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JAN M. FOSTER 
Regulation and Actions of.Nitric Oxide in the Renal Medullary Thick Ascending Limb 
During Type 1 Diabetes Mellitus 
(Under the direction of JENNIFER S. POLLOCK, Ph.D.) 

Diabetic patients often develop hypertension as a result of enhanced renal sodium 

reabsorption and altered sodium balance. Because nitric oxide (NO) is a critical mediator 

of sodium han.dling, our goal was to elucidate the diabetes-induced alterations in the NO 

system. The medullary thick ascending limb (mT AL) of Henle's loop expresses all three 

isoforms of NO synthase (NOS1, NOS2, and NOS3). Under physiological conditions, 

NO inhibits sodium reabsorption in the mTAL, while superoxide (02•) promotes it. The 

balance between NO and 0 2- is critical for controlling sodium reabsorption in the TAL, 

which is responsible for reabsorbing twenty to thirty percent of filtered sodium. 

Therefore, the objectives of this study were to examine the regulation ofNOS enzyme 

expression, NOS enzyme activity, NO production, and NO bioavailability as well·as the 

influence of NO on sodium reabsorption in the mT AL under diabetic conditions. 

Diabetes is a state of increased 0 2- production. 0 2- scavenging reduces NO 

bioavailability. We hypothesized that NO production would be enhanced in the mTAL 

during diabetes. We found that although NO production was enhanced in the mTAL 

during diabetes, NO bioavailablity was blunted due to increased 0 2- production. NOS 1 

and NOS3 activities are regulated by changes in phosphorylation status. 

Immunohistochemical analysis suggests that protein phosphatase 2 B (PP2B; calcineurin) 

is upregulated in the mTAL in diabetes. We hypothesized that NOS activity and NO 

production was upregulated in a PP2B-dependent manner in the mTAL during diabetes. 



We found that NOS 1 and NOS2-dependent NO production were increased in a PP2B

dependent manner. 

Additionally, we examined the role ofNO in the regulation of sodium 

reabsorption in the mTAL during diabetes. We hypothesized that NO production would 

blunt sodium reabsorption. NOS 1 and NOS2-derived NO production blunted sodium 

reabsorption in the mT AL under diabetic conditions, but only in the presence of a 02-

inhibitor to prevent scavenging of NO. In conclusion, we have revealed important 

mechanisms that are critical to the regulation ofNO production in the mTAL during 

diabetes.. These studies also enhanced our understanding of the regulation of sodium 

transport by NO in the mTAL, specifically under diabetic conditions. 

KEY WORDS: nitric oxide synthase, nitric oxide, superoxide, medullary thick ascending 

limb, protein phosphatase 2B, diabetes mellitus, sodium transport 
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INTRODUCTION 

Statement of Problem 

The early stage of diabetes is associated with altered renal sodium and fluid 

homeostasis, such that there is net sodium retention which may contribute to the 

development of diabetic nephropathy. Nitric oxide (NO) plays an important role in the 

regulation of many renal functions, including the maintenance of sodium and water 

homeostasis. One important region of the nephron where NO controls sodium 

homeostasis is the medullary thick ascending limb of Henle's loop (mTAL). The TAL 

reabsorbs 20-30% of filtered sodium. NO inhibits sodium reabsorption in the mT AL 

under normal conditions. The literature remains unclear if NO synthase (NOS) is 

increased, decreased, or unchanged in the kidney during diabetes. Protein phosphatase 

2B (PP2B), a possible regulator of NOS, has been shown to be upregulated in the mTAL 

during diabetes. The overall goal of these stUdies was to determine how the NO system 

is regulated, specifically whether PP2B regulates NOS activity and NO production, and 

whether sodium transport is altered in this nephron segment during diabetes. We 

hypothesized that increased NO production in the mT AL during diabetes occurs in a 

PP2B-dependent manner. We further hypothesized that increased NO production blunts 

sodium transport in the mTAL during diabetes. By gaining a better understanding of the 

regulation ofNO production and bioavailability in the mTAL during diabetes, we are 

1 



able to gain some perspective regarding the early mechanistic alterations that lead to 

sodium retention in the early stages of diabetes. 

Specific Aims 

Specific Aim 1: 

• To test the hypothesis that NOS activity and NO production are increased in mTALs 

during diabetes and to determine which NOS isoform(s) are involved. 

• To test the hypothesis that PP2B activity in mT ALs during diabetes activates NO 

production. 

Specific Aim 2: 

• To test the hypothesis that NO production blunts sodium reabsorption in the mTAL 

during diabetes. 

• To test the hypothesis that diabetes-induced 0 2- production increases sodium 

reabsorption in the mTAL. 

• To test the hypothesis that reduced NO bioavailability due to enhanced 0 2-

scavenging attenuates the NO blunting of sodium reabsorption in the mT AL during 

diabetes. 

2 



Review of the Literature 

I. Type 1 diabetes mellitus and diabetic nephropathy 

Definition of type 1 diabetes and diabetic nephropathy. Type 1 diabetes, 

previously called insulin-dependent diabetes mellitus (IDDM) or juvenile-onset diabetes, 

is an autoimmune disease in which the body destroys the beta cells of the pancreas. The 

pancreatic beta cells provide the only source of the hormone insulin, which regulates 

blood glucose levels and allows for the proper use of glucose by cells in the body 

(Atkinson, 2009). Type 1 diabetic patients are characterized by absolute insulin 

deficiency and lose the ability to properly regulate their blood glucose levels and must 

receive exogenous insulin replacement for survival. The American Diabetes Association 

diagnostic criteria is a fasting plasma glucose level > 126 mg/dl or a fasting whole-blood 

glucose level > 110 mg/dl (American Diabetes Association, 2008). 

Type 2 diabetes is the most prevalent form of diabetes. Approximately 90% of 

the diabetic patients in the US have type 2 diabetes (Harris, 1990). Furthermore, the 

incidence rate has doubled over the past decade (Cowie, 2009). Type 2 diabetes differs 

from type 1 in that type 2 diabetics produce insulin at least in the early stages of the 

disease; however, they exhibit reduced sensitivity to the insulin produced (Capes S, 

2001 ). In the early stage of type 2 diabetes, the condition is characterized by insulin 

resistance and elevated plasma glucose levels. In the early years, the hyperglycemia can 

3 
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be controlled through diet, exercise, and if necessary, medications. Over time, type 2 

diabetic patients may progressively lose the ability to produce insulin and insulin 

replacement therapy may be necessary to maintain blood glucose levels within the normal 

range (Capes S, 2001). 

Diabetic nephropathy is a clinical syndrome characterized by persistent 

albuminuria (>300 mg/min) that is confirmed on at least two occassions 3-6 months 

apart, as well as a continous decline in glomerular filtration rate (Steinke, 2005; Steinke, 

2008). Diabetic nephropathy is progressive in nature and develops over many years in 

patients with chronic diabetes. Onset of diabetic nephropathy typically occurs 10 to 15 

years following initial diagnosis of type 1 diabetes. However, not all type 1 diabetic 

patients will develop diabetic nephropathy. It is unclear exactly what predisposes some 

patients to develop diabetic nephropathy, although some risk factors include African and 

Hispanic American heritage, family history, poor control of blood sugar and blood 

pressure, high cholesterol, and smoking (Ayodele, 2004). The initial sign that renal 

damage has begun is the presence of persistent protein in the urine. Protein may appear 

in the urine 5 to 10 years before other, more severe, symptoms develop. Prompt 

treatment can help delay the progression of kidney damage and control related 

complications. Therefore, it is important to routinely monitor all type 1 diabetic patients 

for the excretion of protein in the urine. 

Incidence and impact of type 1 diabetes and diabetic nephropathy in 

America. Type 1 diabetes accounts for 5-10% of the diagnosed cases of diabetes (Harris, 

1990). Approximately 1 million Americans have type 1 diabetes and the incidence is 

increasing by 5% annually (Patterson, 2009). Total costs for the treatment of diabetes 



and diabetes complications in the US exceeded $174 billion in 2007 (American Diabetes 

Association, 2008). 

5 

Diabetic nephropathy is one of the most significant complications in terms of 

long-term morbidity and mortality for patients with type 1 diabetes. Diabetes is the 

leading cause of end-stage renal disease (ESRD), accounting for 44% of new cases in 

2005. A greater percentage of type 1 diabetic patients develop ESRD than do type 2 

diabetic patients, with approximately 40% of type 1 diabetic patients developing ESRD 

compared to about 20% of type 2 diabetic patients (Cowie, 1989; Pemeger, 1994). Half 

of type 1 diabetic patients develop ESRD within 10 years and over 75% of patients 

progress to ESRD by 20 years following diagnosis. Consequently, diabetic nephropathy 

often leads to the need for dialysis or kidney transplant. Even with dialysis or 

transplantation, diabetic patients have worse outcomes including cardiovascular events 

and death than non-diabetic patients. According to the United States renal data system 

2008 annual data report, the 5-yr adjusted survival rates for diabetic patients starting renal 

replacement therapy was approximately 34% compared to 42% of patients whose 

primary cause ofESRD was hypertension, 52% for glomerulonephritis, or 42% for other 

renal diseases (Collins, 2009). Cardiovascular events are the main reason for the elevated 

mortality rate and this is exacerbated by the fact that diabetic patients already. exhibit an 

impaired cardiovascular phenotype, including coronary artery disease, stroke, peripheral 

occlusive disease, and amputations (Koch, 1993). 

Pathogenesis of diabetic nephropathy. In type 1 diabetic patients, the course of 

diabetic nephropathy is well defined and progresses through five stages (Mogensen, 

1983). Patients may or may not present with elevated urinary albumin excretion rate 
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(UAER) at diagnosis (stage 1-2). During the next years, UAER usually remains normal 

or may rise slightly during periods of poor metabolic control. Between approximately 

10-15 years following diagnosis, UAER starts rising steadily. The appearance of 

persistant microalbuminuria (20-200 J.lg/min) over a 3 month period is the first laboratory 

evidence of glomerular damage. This stage is called incipient nephropathy (stage 3). 

About 80% of patients with persistant microalbuminuria will develop overt nephropathy 

within the next ten years (Mogensen, 1984). Macroalbuminuria (>200 J.lg/min) or 

persistant proteinuria is the characteristic sign of overt nephropathy (stage 4). If a 

nephrotic syndrome (a collection of symptoms including low blood protein due to protein 

leak into urine, high cholesterol levels, fat present in the urine, and general swelling due 

to fluid retention) is present (stage 5), further prognosis is poor. Furthermore, the 

glomerular filtration rate (GFR) which is the volume of plasma filtered through the 

kidneys per unit time and renal plasma flow (RPF) which is the volume of blood plasma 

delivered to the kidneys per unit time are increased during stage 1 and remain constant at 

an elevated level through stages 2 and 3. After manifestation of macroalbuminuria 

(stages 4-5), GFR and thus kidney function begins to decline as the kidneys fail. 

Diabetic nephropathy is characterized histologically by thickening of the 

glomerular basement membrane, expansion of the mesangium due to accumulation of 

extracellular matrix, and glomerulosclerosis (Caramori, 2003; Mason, 2003; Wolf, 2005). 

In addition to the glomerulus, diabetic nephropathy induces pathologic changes in the 

renal tubules as well. Specifically, patients may develop thickening of the tubular 

basement membrane, tubular atrophy, interstitial fibrosis and arteriosclerosis (Thomas, 

2005). 
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The development and progression of diabetic nephropathy is a multifactorial 

process that results from complex interactions between both environmental and genetic 

factors (Caramori, 2003; Wolf, 2004). In humans, hyperglycemia is necessary, but not 

sufficient, to cause the renal damage that leads· to kidney failure. The postulate that 

hyperglycemia alone is not sufficient to cause progressive renal damage is supported by 

the observation that not all diabetic patients develop diabetic nephropathy. The 

pathogenesis of diabetic nephropathy remains unresolved, but involves an interaction of 

metabolic and hemodynamic factors (Wolf, 2004). The most relevant metabolic factor is 

the quality of glycemic control, which can promote the development of diabetic 

nephropathy through both direct actions of elevated glucose levels to alter intracellular 

signaling pathways and indirectly through the interactions of glucose with proteins to 

form glycated compounds (Wolf, 2004). Diabetic nephropathy is also complicated by 

hemodynamic mechanisms, of which elevated systemic blood pressure and regulation of 

the vasoactive autocoid, nitric oxide, play predominant roles. The development of 

proteinuria is often paralleled by a gradual rise in systemic blood pressure (Mogensen, 

1985). Indeed, there is much literature to support that patient's who receive 

antihypertensive drugs given as an intervention therapy display significant renoprotective 

and antiproteinuric effects (Lewis, 1993; Viberti, 1994; Zatz, 1986). 

Hyperglycemia induces a marked reduction in afferent arteriolar resistance as well 

as some reduction in efferent arteriolar resistance. This leads to increased glomerular 

capillary pressure that drives the increased GFR in stage 1, also called the hyperfiltration 

stage. There is some controversy in the literature regarding the mechanism of the 

afferent arteriolar dilation that drives diabetic hyperfiltration. Some investigators 



8 

contend that increased NO is responsible for the alterations in afferent and efferent 

vascular tone during the hyperfiltering stage (Bank, 1993; Deng, 1993; Tolins, 1993). 

However, numerous other investigators have demonstrated convincing evidence that NO 

bioavailability is reduced in preglomerular arterioles during the hyperfiltration stage of 

diabetes (Ohishi, 1995; Palm, 2005; Pflueger, 1999; Schnackenberg, 2001; Wang, 1993). 

Although the exact mechanism is not yet understood, it is clear that the afferent arteriolar 

dilation leads to elevated intraglomerular pressure and increased GFR. Elevated 

intraglomerular pressure has been linked to an increase in mesangial cell matrix 

production and thickening of the glomerular basement membrance, eventually leading to 

glomerulosclerosis (Wolf, 2003). 

It is important to study the earliest stage of diabetes, the hyperfiltration stage, 

because at this stage we can determine the changes that are occuring that cause the 

kidney damage to progress. Understanding the early stage may provide us with treatment 

options that would be relevant in the clinical situation at the time of diagnosis, as opposed 

to after years have passed in which the kidney damage and sclerosis have become so 

severe that the effects of any treatments may be blunted. However, at this time very little 

is known regarding how the mechanisms that control kidney function are altered during 

the hyperfiltration stage of diabetes. 

STZ-induced diabetic rat model. Streptozotocin {STZ), an analogue ofN

acetylglucosamine, is widely used to create rodent models of type 1 diabetic nephropathy. 

STZ is transported into the pancreatic ~ cells by glucose transporter 2 and rapidly induces 

~cell toxicity by inhibition of beta cell N-acetyl-D-glucosaminidase, resulting in insulin 
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deficiency (Konrad, 2001 ). Usually daily maintenance insulm injections or use of an 

insulin implant are used to prevent ketoacidosis and weight loss in the rats (Tesch, 2007). 

STZ-induced diabetic rats exhibit many of the clinical characteristics of human 

diabetic nephropathy. In the earliest stage of diabetic nephropathy, the hyperfiltration 

stage, both whole-kidney GFR and single-nephron GFR (SNGFR) is significantly 

increased in many type 1 diabetic patients. Assessment of SNGFR enables the 

determination of which nephrons are contributing to the overall change in GFR, for 

example superficial vs deep nephrons. Indeed, the STZ-induced diabetic rat also displays 

increased GFR by approximately 2 weeks following STZ injection (Ward, 2001). It is 

advantageous that the STZ-induced diabetic rat displays hyperfiltration because it has 

been shown in type 1 diabetic patients that hyperfiltration is a risk factor for developing · 

glomerular changes of diabetic nephropathy (Rudberg 1997). Thus, interventions can be 

studied in the rat at this early stage, which may delay or prevent further renal damage. 

However, STZ has been shown to exert mild toxic effects on the liver and kidney 

(Kraynak, 1995). Thus, studies examining the effects of treatments on the development 

of diabetic nephropathy should not be started until 2-3 weeks following STZ when the 

kidneys have recovered from the acute mild nephrotoxic effects of STZ (Kraynak, 1995). 

Diabetes mellitus contributes to altered sodium balance. There is evidence to 

suggest that fractional reabsorption of fluid and electrolytes in the segments of the 

nephron upstream of the distal tubule are increased in early type 1 diabetes in humans 

(Hannedouche TP, 1990). These experiments have also been recapitulated in the STZ

induced diabetic rat model with similar results (Bank N, 1990). If sodium reabsorption is 

enhanced in the beginning nephron segments then it follows that distal sodium 
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concentration should be low. Indeed, Pollock et al. {Pollock, 1991) found that the tubular 

fluid sodium concentration in early distal tubules ofhyperfiltering STZ-induced diabetic 

rats is remarkably low (about 30 mM versus 76 mM). It has been hypothesized that the 

increased reabsorption ofNa+, cr, and K+ upstream to the early distal tubule, which 

results in reduced delivery of these ions to the macula densa, results in a 

tubuloglomerular feedback-dependent increase in SNGFR in diabetic rats (Vallon, 1999). 

This mechanism contributes to glomerular hyperfiltration through reduced vascular 

resistance of the afferent arteriole. 

Sodium balance is a central tenet of Arthur Guyton's theory of negative feedback 

with infinite gain (Guyton, 1990). When sodium is retained over the long term, 

extracellular fluid volume and plasma volume increase resulting in hypertension. In 

hyperfiltering type 1 diabetic patients and in the STZ-induced diabetic rat model there is 

increased exchangeable sodium combined with a reduced ability to excrete sodium, 

which results in a situation of sodium retention (Feldt-Rasmussen, 1987; Norgaard, 1994; 

Roland, 1986; Strojek, 1995). DiPetrillo et al. (2003) found that STZ-induced diabetic 

rats exhibited hyperphagia resulting in increased sodium intake, together with increased 

sodium excretion; however, the excretion was not sufficient to match dietary intake 

resulting in a net positive sodium balance. Under normal conditions, sodium excretion is 

adjusted to match sodium intake. Therefore, sodium handling in the kidney must be 

altered as a result of type 1 diabetes, which results in the enhanced sodium reabsorption 

and net sodium retention. Although the progression of human diabetic nephropathy is 

strongly associated with hypertension, the blood pressure changes seen in the STZ

induced diabetic rat modelts usually mild if present at all (Cooper, 1988). The 



mechanisms that allow the rat to remain normotensive even in the face of increased 

sodium reabsorption are unclear. 

IT. Medullary thick ascending limb of Henle's loop 

11 

Sodium transport in the mTAL. The thick ascending limb of Henle's loop 

(TAL) reabsorbs as much as 20 to 30% of the delivered sodium. Along with distal 

convoluted tubules, the TAL displays the highest sodium reabsorption capacity and N a+

K+-ATPase (NKA) activity per tubular length unit. The absorption in the TAL depends 

largely on the delivered load (Greger, 1985). This region of the nephron, however, is 

water impermeant. This allows for establishing the countercurrent multiplier system. 

Furthermore, this region of the nephron allows for fme-tuning of sodium reabsorption, 

unlike the bulk reabsorption capacity of the proximal tubule. The process of sodium 

reabsorption in this region of the nephron is driven by the basolateral NKA (Fig. 1 ). The 

infoldings of the basolateral membrane are closely surrounded by numerous 

mitochondria, which provide the substantial amount of ATP required to drive the sodium 

transport against its concentration gradient. The mTAL is one of the richest sources of 

NKA (Jorgensen, 1980). The NKA energizes not only sodium reabsorption, but also 

secondary active transport. Sodium is taken up across the luminal membrane by the Na +-

2Cr-K+ cotransporter (NKCC2) following the electrochemical gradient driven by NKA 

(Fig. 1 ). The NKCC2 is found in the apical membrane of mT AL cells. The NKCC2 is 

responsible for approximately 80% of absorbed sodium, while the Na+-H+ exchanger 

(NHE) accounts for 20% (Good, 1987). 



12 

Lumen Blood 

K+ _..,....,,....--... 

2cr 
Na + ____;~~· 

Figure 1. Diagram representing mechanisms of N,a + transport in the mTAL tubule cell. 

Digitalis glycosides are natural and potent inhibitors of the NKA. Ouabain is 

extracted from the seeds of African trees, Strophanthus gratus and Acokanthera ouabaio. 

Additionally, an endogenous ouabain-like compound was recently discoved to be a 

hormone synthesized by the adrenal glands and hypothalamus (Schoner, 2001). Ouabain, 

a competitive inhibitor of potassium binding, is generally used in vitro because of its 

better (although limited) water solubility compared to digoxin, which is the most widely 

used digitalic in therapy (Feraille, 2001). Rat renal NKA has a low ouabain senstivity 

and millimolar concentrations are required for full inhibition of the enzyme (Ki = 1.4 x 

10-4M) (Blanco, 1998). The loop diuretics (sulfonamide derivatives like furosemide, 
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bumetanide, and torsemide, as well as phenoxyacetic acid derivatives like ethacrynic 

acid) inhibit the activity of the NKCC2. Specificially for the mT AL NKCC2, furosemide 

exhibits an ICso of 1 o-s M (Hannaert, 2002). The NHE is less important for sodium 

reabsorption in the mTAL but plays an important role in bicarbonate reabsorption. There 

are ten isoforms of NHE in mammalian cells (NHE 1-9 and sperm specific NHE). To 

date, only NHE 1-3 have been found in the mTAL (Borensztein, 1995; Sun, 1997). At 

high doses, amiloride can inhibit all of the NHE isoforms in~Jhe mTAL (Ki = 1.0 x 104 

M) (Orlowski, 1993). 

Sodium transport functional analysis. Early approaches to analyze sodium 

transport were based on isolation of well-defined portions of renal tubule from freeze

dried kidney sections (Schmidt, 1969). However, most methods today require 

microdissection of nephron segments from freshly isolated tissue. Moderate hydrolysis 

of the kidney interstitium with collagenase allows the isolation of all the subsections of 

the nephron. The enzymatic,activation ofNKA can be assessed by monitoring the rate of 

hydrolysis of exogenous ATP. However, there are many pitfalls to this approach. First, 

the assay needs to be carried out on broken or permealized cells to allow access of the 

exogenous ATP to intracellular catalytic sites. Second, the measurement may be 

artifically elevated due to activity of other ATPases that must be distinguished. Finally, 

the activity assay does not inform about the in vivo pumping activity ofNKA, which is 

highly dependent on intracellular sodium concentration. 

In addition toNKA activity, the activity of the NKCC2 can be directly assessed 

by measuring bumetanide/furosemide-sensitive rubidium (86Rb) uptake or cytosolic 

chloride concentration in isolated mT AL tubules. 86Rb is used in this assay because 
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NKA and NKCC2 exhibit the same affinity for potassium as Rb and the 86Rb can be 

trapped within the cell using Ba2
+ and the radioactivity assessed using scintillation 

counting (Cheval, 1990). This method relies on the loop diruretics bumetanide or 

furosemide to distinguish the 86Rb uptake by the NKCC2 from 86Rb uptake by the NKA. 
' ' 

Alternatively to 86Rb, activity of sodium transporters can be similarly assessed using 22Na 

reabsorption in the presence and absence of sodium transporter inhibitors in cells or 

nephron segments (Vehaskari, 1989). Furthermore, cr flux has also been used 

extensively as an index of N aCl reabsorption in many nephron segments including the 

mTAL (Ortiz, 2001). 

Another method to analyze sodium reabsorption in the mTAL is to correlate it 

with oxygen consumption. The ATP requirement of the NKA is very high and accounts 

for as much as 80% of total oxygen consumption in the mT AL (Tejedor, 1988). There 

are two primary methodologies that allow the detection of oxygen consumption in intact 

cells. Conventially, the use of an oxygraph method, which consists of a Clark-type 

oxygen electrode fitted to an airtight chamber allows the monitoring of cellular 

respiration (Backman, 1991). Despite widespread use, this technique has certain 

disadvantages such as drift of calibration, invasiveness, problems with sterilization, and 

cost. Therefore, a method that enables repeated and non-invasive monitoring of oxygen 

consumption rates by cells was developed recently. The BD Biosciences Oxygen 

Biosensor System (OBS) is a simple and broadly applicable technique that allows rapid, 

informative, and nonvasive insight into oxygen consumption by cells (Guarino, 2004). 

The OBS is a microplate-:based assay platform, which allows the advantage of kinetic 

monitoring of dissolved oxygen. The oxygen-sensitive fluorescent dye tris ( 4, 7 -diphenyl-
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1,1 0-phenanthroline) ruthenium (II) chloride is embedded in a gas-permeable silicon 

polymer matrix affixed to each well bottom of the microplate (Wodnicka, 2000). Wang 

et al., used this system to measure oxygen consumption in response to changes in glucose 

by non-human primate and human islets (Wang, 2005). Heywood et al, used the BD 

biosensor system to assess oxygen consumption by isolated articular chondrocytes in 

response to changes in glucose concentration (Heywood, 2006). The BD biosensor 

system has also recently been used to assess oxygen consumption as an index of sodium 

reabsorption in cultured mTAL cells (Abdullah, 2008; Eng, 2007). One advantage of this 

system is that only 1 0-15 J..Lg protein/well is required for a robust signal to be detected, 

with the contributions of the various sodium transporters in the mT AL assessed by using 

inhibitors of those transporters within the same microplate (Abdullah, 2008; Eng, 2007). 

Regulation of sodium transport in the mT AL by ROS and NO under normal 

conditions. In vivo experiments have shown that enhanced superoxide anion (02 -) 

production in the renal medulla decreases urinary sodium and volume excretion (Zou, 

2001 ). Studies have demonstrated that the mT AL exhibits the highest baseline 02-

levels of any structure within the kidney and that the NADPH oxidase pathway is the 

major source of02-production (Mori, 2003). Ortiz et al. found that endogenously 

produced 02- increased sodium transport in isolated perfused mT ALs from normal rats 

(Ortiz, 2002b). In contrast, another member of the ROS family, hydrogen peroxide 

(H20 2), did not alter sodium transport in their system. Further studies demonstrated that 

0 2- increased sodium transport through stimulation of the NKCC2 in the isolated 

perfused mT AL of normal rats (Juncos, 2005). In vivo evidence that 0 2- increases 



sodium reabsorption has also been demonstrated by the antinatriuretic effect of 

superoxide dismutase inhibitors (Majid, 2002; Zou, 2001 ). 

16 

Several in vivo studies support the hypothesis that NO exerts direct tubular effects 

by demonstrating that sodium excretion is increased when NO production is stimulated 

(Lahera, 1990). In humans, stimulation of NO synthesis with L-arginine increased 

urinary sodium excretion (Kanno, 1992). Conversely, chronic renal medullary infusion 

of the nonselective NO synthase inhibitor, N°-nitro-L-arginine methyl ester (L-NAME), 

promotes sodium and water retention (Mattson, 1994). Roczniak and Burns, 

demonstrated that NO inhibits amiloride-sensitive sodium entry in proximal tubule cells 

(Roczniak, 1996). Endogenous NO has been shown to inhibit chloride reabsorption, as 

an index of sodium reabsorption by isolated perfused cortical TAL (Plato, 1999). 

Furthermore, Ortiz et al, went on to demonstrate that NO inhibits chloride reabsorption 

by decreasing NKCC2 activity in isolated perfused cortical TAL from normal rats (Ortiz, 

2001). 

Altered sodium handling in mTAL during diabetes. Very little is known about 

the mechanisms by which the kidney, specificially the mTAL, regulates sodium balance 

during diabetes. Glucose has been shown to increase oxygen consumption and NHE 

activity in proximal tubules of diabetic rat models (Baines, 2002). Glucose also 

stimulates the baseline activity of the NKA in renal tubules, including the mTAL (Wald, 

1993). It is likely that diabetes-induced increases in o2·- would stimulate sodium 

reabsorption in the mTAL; however, this postulate has not been specifically addressed. It 

is not known how possible diabetes-induced changes in the NO system may affect 

sodium reabsorption in the mTAL. The balance between the production ofboth 0 2-and 
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NO is likely to play an important role in the regulation of sodium transport in the mT AL 

during diabetes. 

lll. Nitric Oxide (NO) Pathway 

NO synthase (NOS) isoform structure and function. NO is synthesized in 

mammalian cells by a family of three NO synthases (NOS). NOS 1 (nNOS, neuronal 

NOS) was the first isoform to be isolated and characterized. NOS 1 was originally 

purified and cloned from neuronal tissues. However, NOS1 is now known to be much 

more widely distributed, with a high level of expression in the kidney. NOS2 (iN OS, 

inducible NOS) was originally purified from an immunoactivated macrophage cell line. 

However, like NOS1, NOS2 has since been found in a myriad of mammalian tissues. 

Furthermore, NOS2 has also been shown to exhibit constitutive activity under 

physiological conditions in tissues, including the kidney. NOS3 (eNOS, endothelial 

NOS) was first identified in the vascular endothelium. NOS3 has since been 

demonstrated in several non-endothelial cell types, including neurons and epithelial cells. 

The NOS isoforms are similar in structural organization and share a common 

enzymatic activity requirement for substrate cofactors (Kone, 2003). The NOS exzymes 

exhibit a bidomain structure, in which an NHrterminal oxidase domain is linked by a 

calmodulin-binding motif to a COOH -terminal reductase domain that contains binding 

sites for FAD, FMN, and NADPH (Ghosh, 1995; Richards, 1994). The oxidase domain 

contains a binding site for heme and tetrahydrobiopterin (Abu, 1995). In addition, NOS 

isoform homodimer formation is required for appropriate enzyme activity and NO 

production to occur (Kone, 2003). The different NOS isoforms share a similar overall 



catalytic scheme, involving the five-electron oxidation of the terminal guanido nitrogen 

of the basic amino acid L-arginine to form NO plus L-citrulline. The NOS isoforms 

require molecular oxygen and NADPH as cosubstrates with numerous other redox 

cofactors including enzyme-bound heme, reduced thiols, FAD, FMN, and 

tetrahydrobiopterin (Alderton, 2001 ). 
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NOS isoform inhibition. Many NOS inhibitors have been described in the 

literature, having varying degrees of isoform selectivity. The most widely used non

selective inhibitors include NG-nitro-L-arginine methyl ester (L-NAME), NG

monomethyl-L-arginine (L-NMMA), NG ~nitro-L-arginine (L-NNA) and amino guanidine. 

Because of the wide diversity of inhibitor choices, it is important to carefully select 

inhibitors based on potency and high selectivity toward the NOS isoform of interest. For 

NOS1, N5-(1-imino-3-butenyl)-L-omithine (VNIO) is partially selective versus NOS2 

and NOS3 and retains the inhibition in intact rat tissues and in vivo with Ki values for 

NOS1, NOS2, and NOS3 of0.1, 60, and 12 J.LM respectively (Babu, 1998). N-[3-

(aminomethyl)benzyl]acetamidine (1400W) is highly selective as a NOS2 inhibitor 

versus both NOS1 and NOS3, with Ki values forNOS1, NOS2, and NOS3 of2 J.LM, 7 

nM, and 50 J.LM, respectively (Thomsen, 1997). Furthermore, 1400W is a superior NOS2 

inhibitor because it easily penetrates cells and tissues (Garvey, 1997),. Currently, no 

specific inhibitors ofNOS3 are available; thus, determination of the NOS3 contribution 

to a response can only be inferred using total NOS inhibition and NOS 1- and NOS2-

specific inhibitors. Thus, when extrapolating the relative contribution ofNOS3 it is 

important that the NOS 1 and NOS2 inhibitors chosen are the most specific for the 

application so that there is little cross-inhibition of the other NOS isoforms allowing for 
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the most accurate NOS3 representation possible. Furthermore, it is also critical that the 

inhibitors effectively inhibit each isoform nearly 100%, to prevent over-estimation of the 

NOS3 contribution. 

Renal actions of NO. NO is an autocrine/paracrine mediator that acts as a potent 

modulator of renal function. NO plays an important role in the long-term regulation of 

blood pressure (Persson, 2002), control of pressure natriuresis (Majid, 1993), 

maintenance of medullary perfusion (Mattson, 1992) and modulation of renal 

sympathetic nerve activity (Eppel, 2003). NO reduces renal vascular tone by vasodilation 

of the afferent. arteriole, efferent arteriole, and reduces glomerular capillary ultrafiltration 

coefficient (Deng, 1993; Ohishi, 1992). NO reduces renin secretion by the 

juxtaglomerular apparatus (Schnackenberg, 1997). Furthermore, NO appears to blunt the 

tubuloglomerular feedback (TGF) response of the kidneys (Persson, 2002; Ren, 2000; 

Wang, 2002). In addition, NO induces a rightward shift of the TGF response that resets 

the system and induces natriuresis upon increased delivery of salt to the distal nephron 

(Thomson, 1999). The physiological effects ofNO can be mediated through changes in 

renal hemodynamics. There are several sites along the nephron where NO inhibits 

epithelial sodium chloride reabsorption. Thus, the net effect of NO in the kidney is to 

promote natriuresis and diuresis through both hemodynamic and transport mechanisms. 

However, pathological changes to the NOS system in many disease states may alter the 

renal actions of NO, which have not been clearly elucidated for most diseases, including 

diabetes. 

NOS isoform expression in the kidney. All three NOS isoforms are found in the 

kidney. NOS 1 protein and mRNA are found predominantly in th~ macula densa region 
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of the distal tubules, collecting ducts, renal arteries of the hilus, arcuate, and interlobular 

arteries, afferent arterioles, and in non-adrenergic, non-cholinergic renal nerves 

(Bachmann, 1995; Komers, 2000). NOS2 mRNA is detectable in most tubular epithelial 

cells along the nephron (Mohaupt, 1994). However, NOS2 protein expression in the 

kidney under normal conditions remains controversial. Some investigators have failed to 

identify NOS2 protein expression in the normal rat kidney (Kosaka, 2003; Mount, 2005; 

Park, 2003); however, Ni et al. (Ni, 2001) reported the presence ofNOS2 protein 

expression in normal rat kidney. Additionally, NOS2 protein expression was observed in 

a cultured inner medullary collecting duct cell line (Cai, 2000). NOS3 is highly 

expressed in endothelial cells along the renal vasculature as well as in proximal tubules, 

mT ALs, and collecting ducts (Bachmann, 1995). 

In addition to evidence for NOS isoform expression throughout the kidney, 

additional evidence supports the expression ofNOS isoforms specifically within the renal 

medulla and mT AL. The localization of specific NOS isoforms in the renal medulla is of 

great importance because it is known that renal medullary NOS activity and NO 

production are significantly greater than renal cortical NOS activity and NO production 

(Mattson, 2000). There is evidence for expression ofNOS1 in the mTAL, although the 

significance of the expression is not yet clear (Wang, 1998). Two previous studies have 

found that the site of highest basal expression ofNOS2 mRNA in the kidney is the 

mTAL (Mohaupt, 1994; Morrissey, 1994). Finally, tubular expression ofNOS3 in the 

mT AL appears to play an important role in mT AL function under normal conditions 

(Plato, 2000). Thus, the mTAL likely represents an important localization for renal 

medullary NOS isoform expression. 
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Regulation of NO bioavailablility. NO bioavailability can be influenced by a. 

number of factors, including substrate and cofactor availability, accumulation of 

endogenous NOS inhibitors, and the level of oxidative stress. Reduced availablity of the 

NOS substrate, L-arginine, can be a result of decreased dietary intake or diversion ofL

arginine to other metabolic pathways (Baylis, 2006). The kidney is the principal source 

of L-arginine levels in plasma and reduced synthesis in the kidney may occur as a result 

of chronic kidney disease. L-arginine deficiency results in reduced NO bioavailability in 

the renal medulla of diabetic rats (Palm, 2008). Furthermore, long-term administration of 

L-arginine decreased proteinuria and hyperfiltration in diabetic rats (Reyes, 1993). 

In addition to substrate availability, cofactor availability also plays a critical role 

in the regulation of NOS activity and NO bioavailability. Tetrahydrobiopterin (B~), a 

reduced unconjugated pterin, is an essential cofactor for normal NO production 

(Knowles, 1994). In the absence ofBH4, the NOS enzyme transfers the electrons to 

molecular oxygen to produce 02- at the· expense ofNO production (Harrison, 1997; 

Vasquez-Vivar, 1998). The ratio ofBH4 to its oxidized form dihydrobiopterin (BH2) is 

reduced in diabetes (Crabtree, 2008; Meininger, 2000). In addition to oxidation ofBH4, 

diabetes increases proteasomal degradation of guanosine 5' -triphosphate cyclohydrolase 

1 (GTPCH), the rate limiting enzyme in the synthesis ofBH4 (Xu J, 2007). 

Administration of BH4 in animal models of diabetes and in patients with diabetes mellitus 

improved NO-dependent vascular function (Heitzer, 2000; Pieper, 1997). Additionally, 

short-term administration of BH4 normalized NO bioavailability in diabetic glomeruli 

(Satoh, 2005). 
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The naturally occuring guanidino-methylated arginines N-monomethyl-L-arginine 

(L-NMMA) and assymetric dimethyl-L-arginine (ADMA) are potent competitive 

inhibitors ofNOS (Leiper, 1999). Diabetes, including diabetic nephropathy, is associated 

with increased plasma levels of ADMA, which predicts progression to ESRD in diabetic 

patients (Ravini, 2005; Sharma, 2009). Increased ADMA is a result of reduced renal 

excretion of ADMA and reduced catabolism by dimethylarginine 

dimethylaminohydrolase (DDAH) in the kidney (Baylis, 2006). Reduced DDAH appears 

to be a result of progressive loss of functional renal mass in chronic renal disease (Baylis, 

2006). Therefore, the DDAH-ADMA pathway represents an important regulator of NO 

bioavailability in diabetes. 

Arguably, the most important factor influencing NO bioavailability in the kidney 

is the level of oxidative stress (Wilcox, 2002). Reactive oxygen species (ROS), produced 

by one and two electron reductions of molecular 0 2, include 0 2-, H20 2, hypochlorous 

acid (HOCl), and hydroxyl radical (OH). Many metabolic and enzymatic pathways can 

produce 02-, including nicotine adenine dinucleotide phosphate (NADPH) oxidases, 

xanthine oxidase, mitochondrial electron transport chain, cyclooxygenase, lipoxygenase, 

peroxidases, and uncoupled NOS (Evans, 2005). In the kidney, NADPH oxidase is the 

predominant enzymatic pathway responsible for the production of 0 2- (Li, 2002). 

Furthermore, the site of highest production of 0 2 •- in the kidney is the TAL (Li, 2002). 

Elevated ROS levels are detrimental to NO bioavailability because 0 2- rapidly reacts 

with NO to form the highly toxic peroxynitrite anion (ONOO-) and at the same time 
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reduces the available NO to exert beneficial effects in the tissue (Beckman, 1996; Huie, 

1993). 

Multiple mechanisms exist in vivo to limit physiologically and pathologically 

generated ROS levels (Valko, 2007). One important mechanism is the conversion of02-

to 02 and H202. The superoxide dismutases are a family of enzymes that are involved in 

the conversion. By limiting the reaction of NO with 02-, the extracellular isoform of 

superoxide dismutase has been identified as an important regulator of NO bioavailability 

(Oury, 1996). The H202 that is generated by the dismutation of02- is further reduced by 

the enzyme, catalase, to H20 and molecular oxygen. In addition to superoxide dismutase 

and catalase, other endogenous antioxidant mechanisms, such as glutathione, limit the 

oxidative stress to increase bioavailable NO. 

Regulation of NOS activity and NO production. NOS activity is regulated by a 

number of complex transcriptional, translational, and posttranslational mechanisms. 

Some mechansims include lipid modifications, alternative splicing, phosphorylation, 

protein-protein interactions, mRNA stability, regulation of degradation, substrate and 

cofactor availability, and dimerization (Alderton, 2001; Michel, 1997). Calmodulin 

serves as an allosteric activator for all NOS isoforms (Alderton, 2001). The primary 

regulatory mechanisms for each NOS isoform will be described below. 

Regulation ofNOSl activity. NOS1 is now known to be regulated by a variety 

of stimuli. NOS 1 is subject to unique controls through alternative splicing. Several 

tissue and cell-specific variants encode functional proteins that differ in enzymatic 

characteristics and structural features (Kone, 2004). For example, the NOS1 p variant 

encodes a fully functional protein but lacks the PDZ binding domain (Brenman, 1997). 
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In addition, the NOS 1 gene can be activated by a number of transcription factors, 

including activating protein 2, nuclear factor K B (NFKB), cAMP response element 

binding protein, among others (Hall, 1994). The highly structured NOS1 5'-UTRs 

contain cis RNA elements that modulate translational efficiency in vitro and in vivo 

(Newton, 2003). There have been fewer studies examining the phosphoregulation of 

NOS1 compared to NOS3. Ca2+/calmodulin dependent protein kinase as well as protein 

kinases A, C, and G have been shown to phosphorylate NOS1 in vitro and in vivo, 

resulting in reduced catalytic activity (Komeima, 2000). Dephosphorylation has also 

been shown by a few phosphatases. Protein phosphatase 2A has been shown to 

dephosphorylate NOS 1 in vitro but its effects on subsequent activity are unknown 

(Komeima, 2001). Dephosphorylation by protein phosphatase 2B (PP2B; calcineurin) 

has been shown to enhance NOS1 catalytic activity (Dawson, 1993). Another 

mechanism' of regulation includes protein-protein interactions. Heat shock protein (hsp) 

90 has been shown to interact with NOS1 and to activate NO production (Bender, 1999). 

Furthermore, theN-terminus ofNOS1 contains a PDZ domain that associates with 

multiple proteins including a1-syntrophin (Brenman, 1995), the inhibitor protein CAPON 

(Jaffrey, 1998), and carboxy-terminal-binding protein (Riefler, 2001). 

Regulation ofNOS2 activity. NOS2 appears to be tightly regulated at the level 

of transcription. There is some evidence of alternative splicing of the human NOS2 gene; 

however, the function of the variants in vivo remains to be established (Eissa, 1996; 

Eissa, 1998). A number of transcription factors, including cytokines, control cell- and/or 

tissue-specific NOS2 transcription and are the most important mechanism for the 

regulation ofNOS2 expression and activity. Among the cytokines known to induce 
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NOS2 activity, lipopolysaccharide (LPS) and interferon-y, are the most well understood 

and widely studied (Morris, 1994). Cytokine induction ofNOS2 occurs at the 

transcriptional level. The promoter for the murine NOS2 gene contains numerous 

potential sites for the binding of different transcription factors (Lowenstein, 1993; Xie, 

1993). A key region of the promoter for the induction ofNOS2 transcription by LPS in 

macrophages is the 1d3 site downstream of the promoter. Following LPS stimulation, 

nuclear factor 1d3 (NFKB) binding to the 1d3 binding site of the NOS2 promoter is 

required for transcriptional activation (Spink, 1995). Additionally, changes in mRNA 

stability have been implicated in the control ofNOS2 gene expression. For example, 

interleukin-1P stabilizes NOS2 mRNA in pancreatic P-cells (Carpenter, 2000) and 

tetrahydrobiopterin (B~) stabilizes the NOS2 transcript in human mesangial cells 

(Saura, 1996). Several proteins have been shown to interact and regulate NOS2. The 

Rae family of Rho-like guanosine triphosphatases interacts with NOS2 and augments its 

activity, as well as controlling its spatial distribution in activated macrophages 

(Kuncewicz, 2001 ). In addition, a 11 0-kd protein expressed by murine macrophages, 

NOS-associated protein-]] 0 kd, interacts with the N -terminus ofNOS2 and prevents 

dimerization and subsequent activity of the enzyme (Ratovitski, 1999). Very little is 

known regarding phosphoregulation ofNOS2. There is minimal evidence in the 

literature that tyrosine kinases and phosphatases may regulate NOS2 through 

posttranslational modification and the significance remains unclear (Pan, 1996). 

Regulation ofNOS3 activity. The NOS3 gene is the most well studied of all the 

NOS isoforms. The NOS3 promoter exhibits elements that are typical of constitutively 

expressed genes, namely the proximal Sp2 and GAT A binding motifs and lack of a 
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TATA sequence (Forstermann, 1998). No alternative splice variants for the NOS3 gene 

have been characterized. The NOS3 promoter possesses potential binding sites for 

transcription factors, including cAMP response element, activator protein 1, nuclear 

factor 1, NF-KB, Sp 1, GATA, shear stress response element, and interferon-y response 

element (Kone, 2004). In addition, a number of physiological and pathophysiological 

factors have been shown to alter the expression of the NOS3 gene in cultured endothelial 

cells. Some important modulators ofNOS3 gene expression include vascular endothelial 

growth factor (VEGF), transforming growth factor-~ 1 (TGF -~ 1 ), cyclosporine A, 

oxidative stress, platelet-derived growth factor (PDGF), shear stress, tumor necrosis 

factor-a (TNFa), and angiotensin II (Forstermann, 1998). Furthermore, NOS3 gene 

expression is also regulated through stabilization of the transcript. A number of factors, 

including cytokine expression, hypoxia, and cell confluence, reduce NOS3 mRNA levels 

by inducing expression of a protein complex that binds the 3 'UTR of the NOS3 transcript 

and alters its configuration so that it is easily targeted by RNase for degradation 

(Jimenez, 2001). Conversely, oxidative stress (Drummond, 2000), estrogen (Sumi, 

2001), angiotensin II (Moreno, 2002), and HMG-CoA reductase inhibitors (Gonzalez

Femandez, 2001; Laufs, 1998) appear to interfere with the binding of the protein 

complex preventing degradation and increasing NOS3 mRNA. 

Much is known regarding post-translational regul~tion ofNOS3. NOS3 activity is 

highly dependent on intracellular localization. Active NOS3 has been localized to the 

plasma membrane (Hecker, 1994), membrane caveolae (Garcia-Cardena, 1996), and the 

Golgi apparatus (Sessa, 1995). N-myristoylation and palmitoylation ofNOS3 are 

required for efficient NOS3 targeting to the endothelial cell membrane (Liu, 1996). This 
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membrane association is critical for phosphorylation and activation ofNOS3 in response 

to important activators such as VEGF (Fulton, 2002; Sessa, 1995). 

In addition to localization, NOS3 can also be regulated by protein interactions. 

Complex protein interactions with caveolins, calmodulin, and hsp90, among others, 

govern NOS3 activity. Caveolin-1 binds the NOS3 reductase domain and inhibits the 

ability of calmodulin to bind to NOS3, therby inhibiting enzyme activity (Ghosh, 1998). 

Calveolin inhibition ofNOS3 activity occurs tonically through a stable interaction 

between the two proteins at resting intracellular calcium concentrations ( Garcia-Cardena, 

1997). Interestingly, agonists such as shear stress or bradykinin can facilitate calmodulin 

binding and calveolin-1 dissociation from NOS3 to activate the enzyme (Feron, 1998). 

Furthermore, the heat shock protein, hsp90, appears to contribute to these effects by 

facilitating the calmodulin-induced calveolin-1 dissociation from NOS3 (Gratton, 2000). 

Regulation of NOS3 by phosphorylation. Kinases and phosphatases play a 

critical role in postranslational modifications ofNOS3 by altering the phosphorylation 

status and activity of the enzyme. NOS3 can be phosphorylated on serine, threonine, or 

tyrosine residues. Although many potential phosphorylation sites exist on the NOS3 

protein, a number of them have been studied in detail. The most well studied of all of the 

phosphorylation sites is at serine residue 1177 (human NOS3 sequence: Ser1177
; bovine 

NOS3 sequence: Ser1179
) in the NOS3 reductase domain close to the carboxy-terminus. 

Phosphorylation at this residue results in increased NOS3 activity and NO production up 

to twofold above basal levels (McCabe, 2000). Stimulators such as shear stress, estrogen, 

insulin, and VEGF, among others, typically result in phosphorylation ofSer1177 by AMP

activated protein kinase (AMPK), phosphatidylinositol 3-0H kinase (PI3-kinase ), and the 
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protein kinase Akt (Chen, 1999; Dimmeler, 1999; Fulton, 1999). Phosphorylation 

following bradykinin stimulation is primarily through activation of CaMKII (Fleming, 

2001). Protein phosphatase 2A (PP2A) appears to be the predominant phosphatase to 

dephosphorylate this residue (Michell, 2001). In unstimulated cultured endothelial cells, 

this residue is not highly phosphorylated. Interestingly, in the rat kidney, Ser1177 exhibits 

greater basal phosphorylation than cultured endothelial cells, which helps explain the 

high degree of basal NO synthesis in the kidney. 

Another critical phosphorylation site on the NOS3 protein is the threonine residue 

495 (human NOS3 squence: Thr495
; bovine NOS3 sequence Thr497

) located in the 

calcium/calmodulin-binding domain. This residue is constitutively phosphorylated and is 

a negative regulator of enzyme activity, such that dephosphorylation increases NOS3 

activity and NO production. The kinase that is responsible for maintaining 

phosphorylation at this residue is predominantly protein kinase C (PKC) (Fleming, 2001; 

Michell, 2001 ). Both protein phosphatase 1 (PP 1) and PP2A have been implicated in 

dephosphorylating the Thr495 residue (Fleming, 2001; Thomas, 2002). The literature is 

unclear regarding a role for protein phosphatase 2B (PP2B) in dephosphorylating this 

residue because the initial finding that PP2B dephosphorylated Thr495 in bovine aortic 

endothelial cells (Harris, 200 1) was not observed in porcine aortic endothelial cells 

(Fleming, 2001 ). More studies are needed to resolve this discrepancy and determine if 

PP2B actively dephosphorylates this residue in vivo. 

Another positive regulatory site ofNOS3 is on serine residue 633 (human NOS3 

sequence: Ser633
; bovine NOS3 sequence Ser635

) located in the calmodulin auto-inhibitory 

loop. Many stimulators of phosphorylation on Ser1177 also stimulate phosphorylation on 



29 

Ser633
, namely bradykinin (Michell, 2002), VEGF (Michell, 2002), and shear stress (Boo, 

2002). However, the phosphorylation ofSer633 appears to occur slower than Ser1177 and 

does not require increased calcium levels (Boo, 2003). This suggests that Ser633 plays an 

important role in sustained NOS3 activity and NO production following the initial 

activation ofNOS3 triggered by phosphorylation at Ser1177 in response to increased 

intracellular calcium levels. Significant evidence implicates protein kinase A (PKA) as 

the primary kinase that phosphorylates this residue (Boo, 2002; Michell, 2002). No 

known phosphatases have yet been shown to dephosphorylate this residue. 

Two other less well characterized phosphorylation sites ofNOS3 are located on 

residues serine 615 (human NOS3 sequence: Ser615
; bovine NOS3 sequence Ser617

) and. 

serine 114 (human NOS3 sequence: Ser114
; bovine NOS3 sequence Ser116

). Ser615 is 

located close to Ser633 in the calmodulin auto-inhibitory domain ofNOS3. The regulation 

ofNOS3 activity by phosphorylation at this residue is controversial. Some evidence 

suggests that NOS3 phosphorylation at this site increases NO production in response to 

agonists, such as bradykinin and VEGF (Harris, 2004; Michell, 2002). Conversely, when 

this residue is mutated to alanine (S615A, which mimicks a dephosphorylated state), both 

basal and agonist-induced NO production are increased, suggesting phosphorylation at 

this site is inhibitory (Bauer, 2003). Interestingly, Bauer et al. also found that the S615A 

mutant increases NOS3 interaction with protein kinase Akt and hsp90, which results in 

increased NO production via phosphorylation ofSer1177
• Therefore, the functional 

consequences of phosphorylation at Ser615 are unclear and more studies are needed to 

clarify the regulation ofNOS3 at this residue. Currently, the only characterized 

phosphorylation site located in the oxygenase domain of the NOS3 enzyme is located at 
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Ser114
• Like Ser615

, the function ofNOS3 phosphorylation at this residue remains 

unclear. It appears that this residue may exhibit alternate functions depending on the 

stimulation for phosphorylation. For example, it has been shown that phosphorylation at 

Ser114 is increased in response to high density lipoprotein (HDL) (Drew, 2004) and 

reduced in response to troglitazone (Cho, 2004). Furthermore, the consequences of 

enhanced or reduced phosphorylation of Ser114 on basal or stimulated NO release have 

not been clearly identified. 

In addition to the well characterized NOS3 phosphorylation sites described in 

detail above, new phosphorylation sites are being discovered, including potential 

phosphorylation sites on tyrosine residues (Fisslthaler, 2008). The understanding of the 

residues and kinases/phosphatases involved in tyrosine phosphorylation ofNOS3 is still 

in its infancy and it is not yet clear if there are any functional consequences of 

phosphoryation at those residues. Furthermore, tyrosine phosphorylation ofNOS3 has 

only been demonst,rated in primary cultured endothelial cells (Fulton, 2005; Fisslthaler, 

2008), reiterating the fact that more studies must be. done to determine the significance of 

tyrosine phosphorylation on the regulation ofNOS3 activity and NO production. 

Although the literature regarding specific phosphorylation sites is extensive, we 

remain only beginning to understand how phosphorylation regulates the NOS3 enzyme. 

For example, in addition to the discovery of novel phosphorylation sites on the NOS3 

enzyme, investigators continue to determine the mechanisms by which both existing and 

novel kinases and phosphatases mediate changes in phosphorylation of the NOS3 

enzyme. Our uriderstanding of the phosphoregulation ofNOS3 is made difficult by our 

increasing knowledge of the complexity by which the multiple phosphorylation sites are 
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regulated both individually, and perphaps more importantly, as a whole. Futhermore, 

most of the studies that examined the regulation ofNOS3 activity by phosphorylation 

were in cultured endothelial cells~ Until recently, there has been relatively little 

knowledge regarding NOS3 phosphoregulation in cell types other than endothelial cells. 

It is important to recognize that many of these recent studies that have examined the 

phosphoregulation ofNOS3 in non-endothelial cell types have revealed different 

mechanisms of regulation according to cell type. For example, dephosphorylation of 

Thr495-NOS3 did not result in uncoupling in the mTAL, as was previously observed in 

endothelial cells (Herrera, 2006). Additionally, agonist-mediated phosphorylation of 

NOS3 was found to be differentially regulated between ventricular and atrial 

myocardium (Bruxius, 2004). Thus, in order to understand the regulation of NOS 

activity and NO production, the interpretation should be limited to a specific cell type. 

Renal NO system in diabetes. In vitro studies have provided important 

information on the mechanisms whereby high glucose can influence NO bioavailability 

in renal cell cultures and in isolated glomeruli ex vivo. The mechanisms include 

enhanced PKC activation (Craven, 1995), ROS production (Rink 2001), and NO capture 

by glucose (Brodsky, 2001). These studies provide in vitro evidence that the renal NO 

system is reduced in diabetes. An important caveat to studying the NO system in in vitro 

conditions is that the in vitro studies cannot accurately mimic the diabetic milieu, which 

is not soley composed of high glucose. Interestingly, most in vivo experiments suggest 

enhanced NO production via increased NO metabolite excretion and/or renal 

hemodynamic effects that collectively suggest an augmented NO system in the kidneys of 

diabetic ra~s (Bank, 1993; Komers, 1994; Tolins, 1993). In hyperfiltering diabetic rats, 
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NOS3 expression and activity was increased in the renal cortex (V eelken, 2000). NOS 1 

and NOS3 protein expression was found to be enhanced in the medulla of diabetic rats 

treated with insulin (Shin, 2000). NOS activity has been shown to be increased in the 

renal cortex and medulla during diabetes (Ishii, 2001; Lee, 2005). Taken together, the 

vast majority of in vivo and ex vivo studies using rats exposed to moderate 

hyperglycemia and treated with exogenous insulin to mimic the human condition, have 

demonstrated that renal NOS activity and expression as well as NO production is 

augmented during the early hyperfiltration phase of diabetes. However, there is also 

published evidence that renal NO bioavailability is reduced in diabetes (Ohishi, 1995; 

Palm, 2005; Pflueger, 1999; Schnackenberg, 2001; Wang, 1993). 

IV. Protein Phosphatase 2B I Calcineurin 

PP2B localization, structure, and function. PP2B (Calcineurin) is a calcium

calmodulin dependent serine/threonine protein phosphatase (Stewart, 1982). PP2B is 

well conserved from yeast to mammals. PP2B has been demonstrated to be a major 

player in calcium-dependent eukaryotic signal transduction pathways (Rusnak, 2000). 

The best characterized of these pathways includes PP2B as a mediator ofT cell signal 

transduction through the dephosphorylation and activation of transcription factors, such 

as members ofthe nuclear factors of activated T cell (NFAT) family. 

PP2B is a heterodimer consisting of a catalytic subunit, PP2B-A, and a regulatory 

subunit, PP2B-B. The catalytic subunit has three closely related isoforms, a,~' andy. 

PP2B is widely distributed in mammalian tissues, with the highest levels found in the 

brain. The PP2B-A a and PP2B-A~ isoforms are widely expressed, while the PP2B-A"{ 
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subunit is primarily testes-specific (Rusnak, 2000). A previous study (Buttini, 1995) has 

demonstrated PP2B-Aa mRNA expression in the kidney, primarily in the proximal 

tubules, while PP2B-A~ mRNA was primarily in the medulla, with highest expression in 

the mT AL. It has been established that PP2B phosphatase activity corresponds to 

expression of PP2B protein in renal structures (Tumlin, 1997). 

PP2B is upregulated in the kidney during type 1 diabetes. Gooch et al 

(Gooch, 2003) showed that renal PP2B protein levels were increased 3 days after 

induction of STZ diabetes and that PP2B remained activated in the renal cortex of 

diabetic rats after 2 weeks of hyperglycemia. In a follow-up study, Gooch et al. used 

immunohistochemistry to examine differential expression of the PP2B isoforms in serial 

sections in the diabetic rat kidney. Interestingly, the predominant site of expression for 

all three isoforms in the kidney was confiimed to be the mT AL based on identification of 

expression in the macula densa and on co-localization ofPP2B isoforms with Tamm

Horsfall glycoprotein expression, an mTAL specific marker (Gooch, 2004). 

Inhibition of PP2B by Cyclosporin A and Calcineurin auto-inhibitory 

peptide. Cyclosporin A (CsA) is one of the most potent, specific, and well-known 

inhibitors ofPP2B (Clipstone, 1993; Halloran, 1998; Liu, 1991). Furthermore, CsA does 

not inhibit members of the PP 1, PP2A or PP2C classes of serine/threonine phosphatases 

and PP2B is the exclusive cellular target of CsA (Liu, 1992). The Ki of CsA for PP2B is 

33 nM (Liu, 1992). CsA must bind to its respective cytoplasmic receptor, cyclophilin, to 

inhibit PP2B. Alternatively, a specific peptide inhibitor ofPP2B is commercially 

available, calcineurin auto-inhibitory peptide (CAIP; Calbiochem/EMD Biosciences). 

CAIP inhibits PP2B through an entirely different mechanism than CsA. CAIP mimics 
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the endogenous autoinhibitory domain of the PP2B-A catalytic subunit which blocks its 

catalytic activity. This peptide inhibitor is made cell-permeable by covalent fusion of an 

11 amino acid poly-arginine protein transduction domain (Terada, 2003). The fusion of 

the 11 amino acid poly-arginine protein transduction domain allowed CAIP to enter 

almost 100% of the cultured primary neurons demonstrating the cell-permeability of the 

peptide (Terada, 2003). To evaluate the specificity of CAIP, Terada et al. measured th·e 

IC50 for CAIP using a commerically available non-radioactive PP2B activity assay kit 

(Calbiochem, San Diego, CA) and found the ICso to be at 8 JJM. Interestingly, the 

concentration of CAIP required to inhibit the PP2B-dependent NF AT nuclear 

translocation and NF AT promoter activity in primary cultured neurons was 50 J..LM 

(Terada, 2003). They also went on to demonstrate the specificity ofCAIP as a PP2B 

inhibitor by showing that it did not interfere with NF-KB dependent transcription. 

Furthermore, the scrambled control peptide was unable to induce NF AT nuclear 

translocation or NF AT promoter activity at any concentration (Terada, 2003). Thus, this 

study provided substantial evidence of the specificity and functionality of CAIP as a 

PP2B inhibitor in vitro. 

Regulation of NOS activity and NO production by PP2B. In a recent study, PP2B was 

reported to dephosphorylate NOS 1 at Ser852 in primary rat hypothalamic neurons (Xu Y, 

2007). The specific mechanisms regarding PP2B regulation ofNOS2 are poorly 

understood. It has been demonstrated that PP2B inhibition leads to reduced NOS activity 

and NO production in cultured rat macrophages (Conde, 1995). Reports have shown that 

PP2B inhibition by CsA inhibits NOS2 gene transcription and associated NO production 

in porcine proximal tubule cells (Hortelano, 2000) and vascular smooth muscle cells 



{Marumo, 1995). Interestingly, CsA has been shown to reduce NOS2 mRNA and NO 

production in cultured mouse mT AL cells (Wu, 1998). In cultured bovine aortic 

endothelial cells, PP2B dephosphorylates the Thr495 residue on NOS3 resulting in 

increased bradykinin-stimulation of NO release (Harris, 2001 ). In porcine aortic 

endothelial cells, CsA fails to affect phosphorylation ofNOS3 at the Thr495 and Ser1177 

sites (Fleming, 2001). Thus, the effect ofPP2B on this residue ofNOS3 is unclear. 
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Clinical relevance of PP2B inhibition by cyclosporin A. CsA is an 

immunosuppressive drug widely used to prevent rejection of transplanted organs and to 

treat autoimmune dieases. CsA inhibits PP2B, and thereby prevents the 

dephosphorylation of the transcription factor, nuclear factor of activated T -cells (NF AT). 

Thus, NF AT is prevented from translocating to the nucleus to activate the transcription of 

cytokines that are critical forT-lymphocyte proliferation and maturation and macrophage 

activation (Liu, 1992). CsA therapy is often limited by adverse effects such as 

hypertension and nephrotoxicity (Andoh, 1998; Taler, 1999). While the incidence of 

hypertension is 29-54% in CsA-treated autoimmune patients, in transplant patients the 

corresponding figure is 71-100% (Taler, 1999). The nephrotoxicity is characterized by 

renal vasoconstriction, which is believed to be due to an imbalance in the release of 

vasoactive substances, such as thromboxane, endothelin, angiotensin II, prostacyclin, and 

NO (Burdmann, 1995; Conde, 1995; Edwards, 1994; Fogo, 1992; Lanese, 1993; Neild, 

1983; Perico, 1986). It is thought that inhibition ofPP2B by CsA may alter the 

production of many biologically active agents, including NO (Hemenway, 1999). A few 

studies have shown reduced urinary nitrite + nitrate excretion and reduced renal inducible 



NO synthase expression and activity in Sprague-Dawley rats following chronic 7 day 

treatment with CsA (Vaziri, 1998; Oriji, 1998). 

METHODS 
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Animal Model. All animal studies were approved by the Medical College of 

Georgia Institutional Animal Care and Use Committee (IACUC) and performed in 

accordance with the N ationallnstitutes of Health Guide for the Care and Use of 

Laboratory Animals. Experiments utilized male Sprague-Dawley rats (250 g body 

weight, Harlan Laboratories). On the first day of the study, each rat was randomly 

divided into two groups: sham rats (vehicle treatment) and STZ rats (STZ-induced 

diabetes). The rats were weighed and initial blood glucose measurements were obtained 

from tail-snips (Accu-Check III model 766; Boehringer Mannheim, Indianapolis, IN). 

Under isoflurane anesthesia, STZ (65 mg/kg; Sigma, St. Louis, MO) or vehicle (saline) 

was injected intravenously. Upon recovery from anesthesia, the rats were returned to the 

animal facility and provided free access to food and water. The following day, a 2.3 x 

2.0 mm sustained-release insulin implant (Linplant; Linshin Canada, Scarborough, 

Ontario) was inserted subcutaneously in STZ rats to maintain afternoon blood glucose 

levels within 400-500 mg/dl range. Sham rats received a vehicle (palmitic acid) implant. 

Blood glucose and body weights were measured approximately every 3 days. Terminal 

studies were performed 3 weeks after STZ or vehicle injection. 

Medullary Thick Ascending Limb (mTAL) Suspensions and Incubations. 

mT AL suspensions were prepared following the method originally described by 

Chamberlin et al. (Chamberlin, 1984), with slight modifications. Briefly, under 
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pentobarbital sodium anesthesia (50 mg/kg ip), the kidneys were flushed via retrograde 

perfusion from the aorta below the renal arteries with 20 ml of 95% 02-S% C02-

equilibrated HBSS (MediaTech, Manassas, VA) containing 1 mg/ml collagenase 

(Sigma), protease inhibi~ors (1 f.LM aprotinin, 2 f.LM leupeptin, 1 f.LM pepstatin A, 1 mM 

PMSF; Sigma), a panel of phosphatase inhibitors targeting acid and alkaline phosphatases 

and protein tyrosine phosphatases but not serine/threonine phosphatases (2 mM 

imidazole, 1 mM NaF, 1.15 mM Na2Mo04, 1 mMNa3V04, 4 mM Na2C4H406·2H20; 

from Calbiochem Phosphatase Inhibitor Cocktail Set II) and either 5.5 mM glucose 

(sham ~ats) or 20 mM glucose (STZ rats). The inner stripe of the outer medulla was 

dissected from coronal slices of the kidneys and minced into ,...., 1 mm3 pieces using a 

Mcilwain tissue chopper (Warner Instruments, Hamden, CT). Tissue pieces were 

digested in HESS/collagenase with protease and phosphatase inhibitors at 37°C for 30 

min while bubbling with 95% 02-S% C02, with gentle agitation every 5 min. After 

centrifugation, pellets were resuspended in ice cold HBSS without collagenase with 

protease and phosphatase inhibitors and continuously agitated on ice for 20 min. The 

nephron segments were filtered through a 250 Jlffi nylon mesh and washed twice with ice 

cold HBSS. For most experiments, the resulting mTAL suspensions were incubated at 

37°C for 30 min in the presence of one or more of the following: 250 J.1M L-arginine 

(NOS substrate; Sigma), 10 mM 4-hydroxy-TEMPO (tempol; free radical scavenger; 

Sigma), 200 U/ml PEG-SOD (polyethylene glycol-superoxide dismutase; cell-permeable 

superoxide scavenger; Sigma), 100 ng/ml CsA (PP2B inhibitor, Sigma), 100 f.LM 

calcineurin auto-inhibitory peptide (CAIP; PP2B inhibitor, Calbiochem/EMD, 

Gibbstown, NJ), 100 f.LM scrambled peptide {SP; Genscript, Piscataway, NJ), 100 f.LM 
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poly-arginine peptide (Genscript), 1 J.LM N5 -(1-imino-3-butenyl)-L-ornithine (VNIO; 

NOS 1 inhibitor; Alexis/Enzo, Plymouth Meeting, PA), 100 nM 1400W dihydrochloride 

(1400W; NOS2 inhibitor; Cayman, Ann Arbor, MI), or vehicle (HBSS). Following this 

incubation, mTAL suspensions were pelleted by centrifugation. The incubation buffer 

and mTAL pellets were flash frozen separately in liquid nitrogen for storage at -80°C. 

Nitrite levels were measured in the incubation buffer; the mTAL pellets were utilized for 

Western blot analysis, as well as measurement ofPP2B activity and NOS activity. 

CAIP is composed of the calcineurin autoinhibitory domain fused to a poly

arginine-based protein transduction domain and acts as an inhibitor of PP2B activity 

(Terada, 2003). The poly-arginine domain allows the peptide to be cell permeable. The 

CAIP sequence is as follows: Ac-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg

Gly-Gly-Gly-Arg-Met-Ala-Pro-Pro-Arg-Arg-Asp-Ala-Met-Pro-Ser-Asp-Ala-NH2. The 

control SP sequence and the poly-arginine peptide sequence are Ac-Arg-Arg-Arg-Arg

Arg-Arg-Arg-Arg-Arg-Arg-Arg-Gly-Gly-Gly-Arg-Met-Arg-Asp-Arg-Pro-Ala-Pro-Ala

Met-Asp-Pro-Ser-Ala-NH2; Ac-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-Arg-NH2, 

respectively. 

PP2B Activity Assay. PP2B activity was measured using a commercially

available, colorimetric Calcineurin Activity Kit (Calbiochem) that utilizes the RII 

phosphopeptide substrate. Briefly, mTALs were lysed with manufacturer's supplied lysis 

buffer and centrifuged at 150,000 g. The soluble fraction was desalted to remove excess 

phosphate. To discriminate between the activity of PP2B and other phosphatases, 

activity was measured in the presence and absence ofEGTA (Ca2
+ chelator) and okadaic 
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acid (PP1 and PP2A inhibitor). Free phosphate released was detected using the malachite 

green reagent, with absorbance read at 620 nm. Protein concentration was determined 

using the standard Bradford assay. Activity is reported as nanomoles of phosphate per 

milligram of protein per 30 min. 

NOS Activity Assay. NOS activity was determined by the conversion of 

eH]arginine to eH]citrulline, as previously described (Lee, 2005). Briefly, mTALs 

incubated in the presence/absence of CsA, but in the absence of exogenous L-arginine, 

were lysed by sonication in homogenization buffer (Sasser, 2007) containing protease 

inhibitors. Total NOS activity was defined as the eH]arginine to eH]citrulline 

conversion inhibited by the nonselective NOS inhibitor, ~-nitro- L-arginine (L -NNA; 1 

mM). The activity of each NOS isoform was determined based on the impact of isoform

selective inhibitors ofNOS1 (1 J.LM VNIO) and NOS2 (100 nM 1400W). NOS3 activity 

was calculated as total NOS activity minus NOS 1 and NOS2 activities. Results were 

normalized to protein concentration determined by the Bradford method and expressed as 

pmol/ng protein/30 min. 

Nitrite Production. After incubation of mT AL suspensions for 30 min in the 

presence of exogenous L-arginine and in the absence/presence of various inhibitors, the 

incubation buffer was collected for determining nitrite production. The concentration of 

nitrite, a metabolite of NO, in the incubation buffer was measured using a sensitive 

HPLC system (EN0-20; EiCom, Kyoto, Japan), according to the manufacturer's 

protocol. Briefly, the nitrite present in 80 Jll ofmTAL incubation buffer was separated 

from other substances on a unique separation column and mobile phase. Nitrite was 

reacted with Griess reagent postcolumn to generate diazo compounds that were measured 
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by absorbance at 540 nm with an in-line detection system. The sensitivity limit of this 

assay is 0.1 pmol nitrite and sample quantification was achieved using a nitrite standard 

curve. Nitrite was normalized to protein concentration determined by the Bradford 

method (Bio-Rad). 

Immunoblotting. Western blot analysis was performed as described previously 

(Sasser, 2007) with modifications. Briefly, mTALs were lysed by sonication in 

homogenization buffer (Sasser, 2007) containing protease and phosphatase inhibitors. 

Proteins (80 J.Lg per lane) were separated by SDS-PAGE and transferred to PVDF. 

Membranes were blocked with Blocking One-P buffer (Nacalai Tesque, Kyoto, Japan) 

for 1 hr at room temperature and incubated overnight with primary antibodies directed 

against one or more of the following proteins: PP2B-AP (1:1000; Upstate/Millipore, 

Billerica, MA), PP2B-B (1:1000; Upstate), NOS1 (1:250; BD Transduction Laboratories, 

San Jose, CA), NOS2 (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), NOS3 (1:500; 

BD Transduction Laboratories), and P-Actin (1:10,000; Sigma). Some assays employed 

phosphorylation site-specific primary antibodies targeting pSer1177NOS3 (1 :500; BD 

Transduction Laboratories), pSer633NOS3 (1 :500; Upstate), pSer617NOS3 (1 :500; 

Upstate), pThr495NOS3 (1:500; Upstate), pSer11~0S3 (1:500; Upstate) orpSer852NOS1 

(1:100; Santa Cruz Biotechnology). After incubation with secondary antibody (IRDye 

800-conjugated affinity-purified anti-mouse IgG, 1:2000 or AlexaFluor 680-conjugated 

affinity-purified anti-rabbit IgG, 1:2000), the membrane was scanned and the intensity of 

specific bands was quantified using the Odyssey Infrared Imaging System (LI -COR 

Biosciences, Lincoln, NE). 
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Live/Dead Assay. The Molecular Probes LIVE/DEAD Viability/Cytotoxicity Kit 

(Invitrogen, Carlsbad, CA) was used to measure cell viability, according to the 

manufacturer's standard protocol. Briefly, mTALs were incubated for 30 min in the 

presence ofL-arginine (250 J.LM), tempol (10 mM), and in the presence/absence ofCsA 

(100 ng/ml) or CAIP (100 J.!M). Following incubation, 100 Jll ofmTAL suspension was 

loaded onto a 96-well plate in triplicate. Calcein AM fluorescent dye (2 J.LM) was added 

to each well for 30 min. Fluorescence was determined using an automated plate reader at 

the manufacturer's suggested settings. Results are expressed as percent viable cells. 

Oxygen Consumption. 0 2 consumption was measured using the BD™ Oxygen 

Biosensor System (OBS method). This alternative method to the Clark electrode allows 

for high-throughput analysis of oxygen consumption (Guarino, 2004; Wang, 2005). The 

oxygen-sensitive fluorescent dye [tris (4,7-diphenyl-1,10-phenanthroline) ruthenium (II) 

chloride] is embedded in a gas-permeable silicon polymer matrix affixed to each well 

bottom of a 96-well microplate (Wodnicka, 2000). Emitted fluorescence is inversely 

related to 02 concentration in the well. Each empty plate is read twice for 10 min each 

and the average fluorescence values obtained for each well (blank reading). During 

preparation of the mTAL suspensions, the OBS plate is preloaded with 100 Jll of drug 

treatment solutions at 2x concentrations in HBSS containing 5 mM glucose (sham) or 20 

mM glucose (STZ) so that when 100 Jll of the mTAL suspension is loaded the drugs will 

be at the appropriate IX final concentration. Final concentrations were as follows: 2 mM 

ouabain (NKA inhibitor, Sigma), 500 J.!M furosemide (NKCC2 inhibitor, Sigma), 1 mM 

amiloride (NHE inhibitor, Sigma), 100 J.LM apocynin (NADPH oxidase inhibitor, Sigma), 

1 J.1MN5-(1-imino-3-butenyl)-l-omithine (VNIO; NOSl inhibitor; Alexis), 100 nM 
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1400W (1400W low; NOS2 inhibitor; Cayman), 100 J!M 1400W (1400W high; non

selective NOS inhibitor at this concentration). 1400W is highly selective as a NOS2 

inhibitor (Ki values = 7 nM) versus both NOS 1 and NOS3 (Ki values of 2 J.1M and 50 J!M, 

respectively; Thomsen, 1997). After pre-loading, the plate is placed in a 37°C oven. The 

mTALs were resuspended in 1 ml HBSS and 100 J.Ll was removed, sonicated and protein 

concentration was determined. The mT AL suspension was diluted to 3 ml of 15 J.Lg 

protein/100 J.Ll. Immediately, 100 J.Ll of the diluted mTAL suspension was loaded to 

appropriate wells. Additionally, 200 J.Ll of 100 mM sodium sulfite was also loaded into a 

well as a positive control. The plate was then read every 2 min for 90 min on a 

Molecular Devices Spectramax M5 spectrophotometer, using the fluorescence bottom 

read setting with excitation at 440 nm and emission at 620 nm. To calculate the relative 

normalized fluorescence (RNF), each well was frrst normalized to the same well from the 

blank plate read, then normalized to the empty ambient air wells. After this 2-step 

normalization, the rate was calculated as the RNF at 50 min minus the RNF at 30 min. 

Each value was then normalized to the protein concentration (0.15 mg/ml). Finally, 

replicates were averaged to obtain .6RNF /min/mg protein. Following the initial 

characterization experiment (Fig. 11 ), .6RNF /min/mg protein was then expressed as the 

ouabain-sensitive or furosemide-sensitive fold change relative to untreated sham or 

untreated STZ mT ALs, unless otherwise stated, in order to assess the relative 

contributions ofNKA and NKCCS as well as to compare the results of different 

experiments. Interassay variability was less than 15%. 

Statistical Analysis. All values are reported as means± SEM (n =number of 

animals). Statistical comparisons were performed using an unpaired t-test, one-way 
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ANOVA, or two-way ANOVA. If the ANOVA F-statistic demonstrated significant 

differences among groups, the Holm-Sidek Multiple-Comparison Test was used for post 

hoc analysis. In instances in which the normality test failed due to groups with 

undetectable activity, a Kruskal-Wallis one-way ANOVA on Ranks was employed 

followed by Dunn's Multiple-Comparison Test. Values of P < 0.05 were considered 

significant. 



SPECIFIC AIM 1 

• To test the hypothesis that NOS activity and NO production are increased in mTALs 

during diabetes and to determine which NOS isoform(s) are involved. 

• To test the hypothesis that PP2B activity in mTALs during diabetes activates NO 

production. 

Rationale: Diabetes is a state of altered NOS activity and NO production; 

however, whether it is enhanced or reduced is controversial. It is known that NO plays 

an important role in the regulation of sodium homeostasis in the nephron and 

specificially,' in the mTAL. Therefore, it is important to determine how diabetes alters 

the NO system in the mTAL during diabetes. Despite immunohistochemical evidence 

suggesting that both PP2B and NOS protein levels may be up-regulated in the mTAL 

during diabetes, there is no specific information available regarding the impact of 

diabetes on the activities of these enzymes in the mT AL or the role of PP2B in regulating 

NOS activity and NO production by the mTAL under these conditions. 

RESULTS 

During the 3 week period between injection of STZ (or vehicle), blood glucose 

values were significantly greater in STZ rats (473 ± 15 mg/dl; n = 22) than in sham rats 

(94 ± 3 mg/dl; n = 20; P < 0.05). Rats in both groups gained weight during this period, 

although the STZ rats did so a slower rate. Accordingly, at the time of the terminal study, 
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body weights of sham rats (320 ± 7 g; n = 20) significantly exceeded that of STZ rats 

(284 ± 4 g; n = 22; P < 0.05). 
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PP2B expression and activity. PP2B protein levels were measured by Western 

blot analysis of the regulatory (PP2B-B) and catalytic (PP2B-A~) subunits in mTAL 

homogenates from sham and STZ rats. As shown in Fig. 2A, both subunits ofPP2B were 

significantly up-regulated in mTALs from STZ rats compared to sham. In addition, 

PP2B activity was increased by "' 40% in mTALs from STZ rats compared to sham (Fig. 

2B). Furthermore, 30 min incubation of mT ALs with 100 ng/ml CsA significantly 

reduced PP2B activity by "' 90% (P < 0.05 vs untreated) in both sham and STZ groups, 

thus validating the efficacy of the acute CsA treatment as a PP2B inhibitor in our 

experimental setting. 
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Figure 2. PP2B subunit protein expression and PP2B activity in mTALs from sham and 

STZ rats. A: Upper panel- Representative Western blots of PP2B-AP (cytosolic subunit) 

and PP2B-B (regulatory subunit); Lower panel- Summary. of relative intensity data from 

Western blots (normalized toP-Actin). *P < 0. 05 vs. sham. B: PP2B activity measured in 

the presence and absence of the PP2B inhibitor, cyclosporin A (CsA; 100 ng/ml). Values 

are means ± SE (n = 5-8 rats). *P < 0. 05 vs. sham untreated; tp < 0. 05 vs. STZ 

untreated 

NOS activity. Total NOS activity was significantly greater in mTAL homogenates from 

STZ rats than in homogenates from sham rats (Fig. 3A). Moreover, incubation of the 

mTALs with CsA (in the presence of 10 mM tempol) substantially reduced total NOS 

activity in mTALs from STZ rats, but had no significant effect on total NOS activity in 

mTALs from sham rats (Fig. 3A). NOS 1 and NOS2 activities were found to be increased 
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in mTALs from STZ rats, compared to sham (Fig. 3B and 3C). Incubation in the 

presence of CsA (in the presence of 10 mM tempol) reduced both NOS 1 and NOS2 

activities to levels below detection in mT ALs from STZ rats, but did not significantly 

alter NOS 1 or NOS2 activities in mTALs from sham rats. NOS3 activity in mT AL 

homogenates did not differ between STZ and sham rats (Fig. 3D); however, CsA 

treatment significantly reduced NOS3 activity to a similar extent in both groups (P < 0.05 

vs untreated). Thus, although NOS3 activity in the mTAL is PP2B-dependent, it is not 

increased during diabetes. Rather, NOS 1 and NOS2 activities are significantly increased 

in the mT AL during diabetes in a PP2B-dependent manner. 
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Figure 3. Effect of PP2B inhibition (1 00 ng/ml CsA + 10 mM tempo!) on NOS activity in 

mTALs from STZ and sham rats. A: Total NOS activity. B: NOS1 activity. C: NOS2 

activity. D: NOS3 activity. Values are means± SE (n = 5-14 rats). *P < 0.05 vs. sham 

untreated; fp < 0.05 vs. STZ untreated 
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Nitrite production. Nitrite production by mT ALs was measured based on 

accumulation of nitrite, an NO metabolite, in the buffer during a 30 min incubation 

period. Results were normalized to sham control (256 ± 74 pmol nitrite/mg protein/30 

min; n = 9). In preliminary experiments, nitrite production was not affected by the 

presence or absence ofL-arginine in the incubation media (Fig. 4); nevertheless, because 

NO production can be substrate limited in mT ALs studied in vitro (Plato, 1999), the . 

nitrite production experiments presented in this study were all conducted in the presence 

of 250 f.!M L-arginine. 
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Figure 4. Effect of 250 p,M L-arginine on nitrite production by mTALs from sham and 

STZ rats. Values are expressed as means± SE (n = 11-14 rats). *P < 0.05 vs. sham+ 

L-arginine, tp < 0. 05 vs. sham - L-arginine. 

Under these conditions and in the absence of pharmacological agents, nitrite 

production by mTALs from STZ rats was"' 50% less than that ofmTALs from sham rats 

(P < 0.05; Fig. 5A). As the mTAL is a primary renal site ofsuperoxide anion (02-) 

production (Li, 2002; Zou, 2001 ), and because of the ability of 0 2- to rapidly react with 
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NO to form peroxynitrite (which is not subsequently metabolized to nitrite), we also 

measured nitrite production by mTALs incubated in the presence of 10 mM tempol (free 

radical scavenger) or 200 U/ml PEG-SOD (superoxide scavenger). Nitrite production by 

mTALs from STZ rats was increased more than sevenfold in the presence oftempol 

compared to that evident in the absence of tempol (Fig. 5A; P < 0.05). Moreover, in the 

presence of tempol, nitrite production by mT ALs from STZ rats was four times higher 

than that ofmTALs from sham rats (Fig. 5A; P < 0.05). Similarly, nitrite production by 

mTALs from STZ rats incubated in the presence of PEG-SOD was 3.3 ± 0.4 (n = 6) times 

higher than mT ALs from sham rats (Fig. 6; P < 0.05). Nitrite production by mT ALs 

from sham rats was unaltered by tempol (Fig. 5A; P > 0.05). Based on these 

observations, nitrite production measured in the presence of tempol is considered to 

represent a reasonable index of NO production. In contrast, nitrite production measured 

in the absence oftempol is considered to indicate NO bioavailability. 

To determine the impact ofPP2B on NO production during diabetes, we 

measured nitrite production by mTALs from sham and STZ rats incubated with tempol in 

the presence or absence ofCsA (100 ng/ml), CAIP (100 J.LM), SP (100 J.LM), or poly

arginine (Poly-R) peptide (100 J.LM). As shown in Fig. 5B, there was no significant effect 

ofCsA on mTALs from sham rats; however, incubation with CsA reduced nitrite 

production Under these conditions by --- 44% in mT ALs from STZ rats (P < 0.05 vs STZ 

untreated/vehicle), achieving values that did not differ significantly from sham. As shown 

in Fig. 5C, CAIP reduced nitrite production by --- 59% in mT ALs from STZ rats (P < 0.05 

vs STZ untreated/vehicle), while the SP (a control for CAIP) did not change nitrite 

production. The 11 amino acid poly-arginine peptide also failed to alter nitrite 
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production (Fig. 5C). CAIP inhibits PP2B by mimicking the endogenous auto-inhibitory 

domain of the PP2B A subunit, while CsA must form a complex with cyclophilin, with 

the CsA-cyclophilin complex binding to the interface between the catalytic and 

regulatory subunits of the PP2B. As CsA and CAIP are mechanistically different 

inhibitors of PP2B, these results indicate that accelerated NO production by mT ALs from 

STZ rats is PP2B-dependent. These results are similar to the effect of CsA on total NOS 

activity shown in Fig. 3. 

Additional experiments were performed to determine which NOS isoform( s) 

represent the enzymatic source of accelerated NO production by mT ALs during diabetes. 

Nitrite production by mTALs from STZ rats, measured in the presence oftempol, was 

found to be significantly reduced by isoform-selective NOS 1 and NOS2 inhibitors 

(VNIO and 1400W, respectively; Fig. 5D). These inhibitors did not alter nitrite 

production by mTALs from sham rats measured under identical conditions. Thus, the 

increased NO production by mTALs from STZ rats is NOSl- and NOS2-dependent. 
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Figure 5. Nitrite production by mTALs from STZ and sham rats. A: Effect of 10 mM tempo! 

on nitrite production. B: Effect of PP2B inhibition (1 00 ng/ml CsA) on nitrite production 

measured in the presence of 10 mM tempo!. C: Effect of PP2B inhibition (1 00 pM 

calcineurin auto-inhibitory peptide; CAJP), control poly-arginine peptide (100 pM Poly-R), 

and control scrambled peptide (1 00 pM SP) on nitrite production measured in the presence 

of 10 mM tempo!. D: Effect of inhibiting NOS 1 (lpM VNIO) or NOS2 (1 00 nM 1400W) on 

nitrite production measured in the presence of 10 mM tempo!. Values are normalized to 

sham control (256 ± 74 pmol nitrite/mgprotein/30min), expressed as means± SE (n = 6-14 

rats). *P < 0.05 vs. sham untreated, tp < 0.05 vs. STZ untreated 
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Figure 6. Effect of cell-permeable superoxide dismutase (200 Ulml PEG-SOD) on nitrite 

production by mTALs from STZ rats. Values are normalized to STZ untreated (27 ± 2 pmol 

nitrite/mg protein/30 min), expressed as means ± SE (n = 6 rats). *P < 0. 05 vs. STZ 

untreated 

NOS protein expression. Protein levels for each NOS isoform were measured 

by Western blot analysis and normalized to P-actin. As shown in Fig. 7 A, we detected 

NOS1-immunoreactive bands at 155 kDa and 130 kDa. NOS1a (155 kDa) is the 
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predominant NOS 1 isoform expressed in all organisms. The other band likely represents 

NOS 1 p, which is reported to be a 130 kDa protein. We did not observe any difference in 

the expression of either NOS1 variant in mTALs from sham vs STZ rats. We were also 

able to detect NOS2 in mT ALs from both sham and STZ rats (Fig. 7B), but no difference 

was apparent between groups. The specificity of the NOS2 antibody was confirmed by 

antigen blockade with the specific NOS2 peptide antigen. Moreover, as shown in Fig. 

7C, NOS 3 protein levels were similar in mT ALs from sham and STZ rats. Thus, there 

were no significant differences in the expression of any NOS isoform in mTAL 

suspensions from sham vs STZ rats. 
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Figure 7. NOSJ, NOS2, and NOS3 protein expression from mTAL homogenatesfrom sham 

and STZ rats. A, top: representative Western blots ofNOSJ a, NOSlfi and fi-actin. A, bottom: 

summary of Western blot data for NOSla and NOSlfi, each normalized to fi-actin. B, top: 

representative Western blots of NOS2 and fi-actin. B, bottom: summary of Western blot data 

for NOS2 normalized to fi-actin. C, top: representative Western blots of NOS3 and fi-actin. C, 

bottom: summary of Western blot data for NOS3 normalized to fi-actin. Values are means± 

SE (n = 7-14 rats). 
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Phospho-specific NOS protein expression. We examined phosphorylation of 

NOS 1 and NOS3 at known serine and threonine regulatory sites, quantified based on the 

intensity of the phospho-specific band normalized to the NOS isoform detected with an 

antibody to a nonphospho-specific site. Two-color detection with the phospho-specific 

and nonphospho-specific immunoblots viewed as a merged image confirmed the 

specificity of each phosphorylation site within NOS 1 and NOS3. 

There is one known serine phosphorylation site on NOS 1, Ser852
, but our data 

failed to reveal any difference between mTALs from Sham vs STZ rats with regard to 

pSer852NOS1/NOS1 (Fig. 8A). This finding holds true for both NOS1a and NOS1p. We 

also probed the phosphorylation sites on NOS3: Ser116
, Thr495

, Ser617
, Ser633

, and Ser1177
• 

As shown in Fig. 8B, pThr495NOS3/NOS3 in homogenates ofmTALs from STZ rats was 

reduced by more than 40% compared with that detected in sham rats (P < 0.05). In 

contrast, mT AL homogenates from sham and STZ rats did not differ with regard to 

pSer633NOS3/NOS3 and pSer1177NOS3/NOS3levels. We were unable to detect 

pSer11~0S3 and pSer617NOS3 in mTALs from either group, despite the ability of the 

phospho-specific primary antibodies to detect phosphorylation at these sites in 

endothelial cells. 
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These results indicate that PP2B does not directly alter NOS 1 or NOS3 phosphorylation 

at these known regulatory sites. 
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Figure 9. Effect of PP2B inhibition (1 00 ng/ml CsA) on NOS3 phosphorylation in mTAL 

homogenates from STZ rats. Upper panel- Representative Western blots of 

pThr495NOS3, pSer633NOS3, pSer1177NOS3, and total NOS3; Lower panel- Summary of 

NOS3 phosphorylation data, showing pThr495NOS3, pSer633NOS3 and pSer1177NOS3 

(each normalized to total NOS3). Values are means± SE (n =5-7 rats). 

Effect of CsA and CAIP on cell viability. The concentration of CsA ( 100 

ng/ml) used in all experiments was based on the literature demonstrating that this 

concentration was not cytotoxic in murine cultured mTAL cells (Wu, 2000; Wu, 2003). 

However, to ensure that the changes in NO production induced by CsA and CAIP were 

not the result of cytotoxicity, cell viability was measured in mT AL suspensions incubated 
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for 30 min in the presence ofL-arginine (250 J.lM), tempo! (10 mM) and CsA (100 ng/ml) 

or CAIP (100 J.lM). As shown in Fig. 10, there were no significant differences between 

the percentage of viable cells between vehicle control, CsA-, or CAIP-treated tubules 

(vehicle control: 97 ± 2%, CsA: 96 ± 3%, CAIP: 108 ± 5%, n = 6 for all groups). 

1 

Vehicle CsA CAIP 

Figure 10. Effect of CsA or CAJP on percent viable cells in mT ALs from STZ rats. 

Values are means± SE (n = 6 rats). 



58 

DISCUSSION 

In type 1 diabetes mellitus, net sodium retention results in a positive sodium 

balance (Norgaard, 1994; Strojek, 1995). DiPetrillo et al. (DiPetrillo, 2003) found that 

diabetic rats were not able to excrete sodium to the level needed to match the rise in 

dietary sodium intake due to hyperphagia. While the mT AL is an important region of the 

nephron for maintenance of sodium homeostasis, normally reabsorbing -- 20% of the 

filtered sodium, the mechanisms regulating sodium reabsorption by the mTAL during 

diabetes remain unclear. NO directly inhibits sodium reabsorption at various sites along 

the nephron (Garcia, 1996; Guzman, 1995; Liang, 1999; Zeidel, 1987), including the 

mTAL (Plato, 1999), under normal physiological conditions. The mT AL expresses all 

three isoforms ofNOS; however, few studies have examined the regulation of the 

NO/NOS pathway in the mTAL under diabetic conditions. The activity of each NOS 

isoform is regulated, in part, by alterations in phosphorylation status. PP2B has been 

postulated to be up-regulated as a compensatory mechanism in the kidney during diabetes 

and is one of the phosphatases that can act on NOS. The major findings of the present 

study are 1) PP2B catalytic and regulatory subunit proteiri expression and PP2B activity 

are increased in mT ALs from diabetic rats, 2) increased NOS activity and nitrite 

production in mT ALs from diabetic rats is attributable to NOS 1 and NOS2 activities, 

although diabetes does not alter protein expression of either NOS isoform in the mT AL, 

3) diabetes increases PP2B-dependent nitrite production and NOS activity in the mTAL; 

however, net NO bioavailability is reduced, 4) phosphorylation ofNOS3 at Thr495 is 

reduced in mTALs from diabetic rats while phosphorylation at some other known 

regulatory sites on NOS1 and NOS3 are unchanged, and 5) PP2B regulation ofNOS 



activity does not appear to directly alter the phosphorylation status of known NOS1 or 

NOS3 sites. 
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It is well known that diabetes reflects a state of oxidative stress characterized by 

accumulation of reactive oxygen species, specifically 0 2-. Reaction of 0 2- with NO 

results in a decrease in NO bioavailability, which has been documented following 

exposure to high glucose in human aortic endothelial cells (Cosentino, 1997) and human 

glomerular endothelial cells (Hoshiyama, 2003). Indeed, reduced NO bioavailability has 

been shown to be the primary mechanism involved in endothelial dysfunction in the 

vasculature in diabetes (Rink, 2001). As the mTAL is a prominent source of renal 0 2•

production (Li, 2002; Zou, 2001 ), which can be accelerated by acute exposure to high 

glucose levels (Mori, 2004), we reasoned that mT ALs may produce sufficient 0 2- to 

reduce NO bioavailability. Recently, Yang et al., found increased protein kinase C

dependent 0 2•- production by mTALs from diabetic conditions compared to sham rats 

(Yang, 2009). Indeed, incubation in the presence of tempol, a free radical scavenger, or 

PEG-SOD, superoxide scavenger, unmasked a significant increase in nitrite production 

by mT ALs from diabetic rats that was not observed in sham rats. This observation is 

interpreted as evidence of reduced NO bioavailability in mTALs from STZ rats. We 

postulate that the increase in NO generation is an adaptive mechanism in the mTAL to 

compensate for the activation of reactive oxygen species production during diabetes, 

blunting the magnitude of the decrease in NO bioavailability. 

A previous study from our laboratory demonstrated an increase in renal medullary 

NOS3 activity in STZ rats compared to sham (Lee, 2005). The present study utilized 

mTAL suspensions from the same model of diabetes, yet we found NOS 1 and NOS2 
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activities were increased during diabetes, with no increase in·NOS3-specific activity. 

The obvious difference in these two studies from our laboratory is the tissue source that 

was evaluated. Lee et al. (Lee, 2005) examined homogenates from whole medullary 

tissue containing various nephron segments and vascular structures with several cell 

types, while the present study focused solely on the mTAL. We also previously reported 

similar NOS3 protein levels in renal medullary homogenates from sham and STZ rats, yet 

we demonstrated reduced pThr495NOS3 staining in the mTAL from STZ rats by 

immunohistochemical analysis (Lee, 2005). Indeed, the present study confirms these 

phenomena in mT AL suspensions. 

Results of the present study revealed increased NOS 1 and NOS2 activities in 

mTALs from diabetic rats, although we did not detect any change in NOS 1 or NOS2 

protein levels following 3 wk of diabetes. NOS 1 is regulated by alternative splicing and 

expression of these splice variants has been shown in the kidney (Oberbaumer, 1998). 

NOS1 splicing results in proteins with NH2-terminal variants; thus, we utilized a COOH

terminal-specific NOS1 primary antibody to detect expression of all possible NOS1 

variants by Western blot. NOS1-specific bands were detected at 155 kDa (NOS1a) and 

130 kDa (likely NOS 1 ~). NOS 1 ~ is reported to have 80% of the enzymatic activity of 

NOS1a. Neither NOS1 variant exhibited altered protein levels in mTALs from STZ rats. 

While Shin et al. (Shin, 2000) found increased immunostaining for NOS 1 in the mT AL 

following 6 wk of diabetes, it is not known which NOS 1 splice variants were detected in 

their report. Possibly, a more prolonged diabetic state (6 wk) induces NOS1 protein 

expression, as well as the increased NOS 1 activity that was evident in the present study 

(3 wk after onset). 
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NOS2 is known to be transcriptionally upregulated through activation of cytokine 

pathways under proinflammatory conditions. There is consistent evidence of increased 

NOS2 mRNA and protein expression by whole kidney, macrophages, mesangial cells, or 

glomeruli under proinflammatory conditions such as ischemia-reperfusion injury 

(Kosaka, 2003; Park, 2003) or lipopolysaccharide stimulation (Kosaka, 2003; Mohaupt, 

1994; Morrissey, 1994). Furthermore, NOS2 activity is upregulated in murine 

macrophages and glomerular mesangial cells exposed to high glucose (Sharma, 1995). It 

is also well-known that NOS2 is constitutively expressed in the kidney, although little has 

been reported about the regulation of constitutive NOS2. Two previous studies have 

found that the site of highest basal expression ofNOS2 mRNA in the kidney is the 

mTAL (Mohaupt, 1994; Morrissey, 1994). While our data reveal constitutive expression 

ofNOS2 protein in mTALs from sham rats, it does not seem to be enzymatically active. 

Although NOS2 protein levels were similar in mTALs from sham and STZ rats, 

increased NOS2 activity was apparent in mTALs from STZ rats. Previous to this study, 

there was little evidence in the literature to suggest that diabetes induces NOS2 mRNA, 

protein expression, or activity in the mTAL. We cannot not rule out the possibility that 

the upregulated NOS2 activity evident in our study originates from inflammatory cells 

residing within the mTAL segments. Indeed, we observed macrophage infiltration in the 

renal medulla of diabetic rats (Fig. 23 ). Further analysis will be necessary to determine 

the specific cellular source( s) of the NOS2 activity evident in mT AL suspensions from 

diabetic rats. 

PP2B is a calcium/calmodulin-dependent serine/threonine phosphatase that plays 

a critical role in Ca2+ -mediated signal transduction in many tissues. PP2B contains a 
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catalytic subunit {PP2B-A) and a regulatory subunit {PP2B-B). The catalytic subunit 

{PP2B-A) has 3 related isofonns: a, p, andy. A previous study (Buttini, 1995) 

demonstrated PP2B-Aa mRNA expression in the kidney, primarily in the proximal 

tubules, while PP2B-AP mRNA was primarily in the medulla, with highest expression in 

the mT AL. Immunohistochemical analysis indicates that PP2B-AP protein expression is 

upregulated specifically in the mT AL following 2 wk of STZ-induced diabetes (Gooch, 

2004). This agrees with our findings that protein levels of PP2B-Ap, as well as the 

regulatory subunit PP2B-B, are increased in mTAL suspensions from diabetic rats. Our 

results also extend previous observations by revealing that PP2B activity is increased in 

mTAL lysates from STZ rats. 

NOS isofonn protein expression is unchanged while NOS activity is increased in 

mTALs during diabetes. Thus, we focused on posttranslational phosphorylation 

mechanisms of NOS isofonn activation. We hypothesized that the phosphatase, PP2B, 

activates NO production and NOS activity in the mT AL. To examine this hypothesis, we 

primarily utilized the PP2B inhibitor, CsA. Notably, CsA is one of the most potent, 

specific, and well-known inhibitors ofPP2B (Clipstone, 1993; Halloran, 1998; Liu, 1991; 

O'Keefe, 1994; Rusnak, 2000; Shenolikar, 1995). Furthermore, CsA does not inhibit 

members of the PP 1, PP2A, or PP2C classes of serine/threonine phosphatases and PP2B 

is the exclusive cellular target ofCsA (Liu, 1992). We also utilized the mechanistically 

distinct PP2B inhibitor, CAIP, in some of our studies {Terada, 2003), yielding effects 

similar to those evoked by CsA. The data reveal that NOS activity and NO production 

(nitrite production measured in the presence of tempo I) are increased in mTALs from 

diabetic rats in a PP2B-dependent manner. In contrast, PP2B inhibition does not affect 
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NOS activity or nitrite production by mT ALs under normal physiological conditions, 

despite the fact that CsA blocked PP2B activity in mTALs from both sham and STZ rats. 

Thus, while constitutive PP2B activity has little impact on NOS activity in the mT AL 

under normal conditions, it is likely that the increase in PP2B activity that accompanies 

diabetes is responsible for the increase in NOS activity and NO production evident in 

mT ALs from diabetic rats. 

To our knowledge, no other study showed a role for PP2B regulation of NOS 1 

activity in diabetes. In a recent study, PP2B was reported to dephosphorylate NOS 1 at 

Ser852 in primary rat hypothalamic neurons (Xu Y, 2007). However, we found no effect 

of CsA on phosphorylation of Ser852NOS 1, suggesting that the PP2B-dependent NOS 1 

activation in the mT AL during diabetes is not the result of direct PP2B effects at this 

NOS1 site and possibly arises via an indirect mechanism. 

The specific mechanisms regarding PP2B regulation ofNOS2 are poorly 

understood. It has been demonstrated previously that PP2B inhibition leads to reduced 

NOS activity and NO production in cultured rat macrophages (Conde, 1995). Reports 

showed that PP2B inhibition by CsA inhibits NOS2 gene transcription and associated NO 

production in porcine proximal tubule cells (Hortelano, 2000) and vascular smooth 

muscle cells (Marumo, 1995). Interestingly, CsA has been shown to reduce NOS2 

mRNA and NO production in cultured mouse mT AL cells (Wu, 1998). However, none 

of these studies assessed the effects of CsA and NOS2 under diabetic conditions. 

Posttranslational regulation ofNOS2 activity by phosphorylation has been reported 

(Zhang, 2007); however, as specific phosphorylation sites have not been identified, we 

did not explore NOS2 phosphorylation in this study. 
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Phosphorylation ofNOS3 has been examined primarily in cultured endothelial 

cells under conditions of shear stress (Fleming, 2003) or in mTALs under nondiabetic 

conditions such as increased flow (Ortiz, 2004) or a high-salt diet (Herrera, 2006). In 

cultured endothelial cells, Thr495NOS3 is a negative regulatory site, such that reduced 

phosphorylation indicates increased NO production. Furthermore, pThr495NOS3/NOS3 

levels were reduced in mTALs from diabetic rats [in accord with our previously 

published immunohistochemical observations (Lee, 2005)], suggesting that NOS3-

derived NO production may be increased. Surprisingly, NOS3 activity was found to be 

similar in mT ALs from STZ and sham rats. Further research is needed to resolve this 

finding. The inability to detect pSer116NOS3 and pSer617NOS3 in mT ALs, despite the 

fact that NOS3 is highly expressed in this nephron segment, would suggest that the Ser116 

and Ser617 sites on NOS3 are either not phosphorylated or phosphorylated at very low 

levels in mTALs, both in normal rats and during diabetes. In cultured bovine aortic 

endothelial cells, PP2B dephosphorylates the Thr495 residue on NOS3 resulting in 

increased bradykinin stimulation of NO release (Harris, 2001 ). In porcine aortic 

endothelial cells, CsA fails to affect phosphorylation ofNOS3 at the Thr495 and Ser1177 

sites (Fleming, 2001). In the present study, however, CsA did not affect any of the 

detectable phosphorylation sites, including pThr495NOS3, in the mTAL under diabetic 

conditions. 

Our study reveals that diabetes induces PP2B-dependent activation of NO 

production, without demonstrating a direct regulation of known phosphorylation sites on 

NOS isoforms. Thus, we suspect that PP2B may regulate NO production indirectly via a 

NOS-interacting protein and/or by regulating the production of a NOS cofactor. Two 
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possible candidates that are regulated by phosphorylation/dephosphorylation pathways 

are caveolin and GTPCH. A protein constitutent of caveolae, caveolin has been shown to 

interact with and function as a negative regulator of NOS activity in endothelial cells (Ju, 

1997). Caveolin is also known to be regulated by phosphorylation (Li, 1996), although 

no information is available with regards to caveolin regulation of NOS activity in the 

mTAL. GTPCH is the rate-limiting enzyme in the production ofB~, a critical cofactor 

necessary for NOS activity. In endothelial cells, shear stress activates phosphorylation of 

GTPCH, increasing production of BH4 and subsequent NO production (Widder, 2007). 

Future studies should address whether these processes underlie the PP2B-dependent 

increase in NOS activity and NO production in the mT AL during diabetes. 

In summary, while NO bioavailability in mTALs is reduced during diabetes, free 

radical scavenging with tempol unmasks an increase in NO production involving PP2B

dependent activation of NOS 1 and NOS2. In addition, PP2B regulates NOS3 activity in 

the mTAL under both normal and diabetic conditions. We propose that the upregulation 

ofPP2B and NOS activity in the mTAL during diabetes is an adaptive compensatory 

mechanism. Under diabetic conditions, the balance ofNO and 02•- is altered, with a 

dominance of 02- production. 0 2 •- has been shown to promote sodium reabsorption in 

the mTAL, while NO inhibits sodium reabsorption in the mTAL. We propose that the 

increased NO production may be an adaptive mechanism allowing the rat to remain 

normotensive with a positive sodium balance under the high 02-, diabetic conditions. Of 

further interest are the clinical implications of the use of CsA in transplant patients. CsA 

is a potent and widely used immunosuppressant and its use is complicated by the 

development of nephropathy, nephrotoxicity, and substantial hypertension (Andoh, 1998; 
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Taler, 1999). We propose that CsA reduces the PP2B-dependent increase in NOS 

activity and NO production resulting in enhanced sodium reabsorption in the mT AL 

contributing to the development of hypertension. Further work is needed to address this 

hypothesis. 



SPECIFIC AIM 2 

• To test the hypothesis that NO production blunts sodium reabsorption in the mTAL 

during diabetes. 

• To test the hypothesis that diabetes-induced 0 2- production increases sodium 

reabsorption in the mTAL. 

• To test the hypothesis that reduced NO bioavailability due to enhanced 0 2-

scavenging attenuates the NO blunting of sodium reabsorption in the mTAL during 

diabetes. 

Rationale: In type 1 diabetes mellitus, renal Sodium balance is altered resulting 

in net sodium retention and a positive sodium balance (DiPetrillo, 2003). It has been 

shown by Pollock et al. (Pollock, 1991) that absolute and fractional reabsorption of 

sodium ,is increased in the mT AL during the hyperfiltration stage of diabetes. It has been 

shown that NO inhibits sodium reabsorption in the mTAL (Plato, 1999). Conversely, 

0 2- promotes sodium reabsorption in the mT AL (Ortiz, 2002b ). Thus, the balance of 

NO and 0 2- is important for the regulation of sodium reabsorption. Despite the available 

literature on the control of sodium reabsorption in the mT AL by NO and 0 2- under 

normal conditions, there is currently little information on the regulation of sodium 

reabsorption by NO and 0 2- under diabetic conditions in the mT AL. 
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RESULTS 

During the 3 wk experimental period, blood glucose levels were significantly 

higher in STZ rats (452 ± 13 mg/dl; n = 35) compared to sham (96 ± 4 mg/dl; n = 29; P < 

0.05). While rats in both groups gained weight over the course of the study, the STZ rats 

gained significantly less weight (18 ± 3 g; n = 35) than the sham rats (53± 4 g; n = 29; P 

< 0.05). 

Sodium transport can be determined indirectly by measuring oxygen 

consumption. Greater than 80% of the 0 2 consumption by the mT AL provides ATP for 

the NKA, which is the primary active transporter of sodium in the mT AL (Tejedor, 

1988). Therefore, the rate of 02 consumption is directly correlated to sodium transport in 

the mT AL. We assessed 0 2 consumption using the BD™ Oxygen Biosensor System 

(OBS method). This method allows for high-throughput analysis of 02 consumption 

using a fluorescent dye embedded in a gel polymer affixed to the bottom of a 96 well 

plate that fluoresces as 0 2 levels decline due to consumption by the mTALs. We found 

that the total 0 2 consumption was significantly greater by mTALs from STZ rats 

compared to sham (0.35 ± 0.05 vs 0.17 ± 0.04 .6.RNF/min/mg protein; P < 0.05; Fig. 

llA). In order to assess the relative contributions of the major sodium transporters in the 

mTAL, we used 2 mM ouabain to inhibit the NKA, 500 f.LM furosemide to inhibit the 

NKCC2, and 1 mM amiloride to inhibit NHE. The data are expressed as ouabain-, 

furosemide-, or amiloride-sensitive 0 2 consumption. Ouabain-sensitive 02 consumption 

was increased by 1.5 fold in mTALs from STZ rats compared to sham (P < 0.05; Fig. 

liB). Furosemide-sensitive 0 2 consumption was also significantly increased by 2.5 fold 

compared to sham (P < 0.05; Fig. llC). Finally, amiloride-sensitive 02 consumption was 
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increased by 4.5 times greater in mTALs from STZ rats compared to sham (P < 0.05; Fig. 

liD). Because the relative contribution of amiloride-sensitive 0 2 consumption was 

minimal compared to both ouabain and furosemide, it was not directly investigated in the 

remaining experiments of this study. 
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Figure 11. Effect of diabetes on 02 consumption by mTALs from sham and STZ rats 

using the OBS method A: Total 0 2 consumpt!on. B: Ouabain-sensitive 02 consumption. 

C: Furosemide-sensitive 0 2 consumption. D: Amiloride-sensitive 0 2 consumption. RNF, 

relative normalized fluorescence. Values are means± SE (n = 8-9 rats). *P < 0.05 vs. 

sham. 
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We have shown that free radical scavenging with tempo! was able to unmask an 

increase in NO production by mTALs from STZ rats (Fig. 5A). However, tempo! is a 

general antioxidant and does not act on a specific source of 0 2- production. Therefore, 

we wanted to determine if specific inhibition ofNADPH oxidase-dependent 0 2-

production would also reveal increased NO production. To determine ifbioavailable NO 

was being reduced due to scavenging by NADPH oxidase-dependent 0 2-, we measured 

nitrite production by mTALs from STZ rats in the presence and absence of 100 J.lM 

apocynin. Nitrite production by mTALs from STZ rats was increased by "' 1.5 fold in the 

presence of apocynin compared with that in the absence of apocynin (P < 0.05; Fig. 12). 

Apocynin was used in studies with the OBS system because tempol caused interference 

with the fluorescence in the OBS plate (Fig. 20). 

=c 
~ 

c ~ o-
·- c t;::::s 
::::SN 
"'CI
E!tn 
o..s 
CI)"C 

=E IS 1 .... ·-z"ia 
E ... 
0 
c - STZ 

* 

+Apo 

Figure 12. Effect ofNADPH oxidase inhibition (100 pM apocynin) on nitrite production 

by mTALs from STZ rats. Values are normalized to STZ untreated (54± 4 pmol 

nitrite/mg protein/30 min), expressed as means ± SE (n = 5 rats). *P < 0. 05 vs. STZ 

untreated 
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NOS3-derived NO production has previously been shown to inhibit sodium 

transport in isolated perfused mT AL under normal conditions (Plato, 2000). Therefore, 

we wanted to determine if our mT AL suspensions would produce similar results using 

the OBS method. We measured 0 2 consumption in the presence and absence ofVNIO (1 

J.LM, NOS1 inhibitor), 100 nM 1400W (NOS2 specific at this concentration, please see 

methods for Ki values), and 100 J.LM 1400W (general NOS inhibitor at this 

concentration). We were unable to use L-NAME due to interference of the compound 

with fluorescence of the OBS plate. Therefore, we used 1400W at a high concentration 

that renders it a nonspecific inhibitor of all NOS isoforms (Thomsen, 1997), which when 

used concurrently with NOS 1 and NOS2 inhibitors allows us to interpret the NOS3-

dependent portion of 0 2 consumption. Neither ouabain nor furosemide-sensitive 02 

consumption by mT ALs from sham rats was affected by treatment with NOS 1 or NOS2 

specific inhibitors (P > 0.05; Fig. 13). However, treatment ofmTALs from sham rats 

with the nonspecific NOS inhibitor, 100 J.LM 1400W, significantly increased furosemide

sensitive 02 consumption by 50% (P < 0.05; Fig. 13). Thus, NOS3 derived NO 

production appears to be blunting sodium transport in mTALs under normal conditions. 
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Figure 13. 0 2 consumption measured in the presence of NOSJ inhibitor (1 pM VNIO), 

NOS2 inhibitor (100 nM 1400W), and a non-specific inhibitor (100 pM 1400W) by mTALs 

from sham rats. Left: Ouabain-sensitive 02 consumption; Right: Furosemide-sensitive 02 

consumption. Values are normalized to sham untreated (Left: 0.15 ± 0.02 L1 RNF/min/mg 

protein; Right: 0.11 ± 0. OJ L1 RNF/min/mg protein), expressed as means± SE (n = 6 rats). 

*P < 0.05 vs. sham untreated 

The mTAL is the primary renal site of02- production (Li, 2002). Importantly, 

the major enzymatic source of02- production in the kidney, and specifically in the 
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mT AL, is NADPH oxidase (Hong, 2007). Sodium reabsorption can be regulated by the 

levels of02- in the mTAL. Therefore, we sought to determine ifNADPH oxidase-

derived 0 2- production affected sodium transport in mTALs from sham rats as measured 

by 0 2 consumption. Interestingly, 0 2 consumption by mT ALs from sham rats was not 

altered by treatment with the NADPH oxidase inhibitor, apocynin (Fig. 14; P > 0.05). 
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Figure 14. 0 2 consumption measured in the presence of the NADPH oxidase inhibitor (1 00 

pM apocynin) by mTALsfrom sham rats. Left: Ouabain-sensitive 0 2 consumption; Right: 

Furosemide-sensitive 0 2 consumption. Values are normalized to sham untreated 

(Left: 0.10 ± 0.01 L1 RNF/min/mgprotein; Right: 0.09 ± 0.02 L1 RNF/min/mgprotein), 

expressed as means ± SE (n = 6 rats). 
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Both Fig. 5A and Fig. 12 demonstrated increased NO production by mTALs from 

STZ rats. To determine if the increased NO production was blunting sodium transport by 

mTALs from STZ rats, we measured ouabain and furosemide-sensitive 0 2 consumption 

by mTALs from STZ rats in the presence and absence ofVNIO, 100 nM 1400W, or 100 

J..LM 1400W. There were no differences in either ouabain or furosemide-sensitive 0 2 

consumption by mTALs from STZ rats in the presence ofVNIO, 100 nM 1400W, or 100 

J.!M 1400W compared to untreated mTALs from STZ rats (Fig. 15; P > 0.05). 
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Figure 15. 0 2 consumption measured in the presence ofNOS1 inhibitor (JpM VNIO), 

NOS2 inhibitor (100 nM 1400W), and a non-specific inhibitor (100 pM 1400W) by mTALs 

from STZ rats. Left: Ouabain-sensitive 0 2 consumption; Right: Furosemide-sensitive 0 2 

consumption. Values are normalized to STZ untreated (Left: 0.18 ± 0.03 L1 RNF/min/mg 

protein/ Right: 0.15 ± 0. 02 L1 RNF/min/mg protein), expressed as means ± SE (n = 6-10 

rats). 
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It is well established that diabetes is a state of increased reactive oxygen species 

generation, especially 02•-, in the kidney. Thus, we examined ifNADPH oxidase-

derived 02- production augmented the sodium reabsorption in mT ALs in diabetes. 

Indeed, both ouabain and furosemide-sensitive 02 consumption were significantly 

reduced by more than 50% in mTALs from STZ rats in the presence of apocynin (Fig. 

16; p < 0.05). 



c
o"CC 

:a.; 1.5 .. ------------. 
E e ;c 
c ::I 

8 .e 1 
N Q) 

0 .:!!: 
~:! 
:e e 
~ & 
* ; c.c 
"iij u 
.C"CC 
~0 
o!:!::. 

* 

STZ + Apo 

c 
o
~"CC 

~.; 1.5 .. ------------. 
;~ 
c c 
0 ::I 
u 0 
c:)-:;1 

~~ 
:e~ 
(I) ... 
c Q) 
:X C) -. c 
Q) C'G 
:E.c E u 
Q)"CC 
~0 ._LL 
::I
LL 

* 

STZ + Apo 

Figure 16. 0 2 consumption measured in the presence of NADPH oxidase inhibitor (1 00 

pM apocynin) by mTALs from STZ rats. Left: Ouabain-sensitive 0 2 consumption; Right: 

Furosemide-sensitive 0 2 consumption. Values are normalized to STZ untreated (Left: 0.18 

± 0. 03 L1 RNF/min/mg protein; Right: 0.14 ± 0. 02 L1 RNF/min/mg protein), expressed as 

means± SE (n = 6-10 rats). *P < 0.05 vs. STZ untreated 
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Results from Specific Aim 1 revealed that, although NO production was increased 

by mTALs from STZ rats, bioavailable NO was reduced due to scavenging by 02-. 

Indeed, Fig. 12 shows that apocynin unmasked increased NO production by mTALs from 

STZ rats, suggesting that NADPH oxidase-dependent 0 2 •- production actively reduces 

bioavailable NO during type 1 diabetes. In order to assess if the increased NO production 

was blunting 02 consumption, mT ALs were treated with NOS inhibitors in the presence 

of apocynin. The increase in ouabain and furosemide-sensitive 0 2 consumption in the 

presence of the NOS inhibitors was significantly increased by more than 1.5 fold 

compared to the 02 consumption by mTALs in the presence of apocynin alone (Fig. 17; P 

< 0.05 vs STZ + Apo). Thus, in the absence of the elevated 02-production, increased 

NOS activity (presumably via increased NO production) is blunting 02 consumption by 
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:tnTALs from STZ rats. However, the increase in furosemide-sensitive 02 consumption 

evoked by 100 11M 1400W was not different than the furosemide-sensitive 02 

consumption during exposure to VNIO or 100 nM 1400W (P > 0.05; Fig. 17), suggesting 

that the effect of 100 JlM 1400W is not a result ofNOS3-dependent NO production but 

rather of NOS 1 and NOS2-dependent NO production. 
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Figure 17. 02 consumption measured in the presence ofNADPH oxidase inhibitor (100 

pM apocynin) and a NOS1 inhibitor (1 pM VNIO), NOS2 inhibitor (1 00 nM 1400W), or a 

non-specific inhibitor (100 pM 1400W) by mTALsfrom STZrats. Left: Ouabain-sensitive 

02 consumption; Right: Furosemide-sensitive 0 2 consumption. Values are normalized to 

STZ +Apocynin (Left: 0.06 ± 0.01 L1 RNF/min/mgprotein; Right: 0.05 ± 0.01 L1 

RNF/min/mgprotein), expressed as means± SE (n = 6-10 rats). *P < 0.05 vs. STZ + Apo. 
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DISCUSSION 

Human and animal models of TID exhibit altered renal sodium balance, 

specifically net sodium retention. DiPetrillo et al., found that STZ-induced diabetic rats 

developed a positive sodium balance within 1 week of STZ induction that continued 

throughout the 3 week study (DiPetrillo, 2003). Interestingly, although the nits did 

increase sodium excretion to accompany the increased sodium intake as a result of 

diabetic hyperphagia, it was not sufficient to keep the animals in sodium balance. 

Clearly, there must be some altered mechanisms in the kidney during T 1 D that prevent 

normal regulatory control of sodium excretion to match sodium intake. An important 

region of the nephron for the reabsorption of twenty to thirty percent of filtered sodium is 

the mTAL. NO has been shown to inhibit sodium reabsorption by the mTAL under 

physiological conditions (Ortiz, 2001). Indeed the region of the nephron where NO 

exerts its greatest influence on sodium transport is the mTAL (Herrera, 2006). 

Conversly, 02-has been shown to promote sodium reabsorption in the mTAL (Ortiz, 

2002b; Juncos, 2005). Under normal conditions, a delicate balance exists between the 

effects ofNO. and 02- on sodium transport in the mTAL. Although there is evidence to 

suggest increased sodium reabsorption in the kidney during diabetes, very little is known 

regarding the mechanisms that control sodium transport under diabetic conditions in the 

mTAL. In this study, our major findings were: 1) increased total, ouabain-sensitive, 

furosemide-sensitive, and amiloride-sensitive 02 consumption by mT ALs from STZ rats 

compared to sham, 2) increased nitrite production is unmasked when NADPH oxidase

dependent 02-production in inhibited, 3) NOS3-dependent mechanisms (presumably 

NO production), but not NOS 1 or NOS2-dependent NO production, blunts furosemide-
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sensitive 0 2 consumption by mTALs from sham rats, 4) 02-production does not increase 

0 2 consumption by mTALs from sham rats, 5) in the presence of endogenous 02•-, 

neither NOS 1, NOS2, or NOS3-dependent NO production blunts 0 2 consumption by 

mTALs from STZ rats, and 6) during NADPH oxidase inhibition, increased NOS1 and 

NOS2-derived NO blunts 02 consumption by mTALs from STZ rats. Collectively, these 

findings suggest that the enhanced NO production by mTALs during diabetes blunts the 

increased 02--dependent 0 2 consumption. 

The TAL reabsorbs approximately twenty to thirty percent of the filtered load of 

sodium, while being impermeable to water (Burg, 1982). Thus, this region of the 

nephron is a critical component of the countercurrent concentrating system. The process 

of sodium reabsorption in the mT AL is driven by the basolateral NKA, of which the 

mTAL is a rich source (Jorgensen, 1980). Sodium enters the mTAL cells across the 

luminal membrane through either the NKCC2 or the NHE. The NKCC2 is responsible 

for approximately 80% of sodium absorbed by mT AL cells, while the NHE accounts for 

20% (Good, 1987). This agrees with our findings of minimal amiloride-sensitive 0 2 

consumption by mT ALs from both STZ and sham rats compared to furosemide and 

ouabain-sensitive 0 2 consumption. 

The early stage ofT 1 D in both humans and animal models is associated with 

increased exchangeable sodium, combined with enhanced reabsorption of sodium along 

the nephron, which results in a situation of sodium retention (Feldt-Rasmussen, 1987; 

Norgaard, 1994; Roland, 1986; Strojeck, 1995). Indeed, we observed increased 0 2 

consumption by mTALs from STZ rats using a new high-throughput method (OBS 

method) that allows the rate of 02 consumption to be assessed. Our results agree with 
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previous literature showing that early T 1 D increases absolute and fractional reabsorption 

of sodium in the nephron upstream of the early distal tubule (Pollock, 1991; Vallon, 

1999). This is likely due, in part, to increased expression and activity of sodium 

transporters, including the NKA, in the mTAL during the early stage ofT1D (Wald, 

1993; Ku, 1986; Khadouri, 1987). Interestingly, the amiloride-sensitive component of 

the 0 2 consumption by mTALs from STZ rats was minimal. These data suggest that the 

NHE is upregulated under diabetic conditions but is not responsible for a greater 

percentage of sodium transport than either the NKCC2 or the NKA. The expression of 

NKCC2 was found to be increased in the outer medulla of diabetic rats compared to sham 

(Kim, 2003). However, the regulation of the expression and activity of renal transporters 

during diabetes is not completely understood. 

Increasing evidence indicates that reactive oxygen species, including 

predominantly 0 2-, are important regulators of sodium transport along various sites of 

the nephron (Ortiz, 2002b; Panico, 2009). 0 2- can be generated through multiple cellular 

sources including NADPH oxidase, NOS uncoupling, mitochondrial electron transport 

chain, and xanthine oxidase, among others (Evans, 2005). Specifically, Li et al. has 

demonstrated the mT AL as the primary source of 0 2 •- production in the kidney under 

physiological conditions (Li, 2002). It is well established that diabetes, specifically 

hyperglycemia, is associated with increased production of 0 2- in many tissues. NADPH 

oxidase is the predominant enzymatic pathway responsible for the production of 02- in 

the normal mTAL (Li, 2002). Furthermore, a growing amount of literature suggests that 

NADPH oxidase-dependent 0 2- is the major source of glucose-induced reactive oxygen 

species production in the vasculature and kidney cells (Li, 2003). Perhaps as important 
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as the level of 0 2 •- itself in the mT AL, are the effects of 0 2- to scavenge bioavailable 

NO. The rate of reaction of02-with NO is up to three times faster than the reaction of 

superoxide dismutase with 0 2- (Cai, 2000). In the current study using apocynin to 

inhibit 0 2- production by NADPH oxidase revealed increased NO production similar to 

our previous study where we used the superoxide dismutase mimetic, tempol, to scavenge 

0 2 •- production. Tempol was not used in the current study because it actively quenches 

fluorescence, and thus interfered with the OBS method, because of its actions as a 

nitroxide in vitro and in vivo (Matko, 1992). 

Most of the literature regarding the regulation of 02 consumption by NO and 02 •

in the mT AL has been examined under physiological conditions. In vivo studies have 

shown that NO increases sodium excretion (Lahera, 1990; Kanno, 1992). Furthermore, 

chronic renal medullary infusion of the nonselective NOS inhibitor, L-NAME, promotes 

sodium and water retention (Mattson, 1994). Original studies in the mTAL utilized an 

NO donor, spermine NONOate, and the NOS substrate, L-arginine, to demonstrate that 

both exogenously and endogenously derived NO reduced N aCl reabsorption in the 

mTAL (Plato, 1999). NO can be produced by any one of three NO synthases (NOS) and 

the mTAL contains all three NOS isoforms. Therefore, Plato et al. went on to use NOS 

isoform knockout mice to determine which NOS isoform was responsible for the NO 

production that inhibited sodium reabsorption in the mT AL under normal conditions. 

They found that NOS3-derived NO was responsible for tonic inhibition of sodium 

reabsorption in the mT AL (Plato, 2000). In this study we used the OBS method to assess 

0 2 consumption as an index of sodium transport in mTAL suspensions. Our findings that 

neither the NOS 1 specific inhibitor, VNIO, nor the NOS2 specific inhibitor, 1400W at 
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nanomolar concentrations, altered 0 2 consumption in mT AL suspensions from sham rats 

agrees with the results of Plato et al (Plato, 2000). Furthermore, we used 1400W at 

micromolar concentrations to inhibit all NOS isoforms and found that furosemide

sensitive 0 2 consumption was increased by mTAL suspensions from sham rats. In 

agreement with the Garvin laboratory (Plato, 2000), our fmdings suggest a role for NOS3 

derived NO production to inhibit sodium transport primarily through the NKCC2 in 

mT AL suspensions from sham rats. This also conforms to a previous study by Ortiz et al. 

demonstrating that NO directly reduces NKCC2 activity without affecting the NKA 

(Ortiz, 2001). 

0 2 •- production by the renal medulla exerts antinatriuretic actions (Zou, 2001 ). 

Both exogenous and endogenous 0 2 •- increase Cl absorption, an index of sodium 

reabsorption (Ortiz, 2002b ). In contrast to the report that endogenous 0 2- promotes 

sodium reabsorption in mTALs under physiological conditions (Ortiz, 2002b ), we found 

no effect of the NADPH oxidase inhibitor, apocynin, on either ouabain- or furosemide

sensitive 0 2 consumption in mTAL suspensions from sham rats. The explanation for the 

apparent discrepancy may be due to the fact that we used an inhibitor for the predominant 

enzymatic source of 0 2- production in the mTAL, whereas the other study used a more 

general 0 2- scavenger, tempol. We propose that the low level ofNADPH oxidase

dependent 0 2- produced by mTAL suspensions from sham rats does not change 02 

consumption because of the redundant mechanisms that produce sufficient 0 2- to 

maintain physiological cellular signaling processes. Under normal conditions, NADPH 

oxidase-dependent 0 2- production is not upregulated and many different sources can 
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contribute to the basal level of 02- produced. Thus, tempo! could be expected to exert a 

greater effect on 0 2- dependent 0 2 consumption than apocynin. 

The interaction between NO and 02- remains in balance to regulate tubular 

sodium reabsorption among other functions under normal conditions. However, under 

diabetic conditions, the balance becomes tipped in favor of increased 0 2- production. 

Interestingly, we found no effect of a NOS 1 specific inhibitor, NOS2 specific inhibitor, 

or a general NOS inhibitor on either the ouabain or furosemide-sensitive 0 2 consumption 

by mTALs from STZ rats. In Aim I, we demonstrated increased NOS1 and NOS2-

dependent NO production (Fig. 5). Therefore, it may appear surprising that we observed 

no effect of NOS inhibition on 02 consumption given the increased NO production and 

the well established evidence that NO inhibits sodium transport. However, our current 

findings as well as our previous study demonstrated significantly reduced NO 

bioavailability in mTALs from STZ rats. 

We found that treatment with the NADPH oxidase inhibitor, apocynin, 

significantly reduced both ouabain- and furosemide-sensitive 0 2 consumption by mT ALs 

from STZ rats. Thus, in mTALs from STZ rats, increased NADPH oxidase-dependent 

0 2- production significantly augments 02 consumption. The effect of 0 2 •- production on 

control of 02 consumption is both direct by enhancing the NKA- and NKCC2-dependent 

reabsorption of sodium and indirectly through scavenging of NO in the mTAL (Juncos, 

2005; Ortiz, 2002a). When the increased 0 2-production is inhibited, NOS1 and NOS2 

dependent NO production blunts ouabain- and furosemide-sensitive 0 2 consumption. 

Furthermore, in the presence of apocynin, there were no further increases in 0 2 

consumption when the general NOS inhibitor was used over the effect of either the NOS 1 



83 

or NOS2 specific inhibitors alone, suggesting NOS3-dependent NO production does not 

play an important role in blunting the 02--dependent increases in 0 2 consumption. This 

expands on our findings from Aim 1 showing increased NOS 1 and NOS2-dependent NO 

production in mTALs suspensions from STZ rats. 

In summary, we showed that increased 02•-production reduces NO 

bioavailability, which resulted in enhanced 0 2 consumption by mTALs during diabetes. 

In addition, we verified that NOS3 is the predominant isoform contributing to NO 

production that blunts sodium transport in the mTAL under normal conditions. 

Interestingly, in the mTAL during diabetes, NOS1 and NOS2-dependent NO production 

blunts the 0 2- -dependent increases in sodium transport. However, due to the scavenging 

of NO by 02-, inhibition of02-production was necessary in order to observe the 

influence of NO on sodium transport. Therefore, we propose that the increase in NOS 1 

and NOS2-dependent NO production arises as a compensatory mechanism in the mTAL 

during diabetes to blunt the stimulatory impact of increased NADPH oxidase-dependent 

02 •- production on sodium reabsorption._ It is interesting to speculate that an inability to 

upregulate NOS 1- and NOS2-dependent NO production by the mTAL might cause 

further augmentation of02-. This may be one mechanism by which the rat is able to 

remain normotensive under diabetic conditions. It is not clear if humans or other animals 

are able to increase NO production in the mTAL to blunt the 02-- dependent sodium 

transport during diabetes. Further work is required to delineate the mechanisms 

controlling sodium transport in the mTAL during diabetes. 



SUMMARY AND PERSPECTIVES 

The main findings of these studies are 1) NOS 1 and NOS2 activities are increased 

in a PP2B-dependent manner in the mT AL during diabetes, 2) NO production is 

increased; while NO bioavailability is reduced due to scavenging of NO by 0 2- in 

mTALs during diabetes, 3) endogenously generated 02•- increases 02 consumption by 

mTALs from diabetic rats and not sham rats, and 4) when 02- is inhibited to prevent NO 

scavenging, NOS 1 and NOS2-dependent NO production blunts 02 consumption by 

mT ALs from diabetic rats. 

Diabetes mellitus is a risk factor for heart disease and stroke and is the most 

common cause of end stage renal disease. The underlying mechanisms of diabetic 

nephropathy remain poorly understood. Many investigators suggest that sodium 

retention contributes to renal injury and may initiate and/or further the development of 

hypertension in diabetic patients (Hommel, 1989; Weidmann, 1991). Evidence that 

dietary sodium restriction in an animal model of diabetes mellitus reduces renal 

hypertrophy, hyperfiltration, and albuminura further supports the role of sodium retention 

in the pathogenesis of diabetic nephropathy. It is not clear why the excretion of sodium 

is not regulated to match dietary sodium intake in this disease. We speculate that altered 

regulation of sodium transport in the kidneys contributes to the pathogenesis of diabetes 

and the development of hypertension in diabetic patients. 

84 
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Animal models of diabetes that closely mimic the human condition are invaluable 

tools in expanding our knowledge of the development and progression of end stage renal 

disease. These studies utilized the streptozotocin-induced model of diabetes. This 

animal model closely mimics human type 1 diabetes mellitus. Furthermore, in these 

studies exogenous insulin was administered to the rats in order to maintain moderate 

glycemic control. This is an important distinction because this situation represents the 

clinically applicable model that most closely resembles the characteristics of patients 

destined for the development of diabetic nephropathy. 

The great majority of literature regarding the effects of diabetes in the kidney 

focuses on the renal cortex and glomeruli. There is much less information available 

exploring the effect of diabetes on renal tubular functions including sodium handling. 

However, it is important to examine the regulation of renal tubular sodium handling 

because dysregulation contributes to the development of nephropathy and hypertension. 

Furthermore, it is clear that the regulation of sodium transport varies within nephron 

segments. These studies focused on the medullary thick ascending limb because this 

nephron segment is a critical region of the nephron for the maintenance of sodium and 

fluid homeostasis. This segment is responsible for the reabsorption of up to thirty percent 

of filtered sodium, while being impermeable to water. Furthermore, the mTAL has been 

shown to be the site of greatest 02- production and the site where NO exerts its greatest 

effects with regard to sodium reabsorption. Thus, it logically represented one of the most 

critical nephron segments to examine the regulation of sodium handling by NO and 0 2 ·-. 

The altered production and/or regulation of various factors have been suggested to 

control sodium reabsorption in diabetes. Two extremely important mediators that have 
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convincingly been shown to regulate sodium transport are NO and 0 2-. These studies 

examined the regulation ofNO by PP2B in the mTAL during diabetes. Furthermore, 

these studies demonstrated that NO bioavailability is controlled in large part by the 

production ofo2·-. Finally, the balance ofNO and 0 2- work in concert to regulate 

sodium reabsorption in the mT AL during diabetes. We propose that the upregulation of 

NO is a compensatory mechanism by the rat in an effort to blunt the 02--dependent 

increase in sodium reabsoq)tion in the mT AL during diabetes. Future studies should 

examine the mechanisms behind the increased NO production as well as other antioxidant 

pathways that may be upregulated in response to the elevated oxidant stress and whether 

this upregulation of NO and other antioxidants occur in humans and other animal models 

of diabetes. 

The present study demonstrates increased NOS 1 and NOS2 enzymatic activity as 

well as NO production by mT ALs during diabetes. However, no increase in protein 

expression or phosphorylation of these isoforms was ·observed. Interestingly, these 

studies exhibited a convincing role for PP2B in the regulation of both NOS 1 and NOS2 

activities and subsequent NO production by the mTAL during diabetes. Yet, no changes 

in phosphorylation were observed on any NOS isoform in the presence of a PP2B 

inhibitor. Thus, future studies should examine the mechanisms by which PP2B is able to 

increase NOS1 and NOS2 activity and NO in the mTAL during diabetes. We propose 

that PP2B could either be dephosphorylating another protein that interacts with and 

influences NOS activity or by regulating cofactor production to increase activity. Two 

possible candidates, caveolin and B~, have been shown to be regulated by 



phosphorylation mechanisms, although specific regulation by PP2B has not been 

demonstrated. 
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Cyclosporine A (CsA) has tremendously improved the outcome of organ 

transplantation because it possesses potent immunosuppresive properties. However, 

some serious side-effects have been reported including, increased renal and vascular 

resistance, development of hypertension, development of hypercholesterolemia, and 

significantly impaired renal function (Bellet, 1985; Kahan, 1989; Mikkelsen, 1992; 

Myers, 1986; Raine, 1988). Despite the studies that implicate CsA as nephrotoxic, the 

mechanisms regarding the development ofCsA-induced renal damage are unclear. 

Various theories have been proposed including, increased renal arterial vasoconstriction, 

reduced intrarenal blood flow, altered glomerular permeability, and renal tubular 

dysfunction (Barros, 1987; Herring, 1996; Myers 1984). It is likely that all of the 

mechanisms play a part in the development ofCsA-induced nephrotoxicity. It is 

interesting to speculate that NO may be the unifying factor or central effector that 

underlies the diverse renal dysfunctions induced by CsA. Relatively few studies have 

examined the influence ofCsA on NOS enzyme expression and/or activity in the kidney, 

especially the mTAL. CsA has been shown to reduce NO production by cultured mTAL 

cells (Wu, 1998). However, to our knowledge, we are the first to demonstrate a role for 

CsA in reducing NOS 1 and NOS2-dependent NO production in the mT AL during 

diabetes. It is intriguing to speculate, based on the findings of our study, that patients 

who are treated with CsA may exhibit reduced PP2B-dependent NO production in the 

mTAL (Fig. 18). Therefore, future studies should determine ifhumans also exhibit 

enhanced PP2B-dependent NO production in the mT AL during diabetes and if CsA 



treatment abolishes the NO production. In addition, further future studies should 

examine if CsA reduces NO production in the mT AL of transplant patients by a similar 

mechanism. 
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Figure 18. Perspectives scheme. 
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lli consumption by mTALs during diabetes 

Objective. To determine ifPP2B blunts sodium reabsorption during diabetes. To 

determine if PP2B blunts sodium reabsorption during diabetes via a NO-dependent 

mechanism. 

Methods. Experiments were conducted using male Sprague-Dawley rats (250 g 

body wt, Harlan Laboratories) following 3 weeks of streptozotocin-induced diabetes. 

mTALs were removed as described previously (see methods) and 0 2 consumption was 

measured using the BD™ Oxygen Biosensor System (OBS method) as described 

previously (see methods). 0 2 consumption was measured in the presence of 100 ng/ml 

CsA (cyclosporin A, PP2B inhibitor, Sigma), 2 mM ouabain (NKA inhibitor, Sigma), 

500 JlM furosemide (NKCC2 inhibitor, Sigma), 100 JlM apocynin (NADPH oxidase 

inhibitor, Sigma), 1 JlM N5 -(1-imino-3-butenyl)-1-omithine (VNIO; NOS1 inhibitor; 

Alexis), 100 nM 1400W (1400W low; NOS2 inhibitor; Cayman), 100 JlM 1400W 

(1400W high, non-selective NOS inhibitor at this concentration). 02 consumption was 

quantified as previously described in the methods section. 

Results. 0 2 consumption was not affected by incubation with a PP2B inhibitor, 

nor in the presence of a PP2B inhibitor and a 02- scavenger (Fig. 19, P > 0.05). 

Furthermore, the increased 0 2 consumption revealed following incubation with NOS 1 

and NOS2 inhibitors (Fig. 17) was not further increased in the presence of the PP2B 

inhibitor (Fig. 19). Thus, PP2B does not appear to affect either ouabain or furosemide

sensitive 0 2 consumption. And PP2B does not appear to be enhancing the NO 

production that is responsible for blunting 02 consumption by mT ALs during diabetes. 
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Figure 19. 0 2 consumption measured in the presence of PP2B inhibitor (1 00 ng/ml 

cyclosporine A, CsA), NADPH oxidase inhibitor (1 00 pM apocynin), NOS1 inhibitor (1 

pM VNJO), NOS2 inhibitor (1 00 nM 1400W), or a non-specific inhibitor (1 00 pM 

1400W) by mTALs from STZ rats. Left: Ouabain-sensitive 02 consumption; Right: 

Furosemide-sensitive 0 2 consumption. Values are normalized to STZ untreated (Left: 

0.19 ± 0.02 L1 RNF/min/mgprotein; Right: 0.16 ± 0.02 L1 RNF/min/mgprotein), 

expressed as means± SE (n = 5-10 rats). *P < 0.05 vs. STZ untreated fp < 0.05 vs. STZ 

+Apo. 
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OBS method: Fluorescence interference with different compounds 

Objective. Testing of different compounds to be used in the OBS method with 

the positive control prior to running experiments. 

Methods. The OBS plate was preloaded with 100 J.tl of2x the final 

concentrations of compounds to be evaluated including 10 mM Tempol, 300 U/ml SOD, 

200 U/ml PEGSOD, and 1 mM, 5 mM or 10 mM LNAME. Then 100 Jll ofNaS03 (the 

. postive control) was added to each well. In addition 200 Jll ofNaS03 was also added to 

empty wells as the postive control alone. The plate was read immediately. Values are 

expressed as total fluorescence units or relative normalized fluorescence over time. 

Results. Tempol completed abolished the fluorescence of the positive control 

signal (Fig. 20A, P < 0.05 for all time points vs. NaS03 untreated). This is consistant 

with tempol acting as a nitroxide and quenching the fluorescence of many compounds. 

Interestingly, both SOD and the cell-permeable PEG-SOD, significantly enhanced the 

fluorescence of the positive control signal (Fig. 20B and 20C, respectively, P < 0.05 for 

all time points vs. NaS03 untreated). Finally, all three concentrations ofLNAME (1 mM, 

5 mM, and 10 mM) significantly blunted the fluorescence of theN aS03 signal (Fig. 20D, 

P < 0.05 for all concentrations for all time points vs. NaS03 untreated). The ONoo

scavenger, FeTPPs, upon resuspension was found to be a dark red color which would 

interfere with the OBS plate. Therefore, none of these compounds were used in · 

experiments with the OBS method of determining 02 consumption because they either 

artifically enhance or abolish the fluorescence signal. 
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Figure 20. 02 consumption measured in the presence of the positive control (1 00 mM 

sodium sulfite, Na2S03) and compounds that interfered with the fluorescence in the OBS 

method A: free radical scavenger (1 0 mM Tempo!), B: superoxide dismutase (300 U/ml 

SOD), C: cell-permeable superoxide dismutase (200 U/ml PEGSOD), D: non-specific NOS 

inhibitor (1 mM, 5 mM, or 10 mM LNAME) by mTALs.from sham rats. Values are either 

total fluorescence or relative normalized fluorescence. Values are expressed as means ± SE 

(n = 3-6 rats). '*P < 0.05 vs. sodium sulfite untreated. 
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NOS activity in the presence of non-specific phosphatase inhibitors 

Objective. To determine the effects of general phosphatase inhibition using two 

phosphatase inhibitors on general and isoform specific NOS activity by mTALs from 

sham and STZ induced diabetic rats. 

Methods. Experiments were conducted using male Sprague-Dawley rats (250 g 

body wt, Harlan Laboratories) following 3 weeks ofstreptozotocin-induced diabetes. 

mT ALs were removed as described previously (see methods). General and isoform 

specific NOS activity was measured as described previously (see methods) in the 

presence of non-specific phophastase inhibitors (NS; cocktail of two phosphatase 

inhibitors together (1 0 nM microcystin-LR and 10 nM deltamethrin). Microcystin-LR is 

a potent inhibitor ofPP1 (IC50 = 1.7 nM) and PP2A (IC50 = 40 pM). Deltamethrin is a 

potent inhibitor of PP2B (IC50 = 100 pM). They were used together and considered to 

induce non-specific phosphatase inhibition. 

Results. NOS activity in the presence of non-specific phosphatase inhibitors was 

not altered in mT ALs from sham rats compared to sham untreated for total NOS activity 

or any NOS isoform (Fig. 21A-21D, P > 0.05). Interestingly, total NOS activity in the 

presence of non-specific phosphatase inhibitors by mTALs from STZ rats (STZ + NS) 

was increased by more than 3-fold compared to sham untreated and more than 2-fold 

compared to STZ untreated (Fig. 21A, *P < 0.05 vs sham untreated, tp < 0.05 vs STZ 

untreated). The increase in total NOS activity by STZ + NS was attributed to both 

increased NOS 1 and NOS3 isoform specific activities because STZ + NS was at least 2-

fold increased compared to both sham and STZ untreated for NOS1 and NOS3 (Fig. 21B 

and 21D, respectively; *P < 0.05 vs sham untreated, tp < 0.05 vs STZ untreated). 



Finally, NOS2 isoform specific activity by mTALs from STZ rats was not affected by 

treatment with the non-specific phosphatase inhibitors (Fig. 21C, P > 0.05). 
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Figure 21. Effect of PP2B inhibition (1 00 ng/ml CsA) and non-specific phosphatase 

(NS) inhibition (1 0 nM microcystin-LR and 10 nM deltamethrin) on NOS activity in 

mTALs from STZ and sham rats. A: Total NOS activity. B: NOS1 activity. C: NOS2 

activity. D: NOS3 activity. Values are means± SE (n = 5-14 rats). *P < 0.05 vs. sham 

unt~eated; fp < 0.05 vs. STZ untreated 
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Analysis of SOD expression by mT ALs from sham and STZ rats 

Objective. To determine if the protein expression of the antioxidants ecSOD and 

MnSOD are increased in mTALs from STZ rats compared to sham. 

Methods. Experiments were conducted using male Sprague-Dawley rats (250 g 

body wt, Harlan Laboratories) following 3 weeks of streptozotocin-induced diabetes. 

mTALs were removed as described previously (see methods). Immunoblotting was 

performed as previously described (see methods). 

Results. Protein expression of both ecSOD and MnSOD was significantly 

increased by mTALs from STZ rats compared to sham (Fig. 22, P < 0.05 vs sham for 

both ecSOD and MnSOD). 
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Figure 22. Extracellular superoxide dismutase (ecSOD) and manganese superoxide 

dismutase (Mn-SOD) protein expression in mTAL homogenatesfrom sham and STZ rats. 

Top: representative Western blots. Bottom: summary of Western blot data for ecSOD 

and Mn-SOD normalized toP-actin. Values are expressed as means ± SE (n = 3-5 rats). 

*P < 0.05 vs. Sham untreated 



Expression of proinflammatory markers in kidneys of sham and diabetic rats 

treated with the selective ETA receptor antagonist, ABT -627 

Objective. To determine if the expression ofproinflammatory markers are 

increased in the outer medulla and cortex of kidneys from diabetic rats compared to 

sham. To determine if treatment with ABT -627 reduces the expression of the 

proinflammatory markers in the kidneys of diabetic rats. 

Methods. 
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Animal Model. Experiments were conducted using male Sprague-Dawley rats 

(250 g body wt, Harlan Laboratories) following 10 weeks of streptozotocin-induced 

diabetes (STZ). Randomly, half of the sham rats and half of the STZ rats were assigned 

to receive the ETA receptor antagonist ABT-627 (5 mglkg per day) via the drinking 

water. The concentration was adjusted weekly to account for increased water 

consumption by the STZ rats. 

Immunohistochemical analysis. Following 10 weeks of diabetes, kidneys were 

perfused and incubated overnight with 4% paraformaldehyde (in 100 mM dibasic sodium 

phosphate buffer) solution at room temperature. Kidneys were transferred to 70% 

ethanol for 24 and then embedded in paraffin. Sections of 4 J.tm thick were sliced onto 

Superfrost plus slides and incubated in the presence and absence of primary antibodies to 

ED-1 (CD68) and CD-3 in humidity chambers overnight at 4 °C, followed by secondary 

antibody detection. For quantification ofED-1 and CD-3, positive cells were counted in 

500 J.tm x 500 J.tm fields and expressed as number of positive cells/mm2 (magnification x 

40). 
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Results. There were a significantly greater number of cells that stained positive 

for ED-1, a macrophage marker, in the outer medulla ofSTZ rats compared to sham (Fig. 

23A, P < 0.05 vs sham untreated). Furthermore, treatment with ABT -627 signficantly 

reduced the number ofED-1 positive cells in the outer medulla ofboth sham and STZ 

rats (Fig. 23A, P < 0.05 vs sham untreated and STZ untreated, respectively). Cells that 

stained positive for CD-3, aT-cell marker, were also significantly increased in the outer 

medulla and cortex of kidneys from STZ rats compared to sham (Fig. 23B and 23C, 

respectively, P < 0.05 vs sham untreated). In addition, ABT -627 reduced the diabetes

induced increase in CD-3 positive cells in the outer medulla and cortex (Fig. 23B and 

23C, P < 0.05 vs STZ untreated). In summary, diabetes-induced increases in 

proinflammatory markers can be blunted by treatment with an ETA receptor antagonist, 

suggesting an important role for endothelin in the inflammatory process in diabetes. 
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Figure 23. Quantification ofmacrophages and T-lymphocytes in outer medulla and 

cortex of sham, sham rats treated with ABT-627, STZ, and STZ rats treated with ABT-

627 after 10 weeks of treatment. A: ED-1 positive cells in renal outer medulla, B: CD-3 

positive cells in renal outer medulla, C: CD-3 positive cells in renal cortex. Values 

expressed as means± SE (n =5-8 rats). *P < 0.05 vs. sham untreated fp < 0.05 vs. 

STZ untreated. 




