist SKF-38393 

in old Fischer 344 rats when compared to sedentary control rats.  Adult rats were 

not included in this study to assess the effect of exercise on improvement in D1 

receptor function as it is already established that adult rats do not have D1 

receptor dysfunction (Beheray et al., 2000).  Adult (6 month) and old (24 month) 

Fischer 344 rats were included in rest of the experimental protocols to explore 

exercise-induced biochemical changes that may contribute to restoration of  

dopamine D1 receptor function in aging. Decrease in D1 receptor binding sites in 

the proximal tubular membranes of aged Fischer 344 rats is associated with 

impaired natriuretic and diuretic response to D1 receptor agonist SKF-38393 in 

these animals (Beheray et al., 2000).  We found that D1 receptor mRNA levels 

were significantly reduced in the RPTs of old sedentary rats compared to adult 

sedentary rats.  Exercise normalized the D1 receptor mRNA levels in the old rats 

to levels observed in the adult sedentary and exercised rats.  Furthermore, D1 

receptor proteins in the RPT membranes were significantly lower in old 

sedentary rats compared to adult sedentary control rats.  Exercise significantly 

increased D1 receptor protein expression in the RPT membranes of old rats to 

levels observed in adult rats.  This increase in D1 receptor mRNA and protein 
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with exercise was also associated with an increase in D1 receptor numbers in 

exercised old rats.   

In addition to the decreased D1 receptor numbers, oxidative stress induced 

increase in PKC–GRK2 mediated D1 receptor hyper serine-phosphorylation has 

been implicated in receptor-G protein uncoupling, reduced inhibition of Na, K-

ATPase and diminished natriuretic response to D1 receptor agonist in aged 

Fischer 344 rats (Asghar et al., 2002, 2003, 2004, 2006).   Oxidative stress was 

significantly elevated in RPTs of old rats compared to adult rats.  We found that 

exercise reduced oxidative stress as indicated by decreased malondialdehyde 

levels in renal proximal tubules (RPTs) of old exercised rats.  However, there is a 

study demonstrating that beneficial effects of exercise in terms of decreasing 

oxidative stress was apparent in 52 week (13-month) old mice but not in 78 week 

(19.5 month) mice (Navarro et al., 2004). The reason for failure of exercise 

training to reduce oxidative stress in 78 week mice is not known.  However, we 

found that exercise training in 21-month (old) rats reduces oxidative stress. The 

possible explanation for this discrepancy could be due to different animal species 

and exercise protocol used in our studies. Navarro et al (2004) in their studies 

used exercise protocol (treadmill speed of 6, 9 and 12 meter/min for 5 min for a 

week for 78 week) in mice staring at 28 week. We used different exercise 

protocol (treadmill speed of 12 meter.min-1.60min-1, 15 degree grade, 5 
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days/week for 3 months) in adult and old Fischer 344 rats starting at 3 and 21 

month, respectively.  

In addition to reducing oxidative stress, exercise lowered elevated basal 

PKC activity in RPTs of old animals and decreased the D1 receptor hyper-serine 

phosphorylation which is associated with receptor-G protein uncoupling in old 

Fischer 344 rats (Asghar et al., 2002).  The reduction in the receptor hyper serine-

phosphorylation in the exercised old rats improved receptor-G protein coupling 

as indicated by increased [35S] GTPγS binding in response to D1 receptor 

agonist, SKF-38393 stimulation. The improved receptor-G protein coupling 

translated into significant inhibition of Na, K-ATPase activity following D1 

receptor stimulation by SKF-38393.  This indicates that exercise mediated 

restoration of natriuresis and diuresis in response to SKF-38393 in old Fischer 

344 rats resulted from a reduction in oxidative stress which led to reduction in 

PKC activity and D1 receptor serine-phosphorylation and subsequently 

restoration of receptor-G protein coupling.   

The reduction of oxidative stress by the treadmill exercise regimen 

correlated with increased expression and activity of antioxidant enzymes such as 

hemeoxygenase-1 and superoxide dismutase.   Antioxidant enzyme upregulation 

with exercise may be a possible mechanism by which exercise can reduce 

oxidative stress.  Exercise is also known to improve endothelial function and 

reduce coronary artery disease risk (Edwards et al., 2004). Hemeoxygenase-1, an 
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inducible antioxidant enzyme capable of catalyzing the conversion of heme to 

bilirubin (Lavrovsky et al., 2000) was upregulated with exercise in old rats.  

Bilirubin also is a potent antioxidant capable of neutralizing oxidant species 

(Lavrovsky et al., 2000).  Superoxide dismutase is a potent antioxidant enzyme 

involved in the maintenance of cellular redox homeostasis due to its role in the 

elimination of the potent cellular oxidant, superoxide (O2
•–) (Valdivia et al., 

2009).  Increase in HO-1 with exercise in old rats might represent a 

compensatory mechanism to fight the elevated oxidative stress in aging.  Exercise 

increased HO-1 in the plasma and RPTs of old rats but not in the adult rats.  The 

SOD activity increased with exercise similarly in the plasma of adult and old rats.  

SOD activity also increased in the RPTs of old exercised rats.  This increase in 

activity corresponded to an increase in the expression of Cu/Zn SOD protein in 

the RPTs of old exercised rats.  Greater reduction in oxidative stress observed in 

old exercised rats might be due to the upregulation of two antioxidant enzymes, 

namely HO-1 and SOD, compared to upregulation of SOD alone in adult 

exercised rats.  Although the reason for this is not known, the greater effect of 

exercise on anti-oxidant enzyme expression in old rats may be to combat a higher 

degree of oxidative stress in these animals (Epstein, 1996). It should be noted that 

higher oxidative stress in old rats is not due to impaired antioxidant mechanisms 

in these animals. Rather, an age-related increase in one of the subunits of renal 
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NADPH oxidase seems to contribute to higher oxidative stress in old rats (Asghar 

et al., 2008). 

Since antioxidant enzymes overexpression is a possible mechanism by 

which exercise can reduce oxidative stress, we examined two ROS sensing 

transcription factors (Nrf-2 and NF-κB) known to be involved in antioxidant 

enzyme expression.  Both HO-1 and SOD are regulated by transcription factors 

Nrf-2 and NF-κB (Lavrovsky et al., 2000; Gomez-Cabrera et al., 2008; Johnson 

et al., 2009). These transcriptions factors were upregulated with exercise in both 

adult and old rats, albeit significantly only in old rats.  There are reports 

indicating that exercise upregulates NF-κB and is beneficial in antioxidant 

enzyme induction (Bar-Shai et al., 2008; Gomez-Cabrera et al., 2008).  We found 

that exercise mediated activation of Nrf-2 and NF-κB was reflected in increased 

levels in nuclear fractions of RPTs in old rats. The increase in the levels of Nrf-2 

and NF-κB leads to the upregulation of antioxidant defenses, such as HO-1 and 

SOD, resulting in the reduction of oxidative stress and restoration of D1 receptor 

function in the RPTs of exercised old rats.   

We wanted to directly explore the influence of these transcription factors 

(Nrf-2 and NF-κB) on D1 receptor signaling.  In order to accomplish this 

objective, we performed cell culture experiments in HK-2 cells.  We 

overexpressed Nrf-2 and NF-κB alone and together and studied the changes in 

antioxidant enzyme expression, oxidative stress, and D1 receptor function.   
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NF-κB is a pleiotropic transcription factor involved in transcription of a 

wide array of target genes responsible for immune response, cell survival, stress 

response, proliferation, and apoptosis (Garg et al., 2002; Chen et al., 2004).  

Various intra- and extra-cellular signals lead to activation of NF-κB via different 

pathways, canonical, non-canonical and atypical (Garg et al., 2002; Chen et al., 

2004; Tergaonkar, 2006).  The most studied pathway is the canonical pathway 

describing that NF-κB in its inactive form is sequestered in the cytosol by an 

inhibitory protein, IκB. In response to a stimulus, IκB is phosphorylated by a 

kinase (IKK1/2) leading to its proteasomal degradation resulting in release and 

translocation of NF-κB in the nucleus (Tergaonkar, 2006).  In the present study, 

however, we have adopted an approach to activate NF-κB without any stimulus 

using an expression plasmid with a nuclear localization domain, because 

approaches to activate NF-κB such as H2O2 treatment are also known to cause D1 

receptor dysfunction (Asghar et al., 2006). The NF-κB plasmid used in the study 

was predominantly localized in the nuclei (Fig. 23b) when expressed in HK-2 

cells.  NF-κB when overexpressed alone resulted in increased antioxidant 

capacity as indicated by increased GPx1 mRNAs and SOD protein.  Additionally, 

NF-κB also increased GST-M1 protein levels when overexpressed along with 

Nrf-2.   

One intriguing thought, however, is that activation of NF-κB on one hand 

is linked to beneficial effects relating to antioxidant homeostasis (Lavrovsky et 
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al., 1994; Rojo et al., 2004; Gomez-Cabrera et al., 2008) while on the other hand 

it is implicated in inflammatory processes (Anrather et al., 2006; Acharyya et al., 

2007; Charokopos et al., 2009). For instance, our studies demonstrate that 

exercise training-induced increase in NF-κB activity is associated with increase 

in antioxidant enzymes, decrease in oxidative stress and restoration of D1 

receptor function in the aging kidneys (Asghar et al., 2007; George et al., 2009). 

Alternatively, lipopolysaccharide (LPS)-induced increase in NF-κB activity is 

associated with cytokine production, increased oxidative stress, and decreased 

antioxidant enzyme levels and D1 receptor dysfunction in the rat kidney (Asghar 

et al., 2009).    It is likely that the consequence of NF-κB activation is decided by 

the instigator proximal to its activation, and may result in different downstream 

signals for discrete target gene transcription. This appears likely given the diverse 

role played by NF-κB in immune response, cell survival, stress response, 

proliferation, and apoptosis (Garg et al., 2002; Chen et al., 2004).  

The transcription factor Nrf-2, on the other hand, is a well known 

regulator of antioxidant enzyme expression.  Normally, Nrf-2 is bound to a 

cytosolic chaperone Keap1, which targets Nrf-2 for continuous ubiquitin-

mediated degradation by serving as a subunit of E3 ubiquitin ligase (Zhang, 

2006).  Following stimuli, Keap1 dissociates from Nrf-2.  This results in 

enhanced Nrf-2 stability by decreasing Nrf-2 ubiquitination, and subsequently 

increases Nrf-2 available to bind to antioxidant response elements (ARE) on 
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genes of antioxidant enzymes, thus conferring cellular protection (Zhang, 2006).  

In our cell culture experiments, we used the overexpression approach using a 

plasmid which resulted in increased Nrf-2 protein in HK-2 cells, when 

transfected alone or in combination with NF-κB (Fig. 22).  Overexpressed Nrf-2 

was located in both the nucleus and cytosol (Fig. 23d).  Overexpression of Nrf-2 

resulted in increased glutathione peroxidase-1 (GPx-1) mRNAs, as well as the 

proteins superoxide dismutase (SOD) and glutathione-S-transferase (GST).  The 

increase in antioxidant enzyme mRNAs and proteins were sustained even when 

Nrf-2 was overexpressed with NF-κB.  Glutathione peroxidase is a cellular 

antioxidant involved in H2O2 metabolism (Margis et al., 2008).  GST is a cellular 

antioxidant enzyme known to catalyze the conjugation of glutathione and thus the 

detoxification of electrophilic compounds including carcinogens, environmental 

toxins and products of oxidative stress (Dahabreh et al., 2010).    

We then tested whether the overexpressed Nrf-2 and NF-κB are 

transcriptionally active using a luciferase reporter assay.  The promoter reporter 

construct was synthesized by linking hemeoxygenase-1 promoter, which has 

binding sequences for both Nrf-2 and NF-κB, to firefly luciferase gene.  We 

found that Nrf-2 and NF-κB transfection alone or together increases the 

luciferase signal and the greatest increase was observed when Nrf-2 and NF-κB 

were overexpressed together (Fig. 25).    In addition to increasing the expression 
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of antioxidant enzymes (SOD, GPx-1, GST), NF-κB and Nrf-2 reduced the levels 

of oxidative stress as indicated by decreased intracellular ROS levels (Fig. 29).    

Next, we investigated the effect of Nrf-2 and NF-κB overexpression on 

H2O2 induced D1 receptor dysfunction in HK-2 cells.  We measured D1 receptor 

agonist induced [35S] GTPγS binding as the index of D1 receptor function and 

found that 35S-GTPγS binding was reduced with H2O2 treatment in HK-2 cells.   

Furthermore, oxidative stress (H2O2)-induced impairment in dopamine D1 

receptor function (35S-GTPγS binding) was mitigated when NF-κB was 

overexpressed alone or together with Nrf-2 (Fig. 30).  However, Nrf-2 

overexpression alone did not produce significant improvement in terms of 

restoration of D1 receptor function during oxidative stress.  The increased nuclear 

levels of Nrf-2 observed in dual transfection with NF-κB (Fig. 24a) could explain 

the restoration of D1 receptor function with NF-κB + Nrf-2 transfection, but not 

with Nrf-2 transfection (Fig. 30).  With more Nrf-2 located in the nuclei where it 

can be transcriptionally active in NF-κB + Nrf-2 transfection, it is possible that 

NF-κB is involved in activation of Nrf-2.  There are studies indicating that NF-

κB and Nrf-2 can interact with each other (Gurusamy et al., 2007), and our 

results provide some evidence to support this suggestion.  These results provide 

evidence for the direct role of NF-κB and Nrf-2 in regulation of D1 receptor 

function in the kidney.  This then leads to the question, how does exercise 

activate NF-κB and Nrf-2? 
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Acute exercise is associated with an increase in reactive oxygen species 

(ROS) production and can increase lipid peroxidation (Dillard et al., 1978).  

However, we observed a reduction in lipid peroxidation as indicated by 

malondialdehyde levels in renal proximal tubules of old rats after 3 months of 

treadmill exercise period, signifying that chronic exercise reduces oxidative 

stress.  This poses an important question as to how chronic exercise reduces the 

oxidative stress level.  The exact mechanism is not known, but it has been 

suggested that ROS generated during exercise serve as signaling molecules for 

adaptive responses such as antioxidant enzyme upregulation (Vollaard et al., 

2005).  Mitochondria are a well known source of cellular ROS such as 

superoxide (O2
•–) radicals.  However, it seems that the source of ROS production 

during exercise is not mitochondria. This notion is based on the finding that 

exercise favors a state 3 respiration of high O2 consumption, low membrane 

potential, and high ATP production, which is associated with decreased 

mitochondrial O2
•– production (Boveris et al., 1973; Herrero et al., 1997).  Rather 

the sources of superoxide radicals during exercise are probably extra 

mitochondrial. Exercise is reported to induce the conversion of xanthine 

dehydrogenase to xanthine oxidase, which can produce O2
•– as a by-product 

(Amaya et al., 1990; Nishino, 1997; Rasmussen et al., 2000; Nishino et al., 2005).   

The evidence for exercise-mediated ROS involvement in antioxidant 

adaptive responses comes from blocking O2
•– production using the xanthine 
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oxidase inhibitor allopurinol.  The exercise-induced increase in antioxidant 

enzyme (MnSOD) upregulation is prevented by this treatment (Gomez-Cabrera et 

al., 2008).  Gomez-Cabrera et al. (2008) in their study also suggested that 

exercise-induced increase in MnSOD levels was associated with NF-κB 

activation indicating its role in MnSOD regulation.  In our studies we have also 

seen that exercise-induced increase in antioxidant enzymes is associated with NF-

κB activation in the aging kidneys. Furthermore, our studies indicate that together 

with NF-κB, another transcription factor Nrf-2 is also activated during exercise. 

Nrf-2 is known to activate antioxidant enzymes genes (McMahon et al., 2001; 

Kang et al., 2005; Leonard et al., 2006). Both NF-κB and Nrf-2 are redox-

sensitive transcription factors that sense and respond to changes in levels of 

cellular ROS (Zhang, 2006; Hayden et al., 2008). However, our studies suggest 

that some other mediator but not ROS during exercise activate NF-κB and Nrf-2 

causing antioxidant enzymes up-regulation in the aging kidneys. This notion is 

based on our own studies indicating that higher levels of oxidative stress markers 

(Fig. 7) were not associated with either Nrf-2/NF-κB (Fig. 8/9) activation or 

antioxidant enzymes up-regulation (Fig. 11-14) in the kidneys of sedentary old 

rats. It is reported that exercise training creates an anti-inflammatory environment 

(Mattusch et al., 2000; Kalani et al., 2006). We also have reported that exercise 

training in old rats increases anti-inflammatory cytokine interleukin-10 (IL-10) 

levels both in plasma and renal proximal tubules (Asghar et al., 2007).  
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Previously we also have reported that IL-10 activates Nrf-2 in renal proximal 

tubular cell cultures (Asghar et al., 2007b). It is likely that exercise-induced 

increase in anti-inflammatory cytokines may represent one of the mechanisms for 

NF-κB/Nrf-2-mediated antioxidant enzymes up-regulation and subsequent 

reduction in oxidative stress during exercise. The question whether anti-

inflammatory cytokine activates NF-κB still needs to be addressed.  

Another finding of note from our studies is that exercise decreased 

proteinuria in old animals and increased phosphate excretion in adult and old rats.  

Exercise is known to reduce morbidity and mortality, improve physiologic 

outcomes, mitigate functional impairments, and prevent the progression of 

chronic disease in the elderly (Bean et al., 2004).  Proteinuria and phosphate 

retention are complications of chronic kidney disease that worsen the quality of 

life and increase the disease burden (Eknoyan et al., 2003).  Phosphate retention 

in patients with advanced kidney disease is treated with dietary phosphate 

restriction and phosphate binders to prevent complications such as calcium x 

phosphate product deposition in vascular beds and soft tissues, secondary 

hyperparathyroidism, and renal osteodystrophy (Chertow et al., 1999; 2003).  

Proteinuria in chronic kidney disease is a prognostic indicator and signals the rate 

of disease progression (Eknoyan et al., 2003).  The mechanism of reduced 

proteinuria during exercise in 24-month old Fischer 344 rats is not known. It is 

likely that exercise has improved the glomerular basement membrane (GBM) 
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filtration mechanism leading to reduced proteinuria in old rats. In this regard it 

should be noted that nephrin an integral protein of podocyte, a key cell that 

supports and maintains GBM filtration mechanism, is reduced in 24-month old 

Fischer 344 rats. The reduced levels of nephrin have been implicated in 

proteinuria observed in these rats (Wiggins et al., 2005). It is likely that exercise 

induces increase in the levels of nephrin, which may be the mechanism of 

reduced proteinuria in exercised old rats that needs to be determined. 

Nevertheless, moderate exercise as a treatment modality that could potentially 

decrease phosphate retention and proteinuria in kidney disease is a promising 

finding in the present study. 

Based upon our findings in animal and cell culture studies, we propose a 

mechanism of exercise-induced restoration of D1 receptor function in aging 

kidneys (Fig. 3).  We propose that exercise training causes nuclear translocation 

and activation of transcription factors Nrf-2 and NF-κB resulting in increase in 

antioxidant enzyme expression.  This leads to reduction in age-related increase in 

oxidative stress and PKC activity resulting in subsequent reduction in D1 

receptor serine-phosphorylation, increase in D1 receptor-G protein coupling and 

restoration of D1 receptor function in old Fischer 344 rats.   
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6. SUMMARY AND CONCLUSIONS 

 

1. Exercise restores renal dopamine D1 receptor function in aging as indicated by 

increased natriuresis and diuresis in response to D1 receptor agonist. 

2. Exercise mediated restoration of D1 receptor function is associated with 

decreased oxidative stress. 

3. Exercise mediates oxidative stress reduction via antioxidant enzyme 

overexpression.   

4. Reduction in oxidative stress reduces PKC-GRK2 mediated D1 receptor hyper 

serine-phosphorylation. 

5. Reduction in D1 receptor hyperphosphorylation improves D1 receptor-G 

protein coupling causing greater Na, K-ATPase inhibition following D1 

receptor agonist stimulation. 

6. Exercise activates redox sensitive transcription factors NF-κB and Nrf-2. 

7. NF-κB and Nrf-2 are involved in antioxidant enzyme upregulation in HK-2 

cells 

8. NF-κB and Nrf-2 reduce oxidative stress in HK-2 cells under basal conditions 

as well as during an oxidant challenge. 

9. NF-κB and Nrf-2 protect HK-2 cells from D1 receptor dysfunction induced by 

H2O2 treatment 
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10.  NF-κB and Nrf-2 are directly involved in the regulation of D1 receptor 

function.  

11. Exercise by activating transcription factors NF-κB and Nrf-2 increase 

antioxidant enzyme expression and reduce oxidative stress.  This leads to 

reduction of PKC activity and D1 receptor serine-phosphorylation and 

subsequent improvement in D1 receptor-G protein coupling and Na, K-

ATPase inhibition and sodium excretion following D1 receptor agonist 

stimulation in aging.   
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