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There are sex differences in the development of hypertension with young males 

developing a more severe pathology faster than age-matched females; however, with 

advancing age this "protection" in females is lost. The mechanisms responsible for the 

sex difference in hypertension are unclear but the vasodilator nitric oxide (NO)/NO 

synthase (NOS) pathway which 1s important 1n blood pressure (BP) regulation has been 

implicated. Systemic inhibition of NOS using L-NAME (2, 5, and 7 mg/kg/day at 4 days per 

dose in drinking water) in male and female spontaneously hypertensive rats (SHR) 

resulted in dose-dependent increases in BP measured via telemetry; however, females 

exhibited greater increases in BP than males. Treatment of male and female SHR 

chronically with L-NAME at a dose of 7 mg/kg/day for 2 weeks significantly increased BP in 

both sexes, however, a previous exposure to L-NAME increased BP sensitivity to chronic 

NOS inhibition in females exclusively; this confirmed our hypothesis that female SHR are 

more dependent on NOS for BP control compared to male. 

Important for BP control, the renal 1nner medulla (IM) is the only region of the kidney 

to exhibit sex differences in NOS enzymatic activity. Female SHR have greater total NOS 

activity than males and we observed that it is not due to differences in phosphorylation or 
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protein expression. Therefore, we exam1ned potential molecular mechanisms to explain 

the sexual dimorphism in renal IM NOS activity. The endogenous NOS inhibitor 

asymmetric dimethylarginine (AOMA) has been indicated in hypertension. However, 

HPLC analysis of ADMA and the essential NOS substrate L-arginine were equal 

between the sexes in plasma and renal IM of SHR and thus do not contribute to the sex 

differences in renal 1M NOS activity. 

Tetrahydrobiopterin (BH4) is an essential NOS cofactor and decreased BH4 

availability has been indicated to be elevated in pat1ents and animal models with 

essential hypertension. BH4 levels can be decreased via oxidation and male SHR have 

h1gher levels of oxidative stress compared to females HPLC analysis of biopterin levels 

1n control and tempol (antioxidant) treated SHR showed that female SHR have greater 

total biopterin, BH4 and BH2 levels than males in the renal IM and that these sex 

differences were dependent on the presence of oxidative stress. Studies next examined 

if greater biopterin levels in females translated into greater NOS activity in females. In 

vitro analysis of NOS enzymatic activity confirmed that greater oxidative stress and 

deficiency of BH4 of male SHR in the renal IM resulted 1n lower levels of NOS activity 

relative to female SHR. In addition, in vitro analysis of rena liM NOS activity revealed that 1) 

female SHR exhibit a sex hormone-dependent 1ncrease 1n renal IM NOS activity from 

sexually immature, pre-hypertensive age to sexually mature, hypertensive age that is not 

evident in male SHR and 2) that the ability of female sex hormones to stimulate NOS 

activity is time-dependent. In conclusion, the combination of BH4 deficiency in males 
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caused by elevated oxidative stress and the ability of female sex hormones to stimulate 

NOS activity in female SHR and not ADMA or L-arginine. contribute to the sexual 

dimorphism in renal IM NOS activity. In addition, differences in sensitivity to NOS levels in 

SHR aid in creating sex differences in BP control. 

INDEX WORDS: NOS, kidney, SHR, essential hypertension, sex 
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I. INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

Hypertension is a major cardiovascular risk factor affecting one out of 

three adults (an estimated 76 million Americans) and contributes to one out of 

every seven deaths in the United States, yet the et1ology is unknown. Over the 

past decade there has been an increase in the number of people that are aware 

of their hypertensive condition and in the number of people that take prescription 

drugs to lower their blood pressure (BP). Desp1te th1s, the number patients with 

uncontrolled BP among people with hypertension still accounts for 35.8 million 

Americans. The high prevalence of hypertension in combination with the number 

of hypertensive patients that do not achieve adequate BP control, underlines the 

crucial need to better understand the mechanisms that contribute to hypertension 

so new, more effective therapeutic targets can be developed. 

There are sex differences in the development of hypertension with young 

males developing a more severe pathology faster than age-matched females; 

however, w1th advancing age this "protection" in females 1s lost. Although it is 

well known there is a sexual dimorphism that ex1sts within hypertension, the 
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standard clinical treatment is the same for both sexes. Moreover, although there are 

numerous therapeutic options to treat hypertension, fewer than 40% of 

hypertensive patients taking medication(s) are able to control their BP to recommended 

levels and women are more likely to have uncontrolled BP than men. This stresses the 

need for more effect1ve antihypertensive drugs for all individuals w1th hypertension, but 

particularly for women . The mechanisms responsible for the sex difference in 

hypertension remain unclear but the nitric oxide (NO)/NO synthase (NOS) pathway has 

been implicated. Studies show females have higher levels of NO bioavailability 

compared to males therefore, a sex difference in the NO/NOS system may contribute to 

the sexual dimorphism in BP. Thus one goal of this thesis was to determine if NOS 

differentially contributes to BP control between the sexes (Specific Aim 4 ). 

It is well established that the kidney plays a critical role in long term BP regulation 

and has been shown to play a key role in situations of long term BP dysregulation such 

as hypertension. Th1s 1s evident from renal cross-transplantation studies that show 

normotensive rats that received renal grafts from genetically hypertensive rat strains 

(i e. Dahl-salt sensitive rats (Dahi-SS) (36) and spontaneously hypertensive rats (SHR) 

(88)) became hypertensive. In contrast, renal grafts from normotensive donors to 

hypertensive rats result in reduced BP in recipient rats. These stud1es ind1cate that the 

level of BP of the recipient is critically dependent on the donor kidney and overall that 

BP control is linked to the kidney. 

The potent vasodilator messenger molecule NO is produced by the body for 

many functions (i.e. synaptiC plasticity in the central nervous system, immune system, 
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nitrergic nerve-mediated vasodilation, smooth muscle relaxation) (53). More importantly 

in the Interest of our studies, NO also plays an important role for maintaining blood 

volume, electrolyte balance, and BP homeostasis (146) It has been reported that NO 

production is reduced in essential hypertensive patients in comparison to normotensive 

individuals (94 ). Studies have shown that inhibition of NOS, the enzyme that produces 

NO, in the renal medulla (composed of both the outer medulla (OM) and inner medulla 

(IM)), results in normotensive animals becoming hypertensive . These studies underlie 

the importance of renal NOS, in particular, with BP control (123). 
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Total NOS activity in the renal IM of 13 week old control male and female 
SHR, * mdicates s~gnfficant difference from male, N=9-13. Sullivan et a/. 
Am J Phys10l Regullntegr Comp Physiol, 2010. 298(1). p. R61-9. 

Out of the three sections of the kidney, the renal IM is the critical region for fine 

tune regulation of sodium balance which is important in BP control In fact, the renal 1M 

has the highest amount of NOS activity and NO levels in the kidney of Sprague Dawley 

(SO) rats (21 0) and SHR (177). We published that in characterizing and localizing NOS 

within the three regions of the kidney of SHR that the renal IM is the only section to 
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exhibit sex differences in activity with females having greater total NOS enzymatic 

activity compared to males (see figure above) (177). Th1s sexual dimorphism in NOS 

activity could not be accounted for by sex differences rn total NOS protein expression 

alone or NOS3 phosphorylation . NOS activity can be Influenced by a variety of 

mechanisms including tetrahydrobiopterin (8H4) cofactor availability, oxidative stress 

and sex hormones. Determining the molecular mechanisms behind differences in NOS 

activity between the sexes could provide insight as to how sex ultimately influences BP 

regulation and explain lower BP in females. Therefore, the major goal of my thesis work 

was to elucidate the molecular mechanism(s) behind the sexual differences in renal IM 

NOS act1v1ty in SHR (Specific Aims 1-3). 

KEY WORDS: NOS, Sex difference, Renal 1M, BP, SHR 
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Specific Aims 

Aim 1: To test the hypothesis that female SHR have more L-arg and DDAH 
levels yet lower ADMA levels in the renal 1M compared to males. 

Aim 2: To test the hypothesis that greater oxidative stress in male SHR 
decreases BH4 levels and NOS activity relative to female SHR. 

Aim 3: To test the hypothesis that sex differences in renal IM NOS are due to 
sexual maturity and the influence of estrogen. 

Aim 4: To test the hypothesis that female SHR are more dependent on NOS to 
maintain BP control than males. 
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II. REVIEW OF LITERATURE 

A. Hypertension 

1. General statistics of hypertension 

BP is considered normal when individuals exhibit a systolic BP of lower 

than or equal to 120 mmHg and diastolic BP less than or equal to 80 mmHg (27). 

Hypertension, also known as high BP, is a major risk factor for cardiovascular 

disease and stroke and is defined as having BP that is greater than or equal to 

140 mmHg systolic BP and 90 mmHg diastolic BP (2, 27). The disease of 

hypertension is a worldwide phenomenon affecting one out of three people 

(approximately 1 billion individuals) and leads to approximately 7.1 million deaths 

worldwide per year. According to the World Health Organization, hypertension is 

the most preventative cause of death in developed countries (3, 157) (i.e. the 

United States (38)). Yet, unfortunately the etiology of essential hypertension is 

still unknown. The prevention and management of hypertension are major 

challenges for the United States (157). In addition to the cost in lives lost, 

hypertension is costly to the healthcare system. The American Heart Association 

recently estimated that direct and indirect costs of hypertension are more than 

$93.5 b1lhon per year and it has been projected that it will cost $200.3 billion by 

2030 (71) 
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2. Types of hypertension 

There are two main types of hypertension: 1) essential or primary hypertension 

and 2) secondary hypertension. Essential hypertension, which also goes by a third 

name, idiopathic hypertension, is hypertension of which the cause is unknown. 

Secondary hypertension 1s defined as hypertension that is secondary to another 

disease i.e. renal hypertension that is caused by narrowing of the renal artery (24, 199). 

Since essential hypertension is the most common type of hypertension affecting 95% of 

hypertensive patients (24 ), we chose to conduct our studies to focus on this particular 

type of hypertension. 

3. Sex difference in BP regulation in humans 

The terms sex and gender are often used erroneously and interchangeably when 

they, in fact, have distinct meanings (72, 100). The Institute of Medicine defines the 

term sex as "the classification of living things, generally as male or female according to 

their reproductive organs and functions assigned by chromosomal complement" while 

the term gender refers "to a person's self-representation as male or female or how that 

person is responded to by social institutions based on the individual's gender 

presentation" (1 ). Therefore in regard to our studies, we use the word sex instead of 

gender as the appropriate terminology. 

The incidence of hypertension is different over a lifespan and also between men 

and women. Data collected between 1988- 1994 to 1999- 2008 as reported by the 

National Health and Nutrition Examination Survey (NHANES), showed from ages 20-24 

a greater percentage of men had hypertension compared to women. Interestingly, as a 

person approaches the ages of 45-64, this sexual dimorphism is lost with similar 
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percentages of men and women having hypertension . It is not until after 65 years of 

age, wherein the sexual dimorphism reappears, however, at these ages a higher 

percentage of women now have hypertension in comparison with age-matched men 

{157). 

Over the past decade there has been an 1ncrease in the number of people that 

are aware of their hypertensive condition, the number of patients prescribed drugs to 

treat their hypertension and in the prevalence of achieving BP control to recommended 

levels In spite of these improvements, only 46% of hypertensive patients have their BP 

under control and women are more likely than men to have uncontrolled BP (30% vs. 

40%, respectively) (21 , 157). The Seventh Report of the Joint National Committee on 

Prevention, Detection , Evaluation, and Treatment of High Blood Pressure (JNC 7) 

shows the standard hypertensive treatment guidelines are independent of sex (34 ). In 

sum, th1s suggests that not only is there a need for better, more effective 

antihypertensive drugs m general but that potentially the pathways mvolved in the 

development of hypertension may be different between the sexes. 

4. Sex difference in BP regulation in experimental models 

Human hypertension IS a complex multifactorial disease Influenced by both 

environmental factors and genet1c variability thus there are very few animal models that 

exhibit the complexity of this disease in its entirety (20). Although hypertension has 

been produced in rabbits, monkeys, pigs and mice, rats are among the most prevalent 

species utilized in hypertension research (11 , 147) There are animal models that have 

been developed by using factors that are presumed to be responsible for human 

hypertension such as manipulating salt intake, the renin angiotensin aldosterone system 
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(RAAS) as well genetic factors (11 ). There are several rat models that exhibit the same 

sexual dimorphism in hypertension as seen in humans which include genetic models 

(i.e. Dahi-SS rats (37 , 45, 153), mREN 2 hypertensive rats (144), New Zealand 

hypertensive rats (9, 153) and SHR (17 4 )) as well as non-genet1c models (i.e. 

angiotensin II hypertension (212), reduced renal mass hypertension, uninephrectomized 

on high salt (HS) diet (153), and deoxycorticosterone acetate (DOCA)-salt 

hypertension) (20, 139, 153). 

The spontaneously hypertensive rat (SHR) is a genetic model of hypertension 

that is thought to be the "cornerstone of med1cal research in experimental hypertension" 

(11) and is one of the most commonly used models of cardiovascular disease (44) due 

to its similarity in pathophysiology with human essential hypertension (45). SHR were 

created through inbreeding two Wistar rats with the highest BP by Okamoto et al. thus 

allow1ng for the development of the "first ever rat strain to exhibit spontaneous 

hypertension that develops without phys1olog1cal, pharmacological or surgical 

intervention" (45, 216). Important for our purposes, SHR exhibit sex differences in many 

aspects of cardiovascular disease including hypertension (175). As in humans, 

hypertension develops more rapidly and becomes more severe 1n male SHR than 

female (44, 154, 175) Both male and female SHR are normotensive to mildly 

hypertensive within the first 5-6 weeks of life, yet by 8-20 weeks a rise in BP has 

occurred that is more rapid in onset and greater in males than in females (20). 

B. Kidney and BP control 
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1. How kidney regulates BP control 

The body has many systems (i.e. nervous, cardiovascular, endocrine, renal) for 

controlling BP which include neural receptors (i.e. chemoreceptors and baroreceptors) 

that react in seconds, several hormonal systems (i.e. low renal pressure activation of 

the RAAS, high pressure mduced filtration of capillanes) that react w1th1n minutes and 

finally, a kidney based system (i.e. low arterial pressure induced secretion of 

aldosterone for sodium and water retention) that reacts within hours or days and in the 

end "the contribution of the kidney is thought to be the greatest" (64, 124 ). Although 

these BP control systems are effective, none can restore BP entirely back to normal 

separately Each one does its best to maintain pressure near normal unt1l a different 

control system can correct the error in pressure. This "infinite feedback phenomenon" is 

acquired via manipulation of fluids by the kidney under regulation by several systems 

Including the NO system and reactive oxygen species (ROS) which are of particular 

interest to our studies If arterial pressure nses above the normal set point, the kidneys 

respond by excreting water and sodium so blood volume decreases. Subsequently, the 

heart pumps less blood ultimately leading to decreased arterial pressure in a process 

termed pressure natriuresis. On the other hand, if arterial pressure falls below the 

normal set point, the k1dney stimulates sod1um and water retention that elevates blood 

volume levels and mcreases arterial pressure (64 ). 

The primary role of the kidneys is to remove metabolic wastes and maintain fluid and 

electrolyte balance. The kidneys also have a role in red blood cell synthesis, bone 

metabolism, ac1d-base balance and BP control. Thus renal dysfunction can negatively 

impact any one of these roles (50). Due to the kidney's role in long term BP regulation , it 
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also plays a key role in situations of long term BP dysregulation such as hypertension. 

Dating as far back as 2600 BC, the Yellow Emperor of China discovered that "when the 

pulse is abundant but tense and hard and full like a cord , there are dropsical swellings," 

and suggested that "the kidneys pass on the diseases to the heart ... " (48, 65). Other 

investigators have since made similar connections between the kidney and 

hypertension even though they did not and still do not fully know the mechanisms 

involved in the linkage. Indeed if the kidney fails to excrete water and salt during times 

of increased arterial pressure, then BP will increase even more in order to reestablish 

sodium balance. Ultimately this causes BP to be set at a new set point; if continued, this 

cycle can constantly reset itself until a hypertensive state is reached. In fact, chronic 

hypertension cannot develop unless there is a shift of the pressure natriuresis to higher 

BP (65). 

2. Importance of 3 regions of kidney in BP control 

The kidneys are paired , bean shaped structures that are found behind the 

peritoneum on each side of the spine. The hilus of the kidney serves as a point of entry 

for the renal artery and nerves as well as the exit site for the renal vein, lymphatics, and 

the ureter. The kidney is divided into two basic layers, the cortex and the medulla (which 

can be further divided into OM and IM. The cortex is primarily composed of glomeruli 

and tufts of capillaries and tubules whereas the medulla lacks glomeruli but consists of 

tubules and small blood vessels. 

Many studies have shown that there are greater amounts of NOS protein in the 

medulla than cortex and thus the medulla has a greater capacity to produce NO than 

the cortex (95, 122, 178). Our lab published that the renal IM of SHR has more NOS 
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than the renal OM ( 178 ). Although no studies have been performed to look at the 

contribution of NO specifically from the renal cortex or IM on BP control, studies have 

shown that the nonselective NOS inhibitor, Nw-nitro-L-arginine methyl ester (L-NAME) 

increases BP in normotensive individuals (58) and 1n expenmental animals following 

e1ther systemic administration (136) or chronic infusion into the renal medulla selectively 

(33). 

C. NO/NOS pathway 

1. History/Discovery of NO 

The vascular endothelium plays a pivotal role in maintaining 

cardiovascular homeostasis by serving as a barrier between the vessel wall and lumen 

(23, 120) The endothelium functions critically in BP control by releasing both 

vasorelax1ng and vasoconstricting factors as needed to regulate vascular tone. It is well

known that endothelial dysfunction (the imbalance between vasorelaxing and 

vasoconstricting factors produced by the endothelium) is involved in cardiovascular 

disorders such as hypertension. In the early 1980s, Robert F. Furchgott and John V. 

Zawadzki found that removing the endothelium from aortas caused the tissue to lose its 

vasodilatory response to acetylcholine (23) thus discovering a non-prostaglandin 

endothelium denved-relaxing factor (142), which is now known as NO. Furchgott, Louis 

J. lgnarro and Fend Murad were honored 1n 1998 w1th the Nobel Prize for their 

dlscovenes of this new cardiovascular s1gnallng molecule (57) NO IS lipophilic free 

radical with an extremely short in vivo half-life of less than 5 seconds which limits the 

ava1lab11ity of newly synthesized NO to adjacent or nearby cells (79). NO stimulates 

many physiological act1ons including the control of vascular tone, Inhibition of vascular 
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smooth muscle cell proliferation and endothelial cell apoptos1s, antithrombotic actions, 

cell cycle regulation , regulation of sod1um transport in the nephron, neurotransmission 

and inflammation NO can also act as an endothelial-derived freely diffusible gas or 

attach 1tself to other molecules (23). NO functions as a second messenger that diffuses 

into adjacent smooth muscle cells to activate soluble guanylate cyclase which produces 

3', 5'-cyclic guanosine monophosphate (cGMP) resulting in vasodilation (79). NO is able 

to impact BP via the kidney by several mechanisms including dilating the afferent 

arteriole to 1ncrease renal blood flow and glomerular filtration rate, stimulating renin 

secretion from the juxtaglomerular cells to cause angiotensin II mediated 

vasoconstnction, and lastly, stimulating nephron transport of sodium (73). However, 

how the sex of the antmal contributes to sex differences 1n hypertension w1th regards to 

NOS is also unknown (Spec1fic Aim 4 ). 

2. Nit ric oxide synthase (NOS) 

NO is continuously (23) enzymatically synthesized by a family of NOS enzymes 

(168) which convert L-arginine (L-arg) to L-citrulline plus NO. There are 3 isoforms of 

NOS: NOS1 (neuronal, nNOS), NOS2 (inducible, iNOS), and NOS3 (endothelial, eNOS) 

(5). NOS1 and NOS3 are generally referred to as constitutively expressed, Ca2+

dependent enzymes, whereas NOS2 is expressed at high levels only after induction by 

cytok1nes or other inflammatory agents, and its activity is independent of an increase in 

Ca
2

• (7) All 1soforms of NOS utilize L-arg as the substrate, and molecular oxygen and 

reduced nicotinam1de-aden1ne-dinucleotide phosphate (NADPH) as co-substrates (53). 

Flavtn aden1ne dinucleotide (FAD), flavin mononucleotide (FMN), and (6R-)5,6,7,8-

tetrahydro-L-biopterin (BH4 ) are all cofactors required for activity of NOS (53). All NOS 



12 

proterns are homodimers (53) of a polypeptide in which both the heme Fe2+ and BH4 

brndrng domarns are linked via a calmodulin (CaM)-brndrng sequence to a flavoprotein 

that has brndrng srtes for FAD, FMN and NADPH (138). NOS enzymes must dimerize in 

order to be in their active form (5). The overall reaction catalyzed by NOS includes 

electrons being donated by NADPH to the reductase domain of the enzyme and 

transported via FAD and FMN redox to the oxygenase domain; this electron transport 

requires the presence of bound Ca2+/CaM. There they interact with the heme Fe2+ and 

BH4 at the active site to catalyze the reaction of oxygen with L-arg leading to the 

formation of NG-hydroxy-1-arginine (NHA). This rs followed by oxidation of the 

intermediate NHA, usrng a single electron from NADPH generating citrulline and NO as 

products (5, 7). 

3. Location and function of NO/each NOS isoform in kidney 

The kidney is a complex organ with nearly 20 drfferent cellular types which has 

slowed the advancement of both molecular and animal approaches to comprehending 

the ro le of NO in regulating renal function (73). However, research shows different NOS 

isoforms are located in different tissues within the kidney. NOS1 is predominantly 

localized in the macula densa, neurons, Bowman's capsule, and collecting duct, where 

it participates rn the control of glomerular hemodynamics, renin release, and sodium 

excretron (1 0, 98, 165, 178). NOS2 has been difficult to reproducrbly detect in the 

normal krdney however, there appears to be NOS2 mRNA rn the medullary thick 

ascending limb (129) Lastly, NOS3 is localized rn endothelial cells of the vasculature 

and tubules, where it is important in the maintenance of glomerular filtration rate, 

vascular tone, and renal blood flow (1 0, 98, 165, 178). 
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4. NO/NOS Regulation 

Due to the wide impact of NO on various systems and its potent chemical 

reactivity and high diffusibility, NO production is "under complex, tight control to dictate 

specificity of its signaling and to limit toxicity to other cellular components" (99). 

Therefore NOS is subject to a variety of transcriptional, translational, and 

posttranslational controls. Lipid modifications (myristoylation and palmitoylation), 

phosphorylation events, and protein-protein interactions "serve to govern the timing , 

magnitude, and spatial distribution of NO release" (99) and are examples of 

posttranslational controls. Each NOS isoform has different sites on its gene structure 

that either inhibit or stimulate activity. One site of particular interest to our studies is 

NOS3 phosphorylation site serine 1177 (pNOS3 ser1177) because it is known to be 

Phosphorylated/stimulated via the phosphoinositide 3(PI3)-kinase/Akt pathway by 

estrogen (53); this is important for our studies in examining the contribution of female 

sex hormones to sex differences in renal IM NOS activity and protein expression 

(Specific Aim 3). 

Increases in Ca2
+ and phosphorylation or expression of NOS are the 

mechanisms regulating overall NOS activity that are quite well understood, however, 

subcellular regulation of NO production by binding proteins with respect to time and 

Place is much more complex. Other aspects of NOS regulation such as membrane 

attachment and stimulation and/or inhibition of activity are also mediated by (often 

isoform-specific) protein-protein interactions with one, two or all three NOS isoforms i.e. 

CaM which is essential for NOS activity is able to activate all three NOS isoforms while 

Caveolin3 inhibits all NOS isoforms ( 131 ). 
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a} NOS substrate L-arg 

In 1886, Ernest Schultze discovered the basic endogenous am1no acid L-arg which 

has been shown to be involved in a number of metabolic processes as an ammonia 

detoxification product, the urea cycle metabolite, the precursor of proteins, ornithine, 

urea and creatinine, and the formation of active enzyme centers (35). In more recent 

years, L-arg has been found to be essential for NOS activity (172, 21 0) in that L-arg is 

the only substrate involved in the process of NOS producing NO and its metabolism is 

complex and highly regulated (127). This complexity arises not only from the diversity of 

enzymes involved in metabolism of L-arg and its metabolites but also from their cell

specific patterns of expression (63). L-arg availability is influenced by dietary intake and 

endogenous production from both protein breakdown and de novo synthesis from 

citrulline as well as by arginine clearance vra arginase and protein synthesis (114, 210). 

Argrnase is a binuclear manganese metalloenzyme that catalyzes the hydrolysis of 

L-arg to L-ornithine and urea and has been shown to have strong staining in the renal 

medulla of the male rat kidney ( 1 07, 125 ). Two distinct genetic isoforms of arginase 

have been identified , Arginase I and Arginase II, that share approximately 60% amino 

acid sequence homology (43, 47, 201 ), yet differ with respect to tissue distribution, 

immunological reactivity, and subcellular localization (47, 82). Arginase I is cytosolic and 

expressed rn the liver, however, Arginase II is mitochondrial and highly expressed in the 

Prostate and kidney (47). Trssue arginase activity and tissue L-arg content are inversely 

related; the hver has the highest arginase actrvity with the lowest L-arg content while the 

kidney, muscle and spleen have only 1% the arginase actrvity of liver, yet have a 5- to 

1 0-fold higher L-arg content (63). In fact, the normal kidney synthesizes the majority of 
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the L-arg found in the circulation (13). In addition, L-arg transport has been shown to 

affect NOS activity and NO production specifically within the renal medulla (73). 

Both clinically and experimentally, L-arg has been shown to prevent the 

development of hypertension or correct BP elevations (143, 195). L-arg is potentially 

involved in hypertension through improving endothelial vasomotor function, increasing 

vascular NO production , reducing vasoconstrictor activity (endothelin-1 and angiotensin 

II), increasing renal plasma flow, reduced oxidative stress , improved insulin sensitivity, 

and lastly, the favorable alteration of asymmetric dimethylarginine (ADMA):L-arg ratio 

(61) of which my studies investigate (Specific Aim 1 ). 

b) Cofactor BH4 

In 1963, a naturally occurring coenzyme for phenylalanine hydroxylase was 

discovered to be the unconjugated pterin BH4 ((6R-) 5,6,7,8-tetrahydro-L-biopterin) 

(126) which is an essential cofactor for several aromatic amino ac1d hydroxylases 

involved with neurotransmitter biosynthesis as well as glyceryl-ether mono-oxygenase 

that is important in lipid metabolism (182). Most importantly to our studies BH4 is known 

as an essential cofactor of all three NOS isoforms. The conversion of L-arg to NO via 

NOS only occurs if BH4 is bound to the NOS enzyme interface (126). BH4 acts as a 

NOS cofactor by a "range of allosteric and structural effects" including stabilization of 

the dimeric NOS, enhanc1ng enzyme activ1ty and preventing NOS uncoupling 

(inadequate electron transfer to oxygen leadmg to superoxide (0 2- ) format1on). Hence, 

BH4 deficiency not only compromises NOS act1v1ty but also leads to decreased NO and 

increased 0 2- formation by NOS (8).BH4 1s highly t1ssue-specific and is either 

formed de novo from guanosine-5'-triphosphate via a sequence of three enzymatic 
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steps carried out by GTP cyclohydrolase I (GTPCHI), 6-pyruvoyltetrahydropterin 

synthase and sepiapterin reductase or via the salvage pathway that involves 

dihydrofolate reductase (204 ). The rate limiting step for BH4 biosynthesis is GTPCH1 

which can be stimulated by cytokines like mterferon-y, tumor necrosis factor-a, and 

interleuk~n-1 (205). 

BH4 appears to play a fundamental role in the pathogenesis of vascular 

dysfunction resulting from oxidative stress conditions (91 ). Although BH4 is the 

predominant form of biopterins in normal plasma or cells, it is prone to and very 

sensitive to oxidation to 7, 8-dihydrobiopterin (BH2) by intracellular ROS (53, 92, 156). 

To be functional , BH4 must be in its fully reduced form not 1ts OXIdized form as BH2 

(126) In addition to de novo synthesis from GTP, BH2 can be converted back to BH4 by 

d1hydrofolate reductase (DHFR) to replenish cellular BH4 levels (87) BH4 levels and the 

BH.JBH2 ratio are important determinants of "the fate of NOS activity"; disturbances in 

cellular BH4 homeostasis contributes to the dysregulat1on of NOS (91 ). Anti

hypertensive treatments using BH4 exerts additive cardiovascular benefits through anti

inflammatory and antioxidant properties (192). Decreased BH4 availability has been 

indicated in patients with essential hypertension (150), DOCA-salt rats (1 03) and SHR 

(56, 75) and contributes to decreased NO production v1a NOS dysfunction (32). 

Ox1dat1ve stress IS defined as a disturbance in the pro-ox1dant to antioxidant 

balance in favor of the former, leading to potential damage (148, 169) Antioxidants 

(i.e. superox1de dismutases (SOD), glutathione peroxidase, heme oxygenase, 

th1oredoxin perox1dase/peroxiredoxin, catalase, and paraoxonase) (52) halt the actions 

of prooxidants like h1ghly reactive ROS (i.e 0 2 , H20 2, · OH, HOCI, ferryl , peroxyl and 
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alkoxyl) by preventing their formation, or by repairing the damage that they do (6, 66). 

Oxidative stress leads to both physiological and pathophys1olog1cal consequences. 0 2 

can Induce vasoconstriction and sodium reabsorption in the k1dney to increase BP and 

therefore has been suggested to be involved 1n the development of hypertension (6). 

Studies have shown in vessels from hypertensive rats that oxidative stress can oxidize 

8H4 to cause NOS uncoupling, resulting in increased ROS and reduced NO production 

by the NOS enzyme (1 03). Females have lower levels of oxidative stress compared to 

males both clinically and experimentally (16, 1 02) In sum, though BH4 is required for 

NOS activity and oxidative stress can interact with BH4 to decrease NOS activity, 1) the 

role 8H4 plays in NOS activity between the sexes as well as 2) how BH4 and oxidative 

stress contribute to NOS activ1ty and NO b1oavailab1hty between the sexes are unknown 

(Spec1f1c A1m 2) 

c) DDAH/ADMAINOS pathway 

Another molecule of recent interest within the disease of hypertension is the 

endogenous amino acid AOMA (183). AOMA is found 1n plasma, tissue and cells (194) 

and acts as a competitive inhibitor of all three NOS isoforms. Protein arginine 

methyltransferases (PRMT) specifically methylate protem-incorporated arginine 

res1dues on h1stones or other nuclear proteins (30) to generate protein-incorporated 

monomethylarginine (MMA), symmetric dimethylarginine (SOMA), or asymmetric 

d1methylarginine (AOMA) (30, 215). Although there are other free methylarginines i.e. L

NGMonomethylarginine (l-NMMA) and SOMA, AOMA 1s the only one that is present in 

sufficiently high enough concentrations in vivo to 1nhib1t NO synthesis (30, 194 ). When 

protems are degraded, asymmetrically dimethylated L-arg residues are released as 
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ADMA into the cytoplasm (115), exported from the cell and taken up by other cells via 

system y+ earners of the cationic amino acid (CAT) fam1ly (141) ADMA is eliminated 

by renal excretion and metabolic degradation v1a dimethylarginine 

dimethylaminohydrolase (DDAH) (93, 141 ). There are two DDAH enzymes, DDAH-1 

and DDAH-2, that metabolize ADMA (167) into one molecule of L-citrulline and one 

molecule of dimethylamine (141). In rats, DDAH-1 is most highly expressed in the 

kidney at sites of NOS1 expression (18, 106, 134, 135). DDAH-1 overexpression 

increases NOS activity in vitro and in vivo (193) In addition, DDAH-1 +/- mice have a 

decrease in DDAH-1 protein expression which has been linked to the development of 

pulmonary hypertension (141 ). DDAH-2 is expressed throughout the kidney, including 

the th1ck ascend1ng hmb, macula densa, d1stal collecting tubule and cortical and 

medullary collecting duct; it is localized at t1ssue s1tes of NOS2 and NOS3 expression 

(137). DDAH-1 and DDAH-2 inhibition increases ADMA concentrations in endothelial 

cells and Inhibits NO-mediated endothelium dependent relaxation of blood vessels (49, 

51), providing evidence that DDAH and ADMA play an important role in regulating NO 

bioavailability. This inhibition of NO by ADMA can be reversed by high concentrations of 

L-arg (15) and the state of activation or inhibition of NOS has been stated to depend on 

the local intracellular concentrations of both substrate and inhibitor, or the L-arg/ADMA 

ratio (188). 

Recent stud1es have Implicated ADMA 1n hypertension, plasma and isolated 

heart ADMA levels are higher in male SHR compared to normotensive Wistar Kyoto 

(WKY) rats (1 09, 11 0) Sex differences in ADMA have also been reported clinically with 

healthy young men having greater ADMA levels compared to women (81) supporting a 
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sex difference 1n ADMA levels. However, little is known regarding the influence of sex of 

the animal on DDAH, ADMA or the L-arg/ADMA ratio within the kidneys of hypertensive 

rats (Specific A 1m 1 ). 

5. Sex and sex hormones 

Men and women differ biologically in the1r sex chromosome complement (XY vs. 

XX) (83, 161) as well as primary reproductive sex hormones (72). Normally, men have 

one X and one Y chromosome whereas women have two X and no Y chromosomes. X

or Y -linked genes, parental imprinting, or X mosaicism have been suggested to 

contribute to sex differences in hypertension (83) Epidemiological data have shown that 

genetic factors account for 30% to 50% of the vanat1on in BP between Individuals (112, 

161 ). however, there rema1ns a limited amount of mechanistic information regardmg 

how sex chromosomes contribute to BP control (83). 

Traditionally, the function of sex hormones have been thought of in the context of 

reproductive processes and the physiological development of sex organs, however the 

role of sex hormones has also been a topic of investigation in elucidating the cause 

behind the sexual dimorphism in hypertension . Sex hormones (i .e. estradiol, 

progesterone and testosterone) are secreted by the gonads and are involved in the 

regulation of sexual functions, development of accessory reproductive organs, and 

secondary sex characteristics. Sex hormones are produced locally by peripheral 

conversion 1n target tissues such as fat and the hver and may either circulate to act on 

t1ssues or act 1n an autocnne manner (207) Androgens are primarily "male" hormones 

and estrogens are "female" hormones. The major c1rculat1ng androgen is testosterone 

which 1s synthesized from cholesterol in the Leydig cells in the test1s (80). Testosterone 
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and the weaker adrenal prohormones dehydroepiandrosterone (DHEA) and 

dehydroep1androsterone sulfate can be converted by aromat1zat1on into estrogens that 

include estradiol, estrone, and estriol. The major c1rculat1ng estrogen is estradiol, which 

1s produced by the ovarres as well as locally in targets such as ad1pose tissue (208). 

1. Testosterone 

Sex hormones influence NO bioavailability (46, 74, 153). In reproductive organs, 

testosterone increases NOS activity and immunoreactive NOS protein in rats but has 

variable effects in non-reproductive tissues (133). Not much is known about the effects 

of androgens on renal NO bioavailability (198). Even though sex hormones have been 

shown to Influence BP clinically (46, 153), little 1s known regarding the influence of 

androgens on BP, it is st1ll unclear if testosterone increases or reduces BP (46). In SHR, 

it IS predominantly male sex hormones that underlie the BP differences between the 

sexes (90) s1nce castration of male SHR decreases the extent of BP rrse with age and 

abolishes the sex difference in BP while testosterone replacement increases BP (26, 

154, 179). 

2. Estrogen 

Clinically, total NO production IS greater in premenopausal women than in age

matched men (89) and NO levels are decreased in post-menopausal women (145). 

Estrogen has been shown to be able to stimulate NO/NOS w1th1n m vitro studies (in 

cultured human coronary artery endothelial cells (214 ), in the vasculature of rat 

pulmonary arteries and thorac1c aorta and human vascular endothelial cells (62, 158, 

171) and in the glomerular endothelial cells of the k1dney) and m v1vo (in rat aorta and 

heart (128), mRen2 hypertensive rats and arterioles of SHR (77, 78, 111 )). However, 
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female Dahi-SS and SO rats and in aged female Dahi-SS rats cort1cal NOS expression 

was not changed following OVX (119, 133) and we have published that removal of 

female sex hormones by ovariectomy (OVX) does not change NOS activity in the renal 

cortex or IM in SHR [43, 143). 

Stud1es showing that the sex of the ammal can directly affect NOS to influence 

NO production (133, 203) have primarily been conducted using animal models that are 

already young adults and hypertensive. It has been suggested that the cause behind 

the onset of hypertension in SHR is still unknown because "the appropriate studies with 

pre-hypertensive rats have not been done" (44) Stud1es comparing pre-hypertensive 

SHR and normotensive WKY have suggested that "puberty" 1n hypertensive strains 

causes a loss in NO/NOS (197). However, a confounding vanable remains that during 

sexual maturation in SHR, BP is progressively mcreasmg. So are sex differences the 

result of sexual maturat1on or the sex difference in the rate at wh1ch BP increases? It is 

still unknown if 1) NOS between the sexes prior to hypertension are different and how 

maturation versus hypertension impacts this and 2) if the ability of female sex hormones 

1n stimulating NO/NOS levels is time-sensitive (Specific Aim 3). 

The ability of estrogen to stimulate NO/NOS levels is suggested to result in the 

cardioprotect1ve reduction of BP with estrogen replacement in premenopausal [23, 146] 

and postmenopausal women [154-156]. However, both chmcally as well as 

experimentally, th1s protective role of estrogen 1s controversial. There 1s clinical data 

suggesting that hormone replacement therapy 1nvolv1ng estrogen reduces 

cardiovascular complications in postmenopausal women [135, 147, 148], whereas 

reports from Heart & Estrogen-progestin Replacement Study (HERS), HERS2 and 
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Women's Health Initiative (WHI) clinical trials do not support vascular benefits of 

hormone replacement therapy, particularly in elderly hypertensive women [135, 149-

151] The age of the women involved and the number of years that the women had 

been post-menopausal before enrolling 1n the trial have been suggested not only to 

significantly impact the outcomes but to be the cause of the variations with hormone 

replacement therapy trials [136]. This is further supported by studies in experimental 

animals. OVX and subsequent estrogen replacement experimentally in female SHR, 

either increases [28, 141] or does not change BP (54) 144 ]. The studies conducted in 

animals showing varying results in BP performed OVX at 10 weeks of age (after sexual 

maturity [166]) yet OVX performed at 5 weeks of age that measured BP at 20-23 weeks 

of age showed that BP 1n female SHR decreased [165]. Th1s suggests that the removal 

of sex hormones after a rat IS fully sexually mature at 10 weeks of age may be too late 

of a time po1nt to uncover if female sex hormones are indeed protective. Differences 1n 

results in gonadectomy studies may be due to differences amongst studies as 

pertaining to 1) the age at which the surgery was performed and 2) the length of time 

the animals were without hormones before administenng hormonal replacements or 

collecting the tissue for analysis. In fact, it has been suggested that the "timing of 

castration/gonadectomy ... in animals may be critical in the development or progression 

of cardiovascular d1sease" [164]. In support of this, many studies where gonadectomy is 

conducted soon after weaning versus after adulthood resulted 1n differences in 

sens1t1v1ty to hypertensive stimuli [23]. suggest1ng the act1ons of sex hormones may be 

time sensitive 
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Ill. MATERIALS AND METHODS 

Animal Model 

The experiments described in this dissertation used male and female SHR in 

accordance with the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals, and use was approved and monitored by the Georgia 

Regents University Institutional Animal Care and Use Committee. Animals were 

housed under conditions of constant temperature and hum1d1ty and exposed to a 

12·12-hour light-dark cycle. All rats were g1ven free access to rat chow and tap 

water At the end of all the studies rats were anesthetized with ketamine/xylazine 

(50 mg/kg and 6 mg/kg i.p., respectively; Phoemx Pharmaceuticals, St. Joseph, 

MO). 

HPLC analysis 

ADMA and L-arg levels: 12 week old male and female SHR (Harlan Laboratories, 

Inc Indianapolis, Indiana) were studied Renal IM, cortexes and plasma ADMA 

and L-arg levels were measured by HPLC 15-20 mg of t1ssue were sonicated in 

550 IJI of 0 1M Na-phosphate buffer (pH 6.5) and centrifuged at 14,000xg at 4°C. 

For plasma samples, 100 1-11 of plasma was added to 400 IJI water. Then , 5 IJI of 

500 IJM homoarginine was added to 500 IJI of samples, vortexed and de

proteinized in 500 IJI of 10% sulfosalicylic acid. After 5 m1nutes in ice, samples 
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were centnfuged and processed for solid-phase extract1on usmg HF Bond Elut -SCX 

columns and ADMA was measured as previously descnbed (173). 

B1opterin levels· renal IM from 12 week old control and tempol treated male and female 

SHR and a subset of male SHR were supplemented with tetrahydrobiopterin (BH4) 

(Harlan Laboratories, Inc. Indianapolis, Indiana) were studied for BH4 , BH2 and total 

biopterin levels. Samples were placed in 3001-JI of ice-cold Lysis buffer (50 mM Tris-HCI, 

pH 7.4, 1 mM OTT, 1 mM ethylenediaminetetraacetic acid (EDTA)) of which 270 IJI of 

extract was added to 30 IJI of a 1:1 mixture of 1.5 M HC104 and 2 M H3P04. Samples 

were then centrifuged for 10 minutes at 14,000xg at 4°C 1nto a pellet that was kept for 

Bradford prote1n measurements (dissolved in 100 IJI of 1 M NaOH at 2°C) 

ADMA Enzyme Immunoassay Kit 

Renal 1M and plasma ADMA were measured by ELISA according to the manufacturer's 

mstructions (OLD Diagnostika, Hamburg, Germany) Plasma samples were undiluted 

and renal IM were homogenized in 500 IJI of hypotonic buffer, containing (in mM) 20 4-

(2-Hydroxyethyl)-1-piperazine ethanesulfonic acid (HEPES) (pH 7.4), 10 NaCI, 1 Na 

orthovanadate, 10 NaF, and 10 EDTA, in the presence of protease inhibitors, including 

1 mg/ml PMSF, 1 IJg/mlleupeptin, and 1 IJg/ml pepstatm A. Protein concentrations were 

determined by standard Bradford assay with bovme serum albumin as the standard, 

and values were expressed normalized to total protein. 

Western Blot Analysis 

Homogemzat1on protocol. renal IM were we1ghed and homogenized in homogenization 

buffer (50 mM Tris · HCI, pH 7.4, 1 mM EDTA, 0.1% 2-~ mercaptoethanol, 10% glycerol 
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and 1 mM ethyleneglycotetraacetic acid (EGTA)) volumes accord1ng to weight (1 :10 

rat1o) 1n the presence of protease inhibitors (1 mM phenylmethylsulfonyl fluoride (PMSF) 

in ethanol, 1 !JM pepstatin A, 2 IJM leupeptin, and 0 1% aprotinin). 

NOS protein expression· After homogenization of renal IM, samples were loaded at 50 

IJg of protein/well Briefly, following transfer of protein onto polyvinylidene difluoride 

(PVDF), membranes were blocked in Odyssey blocking buffer (LI-COR Biosciences, 

Lincoln , NE) in Tris-Buffered Saline and Tween-20 (TBST) for all Westerns NOS1 , 

NOS3, and NOS 1177 protein expression ; however, Western blots in Specific Aim 3 

used Object 1-P buffer (Nacalai Tesque, Kyoto, Japan) in TBST. Two-color 

immunoblots were performed using pnmary ant1bod1es to NOS1 , NOS3, or phospho

NOS31177 (BD Transduction Laboratories, 1 500), and monoclonal antibody to actin 

(A 1978, 1 10,000, S1gma, St. Louis, MO). 

Dimethylargm1ne dimethylaminohydrolase (DDAH) protem expression : two-color 

immunoblots were performed using primary antibodies to DDAH 1, or DDAH2 (Santa 

Cruz Biotechnology, Inc., Santa Cruz, CA, 1 :200) and a monoclonal antibody to actin 

(A 1978, 1 :5,000; Sigma, St. Louis, MO). 

GTPCHI protein expression: Briefly, protein expression was determined by Western blot 

in 1 00 IJg of protein/well Two-color 1mmunoblots were performed using primary 

antibodies to GTPCHI (1·250; Santa Cruz, Santa Cruz, CA.) in conjunction with a 

monoclonal ant1body to actm (A 1978, 1·10.000. Sigma, St LoUis, MO) 
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For all Western blots, act1n was used to verify equal protem loading and normalize all 

densitometric results. Protein concentrations were determined by standard Bradford 

assay (B1o-Rad) usmg bovine serum albumin as the standard. 

Arginase Activity Analysis 

Arg1nase activ1ty was measured using a colorimetric determination of urea production 

from L-arg. Frozen renal IM tissues were pulverized with ice-cold lysis buffer (50 mmoi/L 

Tris-HCI, 0.1 mmoi/L EDTA and EGTA, pH 7.5) containing protease inhibitor cocktail 

(Sigma Aldrich, St. Louis, MO) in a 1:4 weight to volume ratio, and lysed by three 

freeze-thaw cycles. Homogenates were centnfuged at 14,000xg for 10 minutes and 

supernatants were removed for assay. Briefly, 25 J.JI of t1ssue homogenate was heated 

with MnCI2 (1 0 mM) for 10 minutes at 56oc to activate arginase, Incubated with 50 J.JI L

arg (0.5 M, pH 9 7) for one hour at 3rC to hydrolyze L-arg and handled as previously 

described (31 ). 

Citrulline Assay 

Homogenization protocol was as described above. Renal IM homogenates were 

incubated with [3H]arginine (1 0 J.JM final arginine, 71 Ci/mmol) in the presence of 1 mM 

NADPH, 30 nM CaM, 3 J.JM BH4, 2 mM CaCI2 , 1 J.JM FAD, and 1 J.JM flavin 

mononucleotide (FMN) in a final volume of 50 J.JI Additional aliquots were incubated 

with the nonselective NOS mhibitor Nw-n1tro-l-argimne (L-NNA, 1 mM). In brief, after 30 

m1nutes of incubation at room temperature. the reaction was terminated by the addition 

of 400 J.JI of 50 mM HEPES, pH 5.5, containing 2 mM EDTA and 2 mM EGTA. The 

react1ons were applied to 1 ml Dowex AG 50WX-8 columns (Na+ form, B1o-Rad} and the 
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[
3
H]citrulline was eluted with water. The eluted radioactivity was quantitated by liquid 

SCintillation countmg (Beckman 6500, Beckman-Coulter Instruments) Cerebellum from 

control SO were homogenized in buffer at 1:10 we1ght to volume rat1o in the presence of 

protease 1nhib1tors and then spun down at 11 ,000 rpm for 20 min at 4°C (Beckman 

Model J2-21 M lnduct1on Drive Centrifuge) and the supernatant was assayed as a 

positive control (9). 

Total NOS activity was defined as the eH]arginine to e H]citrulline conversion that was 

inhibited by L-NNA. Therefore, NOS activity was calculated using the following formula: 

total NOS act1vity = (picomoles citrulline in the absence of L-NNA) - (picomoles 

citrulline 1n the presence of L-NNA). NOS activ1ty was expressed as picomoles of NOS 

activ1ty per 30 m1nutes per total protein. 

Tempol Supplementation 

At 12 weeks of age male and female SHR (Harlan Laboratories, Indianapolis, IN) 

received treatment with 4-Hydroxy-Tempo (30 mg/kg/day; Sigma Aldrich, St. Louis, MO) 

for 2 weeks. At the end of the study the renal IM were collected for citrulline assay and 

HPLC analySIS. 

Surgical Preparation and Ovariectomy (OVX) 

Female rats underwent OVX at 10 weeks of age performed under anesthesia using 

aseptic techmques. Rats were anesthetized with 1soflurane (2% by Inhalation) and the 

s1des of the rat were shaved, washed with betad~ne scrub and alcohol, and sprayed with 

betadine solution. Using sterile instruments, two small ventral incisions were made. The 

ovaries were exteriorized and tied off with silk suture. The ovary was then cut free distal 
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to the tie. After determimng that there was no bleeding , the Incisions were sutured 

closed and held together using wound clips and saturated with Marcaine Animals were 

continuously monitored and maintained on a warming blanket until recovery from the 

anesthesia upon wh1ch they were returned to normal housing. An1mals were allowed at 

least 3 week for recovery before conductmg any further procedures. 

Telemetry BP Measurement 

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

implantation of radiotelemetry transmitters (PA-C40, Data Sc1ences International, St 

Paul, MN) into the abdom1nal aorta according to the manufacturer's specifications 

Conscious BP was collected for 10 seconds every 1 0 min. Mean arterial pressures 

(MAP) was reported as 24 hour averages. Animals were allowed at least 1 week for 

recovery before being placed on dietary protocols/drug treatments 

Dose Response L-NAME Treatment 

At 10 weeks of age male and female SHR (Harlan Laboratories, Indianapolis, IN) were 

implanted with telemetry devices (Data Sciences, St. Paul, MN) to monitor BP as 

previously described (175, 180). Rats were allowed one week recovery and one week of 

baseline BP record1ng before be1ng randomized to rece1ve vehicle (tap water) or 

increasing doses of L-NAME in drinking water 2, 5 and 7 mg/kg/day (Sigma-Aldrich, 

St. Louis, MO). Each dose was given for 4 days. Pilot studies revealed that 2 mg/kg/day 

L-NAME as the lowest dose to result in a change in BP from baseline in either sex 

(AppendiX Figure A?) L-NAME treatment was then suspended for one week to assess 

the ab11ity of BP to return to baseline values 1n both sexes pnor to initiating chronic BP 
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studies Water intake and body weight were monitored throughout to maintain 

appropnate dosage in each sex. 

Chronic L-NAME Treatment 

Male and female SHR (from the dose-response study were placed on vehicle treatment 

for a week then given 7 mg/kg/day L-NAME which is a commonly used dose in the 

literature to induce L-NAME hypertension (equivalent to - 80 mg/L). Two groups of 

male and female SHR were treated with L-NAME at 7 mg/kg/day for 14 days (N=7 -9). 

Group 1: rats from the dose-response study; Group 2: age-matched rats that had not 

previously been exposed to L-NAME (l-NAME naive) L-NAME na"fve rats were 

Included to assess not only the impact of pnor exposure to L-NAME on the chronic BP 

responses, but also because BP did not return to baseline values 1n female SHR. 

Water intake and body weight were momtored throughout to mamta1n appropriate 

dosage in each sex. 

L-NAME +Triple Therapy Treatment 

To determine the effects of NOS inhibition versus BP elevation on parameters of renal 

injury, an1mals used in the L-NAME dose response treatment study described above 

were placed on vehicle for one week before 1n1t1at1ng L-NAME at 7 mg/kg/day for 14 

days in the absence or presence of triple therapy (TTx reserpine, hydralazine, and 

hydrochlorothiazide (86), doses ranged from 1-3 mg, 50-150 mg and 30-60 mg m 

males and 0.5-0 75 mg, 30-40 mg, and 15-25 mg 1n females, respectively) to block L

NAME-Induced Increases in BP Water 1ntake and body we1ght were monitored 

throughout to mamtain appropriate dosage in each sex. 



30 

Biochemical Assays 

A subset of rats from the L-NAME and L-NAME + TTx treated animals were placed in 

metabolic cages for 24-hour urine collection before beginning and at the end of the 7 

mg/kg/day L-NAME study to measure prote1n (Bradford assay, B1o-Rad, Hercules, CA), 

album1n and nephrin excretion (Exocell , Philadelphia, PA} 
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IV. RESULTS 

Specific Aim 1: To test the hypothesis that female SHR have more L-

arg and DDA H levels yet lower ADMA levels in the renal IM compared 

to males. 

ADMA 
DDAH Citrulline 

NOS 

Males 
~ DDAH 

ADMA and L-arg 

Lower NO 

+ 
Dimethyl amine 

Females 
t DDAH 

t ADMA and L-arg 

Greater NO 

Bioavailability Bioavailability 

~ J 
Hypertension 

Rationale: Our lab has published that female SHR have greater renal IM NOS 

act1v1ty compared to males that cannot be explained by prote1n expression or 

phosphorylation alone (177). ADMA IS an endogenous inh1b1tor of NOS. Sex 

differences 1n ADMA have been reported clinically, ADMA levels are greater in 
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healthy young men compared to women (81 ). L-arg IS the substrate of NOS used to 

produce NO Hence potential sex differences in ADMA and L-arg availability may 

explain the sexual dimorphism seen in renal IM NOS activ1ty in SHR. 

Statistical Analysis: All data are expressed as means± SEM All data was compared 

us1ng a Student's t-test (GraphPad Prism 5; LaJolla, CA). For all comparisons, p<0.05 

was considered statistically significant. 
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RESULTS 

ADMA and L-arg levels in plasma. 

The L-arg/AOMA rat1o IS an important determinant of NOS act1v1ty (40, 1 07). ADMA and 

L-arg levels were measured by HPLC analys1s 1n plasma samples from male and 

female SHR (F1gure 1, panel A and B, respectively). Plasma L-arg and ADMA levels 

were comparable in males and females. Consequently, the L-arg/AOMA ratio was 

similar in both sexes (Figure 1, panel C). The lack of a sex difference in plasma ADMA 

levels was verified via ELISA (male: 0.64±0.05; female: 0.72±0.1 0 nmol/ml, p=0.67; 

N=7-8). 

ADMA and L-arg levels in the rena/1M. 

We previously published that there is a sex difference in renal IM NOS activity that 

could not be explained by protein express1on alone (177), thus the current study 

investigated ADMA and L-arg as potential mechamsms for the observed sex difference 

ADMA and L-arg levels were quantitated in the renal IM via HPLC analysis. ADMA 

(Figure 2, panel A), L-arg (Figure 2, panel B) and the L-arg/ADMA ratio (Figure 2, panel 

C) were all similar between male and female SHR. Renal IM ADMA levels were also 

measured via ELISA, and in agreement with the data generated us1ng HPLC, there was 

no sex difference (male· 4.4±1 .0; female. 5 9±1 0 !Jmol/mg protein, p=0.94; N=6). 
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Figure 1. Plasma ADMA (panel A), L-arg (panel B) and the L-arg/ADMA ratio (panel C) in 

male and female SHR, N=6-7. 
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Figure 2. 
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Figure 2. Renal IM AOMA (panel A), and L-arg levels (panel B) and L-arg/ADMA 

ratio (panel C) in male and female SHR are expressed normalized to grams wet 

we1ght (gww), N=10. 
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Renal cortical ADMA and L-arg levels. 

HPLC analys1s of ADMA and L-arg were also conducted on the renal cortexes of male 

and female SHR to determine if the lack of a sex difference was umque to the renal IM. 

We found that ADMA (F1gure 3, panel A), L-arg (F1gure 3, panel B) and the L-arg/ADMA 

ratio (F1gure 3, panel C) were comparable between the sexes JUSt as within the renal IM. 

Arginase activity in the rena/1M. 

L-arg can be hydrolyzed by the endogenous enzyme arginase , which has strong 

stain1ng m the renal medulla of the male rat kidney (107, 125). Arginase activity was 

measured via a colonmetric assay in homogenates of renal IM Consistent with 

measurements of L-arg, sex of the animal d1d not impact arginase act1v1ty 1n the renal 

IM of SHR (Figure 4). 

Rena/1M DDAH protem expression. 

DDAH is critical 1n determining ADMA levels in vivo, therefore, DDAH1 and DDAH2 

isoform protein expression were measured via Western blot analysis in renal IM from 

male and female SHR. Consistent with comparable levels of ADMA in the renal IM of 

male and female SHR, both DDAH1 (Figure 5, panel A) and DDAH2 (Figure 5, panel B) 

1soform protein express1on were s1m1lar m male and female SHR when normalized to 

actin. 
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Figure 3. ADMA and L-arg levels are expressed normalized to grams wet weight (gww). 

ADMA (panel A), L-arg (panel B) and L-arg/ADMA ratio (panel C) in male and female 

SHR, N=4-5. 
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Figure 4. Rena/1M argmase activity in male and female SHR, N=6. 
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Figure 5. 
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Ftgure 5 DDAH1 (panel A) and DDAH2 (panel B) isoform protein expression in the 

rena/1M of male (M) and female (F) SHR, relative densitometric umts (ROU), N=4. 
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Discussion: 

Although there are numerous reports of sex differences in NO production and 

bioavailability, the molecular mechamsms responsible remam unknown. The present 

study was designed to test the novel hypothesis that male SHR have greater amounts 

of the endogenous NOS inhibitor ADMA while female SHR have greater amounts of the 

NOS substrate L-arg. However, the main finding of the current study is that there are no 

sex differences in ADMA or L-arg levels in the renal 1M of SHR. These data suggest that 

although ADMA and L-arg are likely important determinants of NO bioavailability in male 

and female SHR, they are not responsible for the observed sex differences in renal IM 

NOS actiVIty (177). 

ADMA levels are elevated not only in pat1ents with hypertension, but also in 

patients w1th poor control of hyperglycemia , d1abet1c m1croangiopathy and 

macroangiopathy and dyslipidemia (39). Moreover, increases m plasma ADMA have 

been reported to be predictive of the severity of both kidney disease progression and 

cardiovascular risk clinically (13, 14 ). There is not, however, a consensus in the clinical 

literature regarding the impact of sex on ADMA levels in plasma. ADMA levels have 

been reported to either be greater in healthy young men compared to women (4), or not 

different between the sexes (41 , 101 , 166) Expenmentally, we are not aware of other 

studies that have directly compared plasma ADMA of male and females, but studies 

have compared plasma ADMA levels m normotensive and hypertensive rat models. 

Plasma ADMA levels are higher in male SHR compared to normotensive WKY 

regardless of age (76, 109, 11 0). In the current study we report that there is not a sex 

difference in plasma ADMA in SHR, however, since we were more Interested in what 
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was regulatmg NO bioavailability in the kidney we measured ADMA in both the renal 

cortex and IM. 

The normal k1dney synthesizes the majority of the arginme m the circulation (42) 

and the k1dney is very sensitive to circulating levels of L-arg and ADMA (188). Kidney 

ADMA levels were measured in 4, 12 and 24 weeks of age in male SHR compared to 

WKY; ADMA levels were comparable at every age except 4 weeks where levels were 

greater in male SHR (76, 185). These data suggest that age plays a role in modulating 

ADMA levels within the kidney. However, little is known regarding the impact of sex on 

renal ADMA levels. We found that consistent With the plasma. both renal cortical and 

IM ADMA levels and IM DDAH protein expression were comparable between the sexes. 

A potential limitation of the current study 1s that we d1d not also measure DDAH activity, 

however, without a sex difference 1n ADMA the functional sigmficance of a sex 

difference in DDAH act1vity would be unclear. 

Measuring ADMA alone may be insufficient to fully understand the potential 

impact of ADMA on NOS activity and NO production . Since the ratio of ADMA to L-arg 

levels may be equally important, we also measured L-arg levels within our tissues of 

interest and calculated the L-arg/ADMA ratios. Studies 1n the literature have compared 

plasma L-arg levels between male SHR and WKY and found levels to be either 

comparable between strains (69) or sigmficantly lower m SHR than in WKY (1 04 ). In 

add1t1on, the L-arg/ADMA ratio between normotensive and hypertensive strains saw that 

plasma L-arg/ADMA rat1os in SHR were lower than WKY (76, 184, 185) suggesting 

higher plasma ADMA levels in SHR wh1ch correlates to clln1cal data. In the current 

study, we found both L-arg and the L-arg/ADMA rat1o to be sim1lar between male and 
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female SHR Consistent with the lack of a sex difference 1n L-arg, arginase activity was 

also comparable between male and female SHR. Normotensive CD-1 female mice have 

greater plasma and kidney L-arg levels than age-matched males however, there is little 

data in the literature regarding the impact of sex on ADMA, L-arg or the L-arg/ADMA 

(159). 

In conclusion, although it is well established that there is a sexual dimorphism in 

NO bioavailability (54, 60, 117, 133), the molecular mechanisms responsible are still 

being Investigated NOS is regulated by numerous biochemical pathways (151) 

includmg the DDAH/ADMA pathway. Obtaining a complete understanding of the role 

that ADMA and DDAH play in regulating NO levels under both physiological and 

pathophys1olog1cal conditions may lead to new therapeutiC opt1ons for the treatment of 

d1seases associated w1th altered NO production (29, 105, 115, 121 , 190, 21 0). 

However, desp1te supportive evidence of elevated levels of ADMA in hypertension both 

climcally and expenmentally, we did not find any sex differences within plasma or IM L

arg or ADMA levels. Therefore, although ADMA and the L-arg/ADMA ratios may play a 

role in the development of hypertension in SHR, they likely do not explain the sex 

differences in NO bioavailability or hypertension 
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Specific Aim 2: To test the hypothesis that greater oxidative stress in male 

SHR decreases BH4 levels and NOS activ1ty relative to female SHR . 

UNDER NORMAL CONDITIONS: 

NO 

L-arginine 
NOS L-citrulline 

~dative stress I 

L-arginine 

uncoupled 

Males Females 

t BH4 + t oxidative stress BH4 + oxidative stress 

~ 
t NOS act ivity NOS activity 

Rat ionale: BH4 1s an essent1al NOS cofactor and decreased BH4 availability has been 

indicated m patients with essential hypertension as well as animal models. BH4 levels 

can be decreased v1a ox1dation and males have higher levels of oxidative stress 
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compared to females, however how BH4 and ox1dat1ve stress regulate NOS activity 

between the sexes IS unknown. 

Statistical Analysis: All data are expressed as means ± SEM B1optenn levels and 

GTPCHI protem expression were compared using a Student's t-test (GraphPad Prism 5; 

LaJolla, CA). All other data was compared us1ng a two-way ANOVA followed by a 

Bonferonni post-hoc analysis. For all comparisons, p<O.OS was considered statistically 

significant. 
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RESULTS 

Biopterin levels in the rena/1M. 

BH4 is an essent1al cofactor for NOS act1v1ty BH4 can be oxidized to BH2 (which 

is not a cofactor for NOS) and BH2 can be recycled back to BH4. Total biopterin, BH2 

and BH4 levels were quantitated via HPLC analysis in the renal IM. Female SHR had 

greater total biopterin, BH2 and BH4 levels than males (Figure 6, panels A, B and C, 

respectively, p<0.05). 

S1nce BH4 is easily oxidized, additional studies examined rats that were 

chronically treated with tempol to see if the sex difference 1n b1opterins was the result of 

OXIdative stress Total biopterin and BH4, (Figure 7, panels A and B, respectively) were 

all comparable in tempol treated male and female SHR yet BH2 levels remained greater 

in females (F1gure 7, panel C). 

Total NOS activity m the rena/1M. 

Total NOS enzymatic activity was measured via citrulline assay in renal IM 

homogenates from male and female SHR in the absence and presence of exogenous 

BH4 supplementation (Figure 8, panel A). Consistent with our previous publication 

(177), total NOS activity was greater in the renal IM of females compared to male SHR 

regardless of the presence or absence of BH4 (Figure 8, panel A, p<O 05) Total NOS 

activity was not increased by exogenous BH4 in either sex (Figure 8, panel A). 
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Figure 6. HPLC analysis of total biopterin levels (panel A), BH4 (panel B) and BH2 

(panel C) m the rena/1M of control male and female SHR, N=5. * indtcates significant 

dtfference from male SHR, p<O. 05. 
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Figure 7. 
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Figure 7. HPLC analysis of total biopterin levels (panel A), BH4 (panel B) and BH2 
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In a separate set of rats that were treated with the SOD mimetic /antioxidant tempol, 

total NOS activity was comparable between groups regardless of the presence or 

absence of exogenous 8H4 (Figure 8, panel 8). 

Rena/1M GTPCHI protein expression. 

8H4 is synthesized via the de novo pathway from guanosine triphosphate where 

GTPCHI is the rate-limiting enzyme (204). GTPCHI protein expression was measured 

via Western blot analysis in the renal IM of vehicle and tempol-treated male and female 

SHR (Figure 9, panels A and 8 , respectively). GTPCHI protein expression was 

comparable between the sexes in control as well as tempo! treated SHR. 
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Figure 9 GTPCHI protein expression in the rena/1M of male and female control 

(panel A) and tempo/ treated (panel B) SHR, relative densitometric umts (RDU), N=B. 
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Discussion 

There is a sexual dimorphism in renal IM NOS activity of SHR with females 

having greater total NOS activity than males which cannot be explained by protein 

express1on or phosphorylation alone (177) Therefore, the overall purpose of this study 

was to elucidate if BH4 was the molecular mechanism behind the sex difference in renal 

IM NOS activity. BH4 is an essential cofactor for NOS activity and decreased BH4 

availability has been indicated to contribute to decreased NO production via NOS 

dysfunction (32) There are known sex differences in oxidative stress with females 

havmg lower levels of oxidative stress compared to males both clinically and 

expenmentally (16, 1 02) and oxidative stress has been shown to decrease BH4 

availability (1 03). Therefore, the current study tested the hypothesis that greater 

oxidative stress in male SHR decreases BH4 levels and NOS activity relative to female 

SHR The primary novel findings of the current study were that 1) renal IM bioptenn 

levels in male SHR are lower than m females and total NOS act1v1ty 1n male SHR is 

lower than female regardless of the presence or absence of exogenous BH4 and 2) 

tempol treatment eliminates the sex differences in biopterin levels and total NOS 

activity. Overall, the sexual dimorphism in renal IM NOS activity is due to male SHR 

havmg greater oxidative stress levels that decreases BH4 levels resulting in lower NOS 

act1v1ty compared to females. 

As hypothesized, tempol treatment abolished sex differences in biopterin levels 

Stud1es have shown greater BH4 levels m the renal OM of male Dahi-SS rats compared 

to controls (187) yet this study 1s the first to examme renal IM biopterin levels and how 

they are affected by the sex of the ammal GTPCHI 1s the rate hm1t1ng enzyme for BH4 
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de novo synthesis (86) and females had more BH4 than males. Therefore one would 

expect to see a sexual dimorphism in GTPCHI protein expression . However, we found 

GTPCHI protem express1on to be comparable between the sexes tn control as well as 

tempol treated SHR. 

Stud1es show BH4 supplementation decreased BP, plasma nitrite/nitrate levels, 

aortic NOS2 expression in SHR (75), and increased brain NO in GTPCH-deficient (hph-

1) mice (22). Moreover, these studies suggest that exogenous BH4 can alter NO/NOS 

levels. However, studies that have examined BH4 supplementation have done so either 

only in males, only tn females or did not report their findings separated by sex. 

Therefore, we wanted to determine if sex differences in b1optertns translated into sex 

differences in NOS activity so we measured renal IM NOS act1v1ty via citrulline assay in 

vitro in the presence or absence of exogenous BH4. We found NOS activity in males 

was lower than females regardless of whether BH4 was present in the assay. This 

suggests that since females have more BH4 in the renal IM than males that the NOS 

enzyme in females has enough BH4 bound already to produce NO. On the other hand, 

in male SHR, there is an in vivo deficiency such that males need BH4 supplementation 

but even after receiving exogenous BH4 they still have lower NOS act1vity than females. 

Therefore, BH4 is a factor contributing to the lower NOS act1v1ty 1n males due to its 

defic1ency med1ated by ox1dat1ve stress 

SHR are thought to be a model of reduced NO due to 0 2 -mediated reduction or 

BH4 deficiency med1ated by ox1dat1ve stress (55) Hypertension 1n male SHR, but not 

female, is mediated in part by ox1dat1ve stress (113, 164) Renal cortical 0 2-

production IS greater 1n male SHR than that of female (180) yet how 0 2- is influenced in 
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the IM between the sexes is still unknown One limitat1on of th1s study is that we did not 

measure oxidative stress levels however; 1t still does not negate the fact that tempol 

treatment abolished sex differences seen in both total NOS activity and biopterin levels. 

Th1s underlines the impact and role of oxidative stress 1n contnbuting to sex differences 

in NOS activity and is consistent with the idea of there bemg a greater role for oxidative 

stress in male SHR (180). 

In summary, our studies show that tempol treatment causes BH4 deficiency in 

males and prevents male SHR from activating renal IM NOS act1vity to levels seen in 

females. In fact, current anti-hypertensive treatment using BH4 seems to exert additive 

cardiovascular benefits through anti-inflammatory and antioxidant properties (192). 

Some, but not all , clinical studies have shown that ox1dat1ve stress 1s higher 1n men than 

women (56), cons1stent with BP bemg higher (113, 209) thus BH4 supplementation m 

combination with antioxidant therapy may serve as a prospective future 

antihypertensive treatment. 



Specific Aim 3: To test the hypothesis that sex differences in rena/1M 

NOS are due to sexual maturity and the influence of estrogen. 
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Rationale: Studies showing that the sex of the animal can directly affect NOS to 

influence NO production have been mainly conducted using animal models that 

are already young adults and hypertensive (44, 197). However, little is known 

about NOS 1n sexually 1mmature, pre-hypertensive SHR Estrogen can stimulate 

NOS to produce NO in vitro (62, 158, 171) and in vivo (128, 176, 214). OVX 

performed at 4-5 weeks of age decreases NOS m SO rats (60), however, we 

have found that neither gonadectomy at 10 weeks of age nor estradiol 

replacement of female SHR affected NOS act1vity m the renal cortex (180) or IM 

( 178). In those studies, the removal of sex hormones was performed after the rat 

was fully sexually mature at 10 weeks of age (19). Studies will determine if 

gonadectomy at an earlier time point, prior to sexual maturity, will uncover a role 

for female sex hormones. 



55 

EXPERIMENTAL PROTOCOL 1: Prehypertensive, sexually immature (5 week old) and 

hypertensive, sexually mature (13 week old) control male and female SHR will be 

UtiliZed 

Male and Female SHR: 

5 week old: 

Weeks 0 

13 week old: 

Weeks 0 

.ssue 
Collect1on 

~ 
I 
5 

(preh) 1sive, 
sexually immature) 

5 

Tissue 
Collection 

~ 
I 
13 

(hy1 e tsive, 
sexually mature) 
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EXPERIMENTAL PROTOCOL 2: 13 week old and 18 week old mtact and OVX female 

Female SHR: 

18wk: 

Birth 

~ 
I 

Weeks 0 

18wk OVX: 

Weeks 0 

13wk: 

Birth 
~ 
I 

Weeks 0 

13wk OVX: 

SHR will be ut1hzed 

5 

10 
(fully sexually mature) 

ovx 

TISSUe 

Collection 

~ 
I 

18 

T1ssue 
Collection 

~ 
8 weeks J 

~ 
I 
10 

(fully sexually mature) 

T1ssue 
Collection 

~ 
I 
13 

18 

(sexually immature) 

TISSUe 

Birth OVX Collection 

~ ~ ~ 
1 ' B weeks f 

Weeks 0 5 
(sexually immature) 

13 
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Statistical Analysis : All data are expressed as means ± SEM All data was compared 

us1ng a two-way ANOVA followed by a Bonferrom post hoc test (GraphPad Prism 5; 

LaJolla, CA) For all comparisons, p<O.OS was considered stat1st1cally Significant. 
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Results 

Total NOS act1v1ty in the rena/1M of 5 week old and 13 week old male and female SHR 

Total NOS enzymatiC activity was measured via citrulline assay in renal IM 

homogenates from 5 week old and 13 week old male and female SHR (Figure 10, 

p<0.05) 5 week old and 13 week old male SHR had comparable NOS activity however, 

13 week old female SHR had significantly higher levels of NOS activity in comparison 

with 5 week old females (p<0.05). Consistent with our previous publication (177), total 

NOS act1vity was greater in the renal IM of 13 week old females compared to male SHR 

however NOS activity was comparable between the sexes 1n 5 week old animals. 

Rena/1M NOS1. N0$3 and pNOS3 ser1177 protein express1on m 5 week old and 13 

week old male and female 

Western blot analys1s of NOS 1, NOS3 and pNOS3 ser1177 1soforms were performed to 

determine the 1soform responsible for the changes seen in NOS actrv1ty. NOS1 protein 

expression was greater in males than female SHR regardless of age (Figure 11 , panel 

A, p<0.05). NOS3 protein expression was significantly lower in 5 week old male and 

female SHR compared to 13 week old SHR (Figure 11 , panel B, p<0.05). Renal IM 

NOS3 protem expression was comparable between 13 week old male and female SHR. 

NOS3 protein expression 1s known to be increased by phosphorylation of its activation 

site serine 1177 (53), pNOS3 ser1177 prote1n expression was decreased in 13 week old 

animals regardless of sex (Figure 11 , panel C, p=0.056). 



Figure 10. 

Interaction. p=0.01 
Sex. p=0.02 
Age. p=0.02 

Total NOS activity 

5wk 13wk ~wk 13wk, 
i 
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Figure 10. Total NOS activity in the rena/1M of 5 week old and 13 week old 

control male and female SHR, N=B. 
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Figure 11. 
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Figure 11. NOS1 (panel A), NOS3 (panel B) and pNOS3 ser1177 (panel C) protein 

express1on m the rena/1M of 5 week old and 13 week old control male and female 

SHR, relative densitometric units (RDU), NOS1, N=11-12; NOS3, N=4; pNOS3 

ser1177, N=4. 
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The effect of female sex hormones on rena/1M NOS activity. 

We have previously published that neither OVX nor estradiol replacement in female 

SHR affected NOS activity in the renal cortex (180) or IM (178). However these animals 

were ovariectomized at 1 0 weeks of age and studied 3 weeks later. Experimental data 

in the literature shows estrogen can stimulate NO/NOS in vitro (62, 158, 171) and in the 

vasculature (128, 176, 214). Studies in vivo that show OVX decreases NOS were 

performed at 4-5 weeks of age and studied at 10 weeks of age in SO rats (132), 

another set of female SHR were ovariectomized at 5 weeks of age and studied at 13 

weeks in order to mvest1gate if female sex hormones removed prior to sexual 

maturation would change total NOS activity 1n SHR. Additional time control female SHR 

were ovariectomized at 1 0 weeks of age and studied 8 weeks later to control for the 

longer duration of OVX. Total NOS enzymatic activity was measured v1a citrulline assay 

in renal IM homogenates from 13 week old 1ntact (13wk), 13 week old female SHR 

ovanectomized at 5 weeks of age (13wk OVX), 18 week old intact (18wk), and 18 week 

old female SHR ovariectomized at 10 weeks of age (18wk OVX) female SHR (Figure 

12). Regardless of the age, OVX decreased total NOS activity compared to age-

matched gonad-intact females (p<0.05) 

The effect of female sex hormones rena/1M N0$1, N0$3 and pN0$3 ser1177 protein 
express1on. 

We also performed Western blot analysis of NOS1 , NOS3 and pNOS3 ser1177 in the 

renal IM from intact and OVX 13 week and 18 week old SHR Unlike changes seen in 

total NOS act1v1ty, NOS1 (Figure 13, panel A) and NOS3 (Figure 12, panel B) were 

comparable between groups however pNOS3 ser1177 prote1n express1on was 
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decreased regardless of the time point at which the OVX was performed (Figure 13, 

panel C, p<O 05) 

Figure 12. 
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Figure 12. Total NOS activity in the rena/1M of 13 week old intact (13wk), 13 week 

old ovariectomized at 5 weeks of age (13wk OVX), 18 week old intact (18wk), and 

18 week old ovariectomized at 10 weeks of age (18wk OVX) female SHR, N=4. 
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Figure 13 NOS1 (panel A), NOS3 (panel 8), and NOS1177 (panel C) protein 

expresston in the rena/1M of 13 week old intact (13wk}, 13 week old ovariectomized at 5 

weeks of age (13wk OVX), 18 week old mtact (18wk), and 18 week old ovariectomized 

at 10 weeks of age (18wk OVX) female SHR, relative densttometric units (ROU}, NOS1, 

N=4; NOS3, N=7=11; pNOS3 ser1177, N=4. 



Figure 13. 
A. 

B. 

::> 
0 1 
0:: 

15 

::> 10 
0 
0:: 

5 

13 week 18 week 
L>l!!!__._._....., ___ a..~ NOSl 

In OVX In OVX 

Interaction. p=O 22 
Age. p=O 6 
Treatment p=O 64 

NOS1 

act~n 

0 
13wk 1~w~ o"x 18wk 1~X 

OVX@ S wks OVX@ 10 wks 

13 week 18 week 

In OVX In OVX 
Interaction. p=O 31 

Age p=0.37 
Treatment. p=O 35 

NOS3 

pNOS3 ser1177 

NOS3 

actin 

3 

:> 2 
0 

Interaction. p=O .88 
Age p=O 61 

Treatment. p=0.02 

pNOS3 ser1177 

0:: 
1 

13wk 13wk OVX 18wk 18wk OVX 
'--r-' "---T-' 

OVX@I 5 w~~ OVXO 10 wks 

64 



65 

Discussion 

The primary findings of the study were 1) 5 week old SHR do not exhibit sex 

differences in renal IM NOS activity that were previously observed in 13 week old males 

and females, 2) female SHR, but not males, increase NOS activity from 5 to 13 weeks of 

age in a sex hormone-dependent manner. Moreover, sex differences in renal IM NOS 

activity of SHR are caused by estrogen-dependent increases in NOS3 serine 1177 

phosphorylation in females. Studies have shown that the sex of the animal can directly 

affect NOS to influence NO synthesis (133, 203) It has been suggested that the 

cardioprotective effects of estrogens 1n premenopausal women may reflect, in part, the 

ability of estrogens to induce NOS and increase NO production (17, 20); this is supported 

by experimental data shown in vitro (in cultured human coronary artery endothelial cells 

(214 ), vasculature of rat pulmonary artenes and thoracic aorta and human vascular 

endothelial cells and glomerular endothelial cells of the kidney (62, 158, 171 )) and in 

vivo (in rat aorta and heart (128), mRen2 hypertensive rats and arterioles of SHR (77, 

78, 111)) OVX at 4-5 weeks of age in SO rats decreased renal medullary NOS protein 

down to that of intact male rats while estrogen replacement restored expression 

suggesting that sex influences renal medullary NOS (132) We have published that OVX 

nor estradiol replacement in female SHR affected NOS act1v1ty 1n the renal cortex (180) 

or I M ( 178) but OVX was performed at 1 0 weeks of age and the t1ssue was studied at 13 

weeks of age. Therefore, the current study examined whether sex differences in renal 1M 
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NOS activity in SHR exist in prehypertens1ve, sexually 1mmature animals and the role of 

female sex hormones. 

Consistent with our previous publication (177), total NOS activity was greater in 

the renal IM of 13 week old sexually mature females compared to male SHR, however, 

NOS activity was comparable between the sexes in 5 week old animals . This suggests 

that sexual maturity is involved in creating differences in renal IM NOS activity at 13 

weeks of age in SHR. NOS1 protein expression was lower in female than male SHR, 

therefore NOS1 may be more important for males than female SHR. NOS3 protein 

expression was significantly lower 1n 5 week old compared to 13 week old animals 

regardless of sex. Interestingly, changes in NOS activity do not always mirror changes in 

NOS protein expression and this was the case of this study. It may be possible that in 

male SHR at 13 weeks of age have increased phosphorylation of tyrosine 495 which is 

an inhibitory site for NOS. 

As a means of explaining the increase in NOS activity in 13 week old females, we 

investigated the effects of female sex hormones on NOS activity. OVX presents varying 

results w1thin different animal models, age at the point of study, and tissue of interest as 

it relates to NO/NOS (see table below) We have found that neither gonadectomy at 10 

weeks of age nor estradiol replacement of female SHR stud1ed at 13 weeks of age 

affected NOS activity in the renal cortex (180) or IM (178) Studies that removed female 

sex hormones at older ages also show NOS levels did not change. 4 month old female 
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Dahi-SS that were OVX at 3 months of age, and 12 month old female Dahi-SS that were 

OVX at 3 months of age did not change cort1cal NOS expression (118) However, studies 

that removed female sex hormones at sexually immature ages report varying results. 

OVX at 4 weeks and studied at 10 weeks of age in SO rats did not change cortical NOS 

expression whereas 15 week old congenic mRen 2 Lewis that were OVX at 4 weeks of 

age in displayed a decrease in cortical NOS3 prote1n expression and an increase in 

NOS1 express1on (213). However, interestingly, 1n both the 10 week old female SO rats 

and the 4 month old Dahl rats wherein OVX did not change cortical NOS, medullary NOS 

expression was altered by OVX (119, 133). Those studies showing no effect on NOS 

were in animals that were OVX at approximately 10 weeks of age (after the ammals 

reached full sexual maturity) and/or stud1ed only 6 weeks post-OVX. These data ra1se 

the poss1b1lity that allowing estradiol levels to first peak at sexual maturity prior to 

depletion of hormone levels may influence how estrogen modulates the NOS system 

under hypertensive conditions. Within this study we found that regardless of the age we 

chose to remove the female sex hormones, OVX lowered total NOS activity in both 13 

week and 18 week old ammals. Th1s was in contrast to our studies that OVX at 10 weeks 

of age and then stud1ed at 13 weeks of age. It suggests that there may be a "priming" 

mechanism Introduced by female sex hormones that allows NOS activation even after 

OVX but these effects eventually fade away resulting in a decrease 1n NOS act1v1ty as 

seen in this study in animals studied 8 weeks post-OVX One limitation of this study is 
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that we did not control for increases in BP in the animals and therefore, changes in NOS 

may be due to both changes in BP and sex hormones. 

Table I: 

Comparison of OVX Results Within the Literature 

Animal Tissue type Age of Age NOS How NOS Paper 
Strain ovx was was altered Referenced 

measured 

congenic Renal cortex 4 weeks 15 weeks Decreased Yamaleyeva et 
mRen.2 NOS3; al. 2007 
Lewis increased 

NOS1 

so Renal cortex 4 weeks 10 weeks No change Neugarten et 
al. 2007 

so Renal medulla 4 weeks 10 weeks Increased Neugarten et 
NOS3 and al. 2007 
NOS2 

SHR Renal cortex 10 weeks 13 weeks No change Sullivan et al. 
2007 

SHR Renal 1M 10 weeks 13 weeks No change Sullivan et al. 
2010 

Dahi-SS Renal cortex 3 months 4 months No change Marie et al. 
2008 

Oahi-SS Renal cortex 3 months 12 months No change Marie et al. 
2008 

- -
Note: At 4 weeks of age: animals are sexually immature; At 10 weeks of age and 
older: animals are sexually mature. 
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Estradiol has been shown to cause downstream phosphorylation of NOS3 on 

serine 1177 v1a the Pl3-kinase/Akt pathway in cultured endothelial cells (70, 176) and 

1ncrease the levels of activated Akt and NOS3 senne phosphorylation site 1177 in the 

whole kidney of male SO rats following acute renal failure (163, 176). We have 

previously published data in SHR studied 3 weeks after OVX wherein NOS 

phosphorylation 1n the renal cortex or IM was not altered by OVX or estradiol 

replacement (177) These stud1es 1n SHR show NOS3 phosphorylation on senne 1177 

was decreased 1n 1 )13 week old ammals regardless of sex and m 2) female SHR stud1ed 

8 weeks after OVX These changes in pNOS3 ser1177 mirror decreases in NOS3 prote1n 

express1on but not total NOS activity which suggests that as prehypertens1ve female 

SHR increase in age increase NOS act1v1ty and prote1n express1on due to the effects of 

estrogen unlike prehypertensive males. Moreover, th1s contributes to the sex differences 

in renal 1M NOS activity in hypertensive sexually mature SHR. 

In summary, our study underlines the Importance of studies that are conducted to 

examine to protective effects of females sex hormones 1) need to be mindful of the time 

pomt at which OVX is performed, 2) how much time is elapsed post-OVX and 3) that 

female sex hormones potentially initiate a protect1ve priming effect that allows NOS 

act1v1ty in female SHR OVX at 10 weeks of age to not be decreased 3 weeks post-OVX 

which suggests that downstream s1gnahng pathways of estrogen are st1ll functional 

weeks after female sex hormones have been removed and the uterus has atrophied A 

consensus among experiments mvest1gat1ng the effects of female sex hormones in NO 
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and NOS regulation will hopefully lead to clear answer as if female sex hormones are 

indeed important for NOS activation and NO production 
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Specific Aim 4: To test the hypothests that female SHR are more dependent on 

NOS to maintain BP control than males 

Rationale: Female SHR have lower BP than age-matched males (153). The 

mechanisms responsible for the sex difference in hypertension remain unclear, 

but the NO/NOS pathway has been Implicated Chron1c NOS Inhibition induces 

hypertension 1n normotensive male rats, and exacerbates the progression of 

hypertension 1n male SHR (14, 136, 198) yet there are conflictmg reports in the 

literature regarding the impact of sex on the response to chrome NOS inhibit1on. 

Female SHR have greater NO bioavailab1hty compared to males (178) yet, the 

implication of these findings on the role of NOS 1n BP control remains unknown. 



EXPERIMENTAL PROTOCOL 

Male and Female SHR: 

Dose-response graphs· Veh1clevs L-NAME (2 5 and 7 mglkglday) 

Telemetry 
(10 weeks of age) 

+ L-NAME 
week (2, 5 7 mg tkglday 

"----1.---~ 4 days each v1a 
dnnk1ng water; N=5·6) 
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Chronic L-NAME graphs: Veh1cle vs . L-NAME (7 mg/kg/day), L-NAME (7 mglkg/day) vs Na1ve L-NAME (7 mglkglday) 

L-NAME 
(2, 5 7 mg kg day 

L.....---!----l 4 days each v1a 

L-NAME 
f;;;:;;:;:;;:;-1 (7 mglkg/day 

dnnkmg water N=S-6) 

Referred to as NAIVE animals: 
rece1ved L-NAME exposure once 

L-NAMEITTX graphs: L-NAME (7 mg kg 1day)vs . TIX + L-NAME (7 mg'kg'day) 

for 2 weeks v1a 
water) 

NAIVE L-NAME 
(7 mgfkglday for 2 
weeks v1a dnnkmg 
water, N=7 -9) 

1Tx with L-NAME 
(7 mg/kglday for 2 weeks 
via drinking water) 

Statistical analysis: All data are expressed as mean ± SEM. Telemetry data with1n 

each sex were analyzed us1ng repeated measures ANOVA w1th Greenhouse-Ge1sser 

correction. Telemetry data between sexes and between control and L-NAME treated 

rats were compared us1ng t-test. Unnary excretion data were compared using one-way 

ANOVA followed by a Newman-Keul's post-hoc test For all compansons, differences 
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were statistically s1gn1ficant with p<0.05. Analyses were performed usmg GraphPad 

Prism Vers1on 50 (GraphPad Software Inc., La Jolla, CA) 
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RESULTS 

Animal Characteristics 

Dose-Response At baseline, male SHR were larger than females (p<0.05) and 

consumed more water (p<0.05). Over the course of the study, both sexes gamed weight 

(p<O 05) There was not a difference in we1ght gain in vehicle vs. L-NAME treated rats. 

Water consumption did not change with L-NAME (see Table 2). 

Chronic L-NAME: Male and female SHR previously exposed to L-NAME gained weight 

over 2 weeks of 7 mg/kg/day L-NAME (p<0.05). Previous to L-NAME 

treatment/administration , naYve male SHR were larger than females at baseline (p<0.05) 

and neither sex gained we1ght dunng L-NAME treatment (see Table 3). 

L-NAME Dose-response: BP 

Female and male SHR were treated with 1ncreas1ng doses of L-NAME and BP was 

measured v1a telemetry (F1gure 14, panel A}. BP was greater in male SHR than female 

SHR at baseline (p<0.05) and the sex difference 1n BP was abolished upon treatment 

with L-NAME Male SHR exhibited 7%, 12% and 14% increases in BP in response to 2, 

5, and 7 mg/kg/day L-NAME treatment, respectively, compared to age-matched vehicle 

controls BP returned to vehicle control levels with term1nat1on of L-NAME treatment in 

males (Figure 14, panel B). L-NAME increased BP in female SHR 11 %, 12% and 20% 

in response to 2, 5, and 7 mg/kg/day L-NAME treatment, respectively, compared to 

vehicle controls (F1gure 14, panel C) BP remamed elevated (by 7%) 4 days after L

NAME treatment was terminated 1n female SHR (Figure 14, panel C, p=0.042). BP 1n 

vehicle control rats d1d not change dunng the study 



Table II. 

Metabolic Cage Data: Dose-response 

Body weight Water consumption 

(g) l1 (ml) (ml) 

Baseline After Baseline After 

Vehicle 268±6 51±3 29±2 21±3 
Male 

L-NAME 274±6 42±4 30±1 25±4 

Vehicle 174±3 22±3 25±1 25±2 
Female 

L-NAME 177±2t 16±2t 26±2t 28±1 

Table II: Metabolic cage data in L-NAME treated male and female SHR. t 

indicates significant difference from male L-NAME, p<0.05. 

75 



Table Ill. 

Body Weight: Chronic L-NAME animals 

Baseline (g) After 

L-NAME (g) 

L-NAME 318±5t 340±3# 
Male SHR 

Naive 315±6t 313±7 

L-NAME 205±2 212±7# 
Female SHR 

Naive 185±2 185±3 

Table Ill Chrome L-NAME Body weight data in L-NAME treated and Naive male 

and female SHR. # mdicates difference from same sex baseline; t indicates 

significant difference from female counterpart. 
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Figure 14. 
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Figure 14 24 hour MAP measured by telemetry in response to increasing doses of 

L-NAME or vehicle in age-matched male and female SHR *indicates a significant 

difference from male SHR; # indicates sigmficant difference from same sex baseline 

BP and veh1cle control. N=5-6. 
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Chronic L-NAME: BP 

Male and female SHR from the experiment above and L-NAME na·1ve SHR were then 

treated with 7 mg/kg/day L-NAME for 2 weeks. BP in female SHR remained elevated 7 

days after stopp1ng the L-NAME dose-response study, as a result there was not a sex 

difference in BP when starting 2 weeks of 7 mg/kg/day L-NAME (Figure 15, panel A). 

BP Increased over the treatment period in both male and female SHR and BP was 

comparable in both sexes throughout L-NAME treatment. Male SHR had a higher 

baseline BP compared to female SHR in rats that were na'lve to L-NAME (Figure 15, 

panel B). BP Significantly increased with1n 24 hours of 1n1t1ating L-NAME and continued 

to mcrease throughout the treatment period, however, BP Increased more steeply in 

females w1th the sex difference in BP bemg abolished on day 13 of L-NAME treatment. 

The BP response to chrome L-NAME was comparable in male SHR regardless of prior 

L-NAME exposure (F1gure 15, panel C) In contrast. female SHR previously exposed to 

L-NAME exhibited a greater increase in BP in the first week of L-NAME treatment 

compared to na'lve females (24±3% vs. 14±2%, p<0.05; Figure 15, panel D). BP 

continued to increase in both groups during the second week of L-NAME treatment, 

however, the mcrease was greater in na'lve female SHR (43±1 % vs. 35±5%, p<0.05) 

such that BPs were comparable at the end of the 2 weeks 



Figure 15. BP in response to chronic L-NAME treatment (7 mg/kglday) in male and 

female SHR that have or have not (naive) prev1ous/y been exposed to L-NAME. # 

md1cates a Significant difference from the base/me BP in both groups; * indicates a 

Significant difference from male SHR; & indicates a Significant difference from age

matched rat. 
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Figure 15. 

A. 

cn 22o 
J: 
E 200 
E -a.. 180 

~ 160 
'
:::J 
0 140 
J: 

C Male + l-NAME 
0 Female + l-NAME 

~ 120~~~L--~N-A~M~E~--~~~~
·4 •2 0 2 4 6 8 10 12 14 

c. 

Ci 220 
J: 
E 200 
E -~ 180 

160 
'
::J 
0 140 
J: 

Days 

8 Na1ve Male+ L-NAME 
C Male + L-NAME 

~ 120 L-NAME 
•4 •2 0 2 4 6 8 10 12 14 

Days 

B. 

Cl 220 
J: 
E 200 
E 

C Na1ve Male + L-NAME 
' Na1ve Female + L-NAME 

-

D. 

v l220 
J: 
E 200 
E -a.. 180 

~ 160 
'-
::J 

Na1ve Female + L-NAME 
0 Female + L-NAME 

0 140 
J: 
~ 

120 
& l-NAME 

•4 •2 0 2 4 6 8 10 12 14 

Days 

80 



81 

L-NAME + TTx BP 

To determ1ne the relative contribution of NOS 1nh1b1t1on vs BP elevation in male and 

female SHR to renal injury, additional SHR rece1ved triple therapy (TTx) in conjunction 

with L-NAME to block increases in BP. Treatment with TTx and L-NAME were both 

initiated on the same day (day 0, Figure 16). TTx abolished L-NAME hypertension in 

male and female SHR. 

Chronic L-NAME: Renal Injury 

Unnary protein , nephrin , and albumin excret1on were measured before and after 

L-NAME and Tix treatment. L-NAME s1gn1ficantly increased unnary protein, album1n 

and nephrin excretion in both sexes and Tix treatment attenuated the increase in both 

sexes (Table 4). Male SHR had greater protern (p<O 01) and album1n (p=O 05) 

excret1on than females at baseline and protern excret1on rema1ned higher in males 

following L-NAME treatment (p=0.07) Urinary nephrin and albumin excretion was 

increased between control or L-NAME-treated male and female SHR and TTx 

attenuated these increases (p<0.05). 

Histological examination of kidneys revealed that L-NAME treatment was 

associated w1th thickening , necrosis and thrombosis of the glomerular and interstitial 

arteries. tubular cast format1on and fibrosis , and glomerular necros1s and ischemia 1n 

both sexes K1dneys of vehicle control male and female SHR were structurally 

unremarkable. L-NAME resulted 1n increases in collagen depos1t1on, thicken1ng , 

necros1s and thrombosis of the interstitial artery, depos1t1on of protern casts, and 

mesang1al proliferation in both sexes. For all h1stolog1cal ind1ces of renal injury, 
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ev1dence of damage was moderate to severe in the males treated w1th L-NAME and 

mild to moderate in L-NAME-treated females (Figures 17 and 18). 



Figure 16. 
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C LNAME 

LNAME + TTX 

0 LNAME 
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Figure 16. BP in response to chronic L-NAME treatment (7 mg/kg/day) in male (panel 

A) and female SHR (panel B) in the absence and presence of triple therapy (TTx). # 

ind1cates a significant dtfference in BP from L-NAME + TTx treated rats; N=5-6. 



Table IV. 

Urinary Excretion Data 

Protein Albumin Nephrin 

excretion excretion excretion 

(mg/day) (mg/day) (mg/day) 

Control 20±2 0.43±0.07 0.05±0.01 

Male 
l-NAME 116±23# 2.2±0.6# 0.35±0.1# 

SHR 

l-NAME + TTx 18±2t 1.1 ±0 1 0.15±0.01 

Control 3±0 5 0 25±0.03 0.04±0.01 

Female 
l-NAME 66±4# 2 8±0 7# 0 3±0.04# 

SHR 

l-NAME + TTx 
3±0.5t 0.5±0 08t 0.17±0.02t 

Table IV: Urinary excretion data to assess renal injury m control, L-NAME, and L

NAME + TTx treated male and female SHR. # indicates difference from same sex 

vehicle-control; t mdicates significant difference from L-NAME, p<0.05. 
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Figure 17. 

Male Male+ L-NAME 

Female Female+ L-NAME 

Figure 17. Htstologtcal analysis of PASH staming tn the renal cortex of male and 

female SHR followmg vehicle or L-NAME treatment at 7 mg/kg/day for 2 weeks, 

20x magnification. 
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Figure 18. 

Male Male + L-NAME 

Female Female+ L-NAME 

Figure 18 Histological analysis of Masson's trichrome stainmg m the renal cortex 

of male and female SHR following veh1cle or L-NAME treatment at 7 mg/kglday 

for 2 weeks, 20x magnification. 
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Discussion 

NOS is important in regulating BP and maintaining normal homeostasis in male 

SHR (136, 202), yet female SHR have greater NO bioava1lab1lity in the kidney than 

males (178). Therefore, the current study examined the functional role of NOS in the 

regulation of BP and renal injury in male and female SHR. The primary novel findings of 

the current study were that BP in female SHR is more sensitive to NOS inhibition than in 

males and NOS inhibition sensitizes BP in female SHR, but not males, to a second 

exposure to L-NAME. Moreover, the loss of the sex difference in BP in male and 

female SHR with NOS inhibition was associated with greater increases in renal injury in 

female SHR than m males. This suggests that NOS does functionally contribute to BP 

control as well as renoprotection in SHR in a sex-spec1fic manner. 

Cons1stent with experimental and epidem1olog1cal stud1es indicating greater NO 

b1oavailabihty in females relative to males (54, 60, 116), female SHR exhibited a greater 

increase in BP to L-NAME than males thereby abolishing the sex difference in basal BP. 

Greater BP sensitivity to NOS inhibition in female SHR was paralleled by greater 

percent increases in protein and albumin excretion. There is no consensus in the 

literature regarding the impact of sex on BP responses to NOS inhibition. In contrast to 

our findings in SHR, male Sprague-Dawley and WKY rats exhibited larger increases in 

BP to L-NAME and Nw-nitro-L-arginine (L-NNA) than females (85, 160, 198). 

Consistent With our study, female WKY are more sensitive to L-NAME-induced 

mcreases m BP than males and BP in females remained elevated to a greater extent 

than 1n males following the termination of L-NAME treatment (202). Although, two 

weeks of L-NAME treatment has also been reported to result in comparable increases 
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in BP in male and female WKY rats (211 ). Inconsistencies in the literature are likely 

related to the dose of NOS inhibitor used, duration of treatment, age of the animals and 

the method used to measure BP. The current study is the first to directly examine the 

effect of NOS inhibition on BP in genetically hypertensive males and females using 

telemetry. 

We propose that the enhanced BP sensitivity to NOS inhibition in female SHR in 

the current study is the result of a compensatory mechanism that limits increases in BP 

relative to males, and contributes to the lower basal BP in female SHR. This is 

consistent with the loss of the sex difference in BP with followmg NOS inhibition and the 

Increased sensitiVIty to chronic L-NAME followmg pnor L-NAME exposure in females. 

Our data suggest that once the NOS system is comprom1sed m female SHR they lose 

the ability to mit1gate BP increases and exhibit a BP response to NOS inhibition 

comparable to males There is indirect evidence supporting a sex difference in the 

contribution of NOS to BP control in SHR. Maternal supplementation with the NOS 

substrate L-arginine from day 7 of gestation until 6 weeks of age resulted in a sustained 

decrease in systolic BP in female SHR, although BP in males was comparable to 

untreated controls by 24 weeks of age (97). One limitation of the current study is that it 

is not known if sex differentially impacts the metabolism or efficacy of L-NAME. As 

such, we cannot rule out the possibility that at the same dose of L-NAME female SHR 

have a greater degree of global NOS inhibition relat1ve to males 

Greater BP sensitivity to NOS inhibition m female SHR was paralleled by greater 

increases in protem and albumin excretion, however, the degree of structural damage 

following chronic L-NAME was greater in male SHR. TTx normalized L-NAME-induced 
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increases in protein and nephrin excretion in female SHR, suggesting that the greater 

increase 1n protein and nephrin excretion in females results from greater increase in BP. 

The acute rise in BP in females may result in a larger insult on the functional integrity of 

the glomerulus that is not yet evident histologically. Greater structural alterations in 

kidneys of male SHR likely reflects the fact that kidneys of male SHR are exposed to a 

greater pressure load for a longer period of time compared to kidneys of females. 

Contrary to our results, male Wistar rats display a greater increase in proteinuria 

following chronic L-NAME (160)and male Sprague-Dawley rats are more sensitive to L

NNA-induced proteinuria compared to females (198). However, in both of these stud1es, 

the male rats also have a larger increase in BP in response to chronic NOS inhibition 

which would be consistent with greater renal injury. 

In summary, our study demonstrates that female SHR are more sensitive to NOS 

inhibition for BP control than males and suggests that sex differences in NOS 

contributes to the sexual dimorphism within BP in hypertensive models. NOS enzymes 

are involved in a variety of functions including neurotransmission, immune responses 

and regulating vascular tone. Therefore a better understanding of how the sex of the 

animal affects these NOS regulated functions may uncover new pathways involved in 

the development of sex differences in hypertension 



v. SUMMARY 

SHR: 

OM NOS act1vity: F=M I 

WeeksO 

BP: F<M 
Renal inju ry: F<M 
IM NOS act ivity: F>M 
BH4: F>M 

13 
(hypertensive) 

r
Mechanisms for the sex difference in renal 1M NOS activity: 
-Males have lower NOS activity at both prehypertens1ve and hypertensive ages compared to 
females. 
-As hypertension develops, female sex hormones increase rena liM NOS activity but m a time
dependent manner in female SHR. 
-BH4 deficiency and oxidative stress decrease NOS act ivity in males at hypertensive ages. 

Reasons behind the sex difference in BP control: 

90 

Females have greater NO levels and more sensitive to NOS mh1b1tion than males and are more 
I res1stant to NOS inh_ib_it_io_n_. _____________________ --J 

The main findings of these studies examining potential mechanisms 

behind sex differences in SHR within renal 1M NOS activity and BP are 1) DDAH, 

ADMA and L-arg levels were all comparable between the sexes, 2) greater 

oxidative stress 1n the renal IM of male SHR results rn lower levels of BH4 and 

NOS activity relative to female SHR, 3) female SHR exh1b1t a sex hormone-

dependent increase in renal IM NOS act1v1ty from 5 to 13 weeks of age that is not 
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evident in male SHR, 4) female sex hormones initiate signaling events that allows 

stimulation of NOS activity even 3 weeks post-OVX but diminishes by 8 weeks post

OVX, and 5) female SHR are more dependent on NOS for BP regulation compared to 

males. In conclusion , though DDAH, ADMA, and L-arg do not contribute to sex 

differences seen in renal IM NOS activity, the combination of BH4 deficiency in males 

caused by oxidative stress and the ability of female sex hormones to stimulate NOS 

activity in females cause the sexual dimorphism. Furthermore, differences in sensitivity 

to NOS levels in SHR aid in creating sex differences in BP control. 

ADMA is an endogenous inhibitor of NOS and has been shown to be elevated in 

plasma of hypertensive patients (1 07). However we did not find any sex differences in 

plasma or IM L-arg or ADMA nor within IM DDAH protein expression levels in SHR. 

Therefore, although ADMA and the L-arg/ADMA ratios may play a role in the 

development of hypertension in SHR, they likely do not explain the sex differences in 

renal NOS. 

There are sex differences in oxidative stress with females having lower levels 

than males (162) and our studies show that there are also sex differences in oxidative 

stress as it relates to the ability of SHR to stimulate NOS activity in vitro in the renal IM. 

Oxidative stress oxidizes BH4 more so in males than females which would explain why 

males have lower levels of BH4 and NOS activation and subsequently lower levels of 

NO. We have supplemented male SHR with BH4 (20 mg/kg/day via i.p. for 1 week) 

which decreased SBP {Appendix, Figure A 1 ), increased renal IM total biopterin levels 

{Appendix, Figure A2) but failed to increase renal IM NOS activity or protein expression 

(Appendix, Figures A3 and A4) compared to controls suggesting that BH4 
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supplementation is not enough to correct the BH4 deficiency 1n male SHR. BH4 

supplementation coupled w1th antioxidant supplementation may prov1de better results 

Future stud1es are needed to Investigate measunng NOS activity in BH4 

supplementation rn male SHR in the absence and presence of antioxidants to confirm a 

combined role of ox1dat1ve stress and BH4 deficiency to the decrease 1n NOS activity in 

the renal 1M in BH4 supplemented male SHR. 

The use of BH4 is currently being utilized as an antihypertensive treatment in 

clinical trials (192) and has been shown to be beneficial in preventing increases in BP 

within a hypertensive animal strains (56) In another study, BH4 treatment of intact male 

SHR significantly reduced BP, but 1t also caused an 85% reduction in serum 

testosterone and did not change UNOx The authors of the study attnbute the reduction 

in BP to the ab11tty of BH4 to inhibit testosterone synthesis therefore poss1bly decreas1ng 

OXIdative stress levels but they did not investigate the potential of BH4 to alter NO levels 

(56). Future stud1es are needed to investigate specifically how ox1dat1ve stress is being 

elevated rn males such that BH4 is becom1ng oxidized as well as the role of sex 

hormones especially testosterone. 

The above results support that the lower level of NOS act1vity rn male SHR IS 

related to decreases in BH4. But what protective mechanisms are present 1n females 

such that they do not have th1s same decrease in NOS act1v1ty? Our results support the 

hypothesis that sex differences 1n renal IM NOS act1v1ty in SHR develop with the 

progression of sexual maturation and hypertension Our findings show a lack of sex 

differences in prehypertens1ve, sexually immature SHR, however, females have a 

select1ve age-related 1ncrease in NOS act1vity not seen 1n males We propose that 
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unlike male SHR, when challenged with maturation , female SHR are capable of 

increasing NOS activity and th1s occurs 1n a sex hormone-dependent manner. 

It has been published that estrogen can stimulate NO/NOS thus we chose to 

focus on the effects of female sex hormones within this study Stud1es using ambulatory 

BP monitoring techniques in children have shown that with mcreasing age, BP 

increases 1n both boys and girls. However, after the onset of puberty, boys have higher 

BP than do age-matched girls (68). This highlights the limitation of our study in that we 

did not control for the increases in BP that naturally occur in SHR, therefore we cannot 

say that the changes seen in NOS are solely due to either female or both male and 

female sex hormones The effects of androgens on NO/NOS are not consistent. 

Castration increases and androgens decreases NOS 1n brain (170) and castration 

promotes NO-dependent vasodilation of mesenteric arteries (196) On the other hand, 

castration performed at 4-5 weeks of age studied at 10-11 weeks in SO shows no effect 

on renal cortical or medullary NOS3 or NOS2 protein expression and levels were lower 

than females (133). Those studies were conducted 1n normotensive SO rats hence 

results may show a beneficial stimulation of NOS activity and protein expression with 

gonadectomy m male SHR. Therefore an alternative 1dea is that the inability of male 

SHR to increase NOS act1v1ty from 5 to 13 weeks of age may be due to testosterone. 

Future studies should invest1gate 1f castration improves renal IM NOS levels m male 

SHR 

In add1t1on to female SHR stimulation of NOS act1v1ty occurnng in a sex 

hormone-dependent manner, 1t also does so in a time-dependent manner We found 

that measunng NOS activity 8 weeks post-OVX versus 3 weeks post-OVX totally 
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changed whether OVX decreased or did not change renal IM NOS act1v1ty It seems that 

at the 3 weeks post-OVX there are some type of residual signaling or compensatory 

mechanisms in play that allow OVX females to maintain NOS activity comparable to 

intact. Estrogen is known for exhibitmg act1ons that are e1ther delayed in onset and 

prolonged in duration (called "genomiC~ effects) and those that are rapid in onset and 

short m duration (called "non-genom1c" effects) The early effects take place with1n 

m1nutes (e.g., changes in vasomotor tone) and are mediated by rapid intracellular 

signaling pathways, whereas the delayed effects (e.g., remodeling or lipid alterations) 

require hours to days to occur and requ1re transcriptional events with subsequent 

modulation of protem expression (191 ). Thus it seems plausible that there may be time

dependent phases to estrogen's ab1lity to stimulate NOS activity. From our results we 

can speculate that even after removing female sex hormones they have initiated a 

downstream Signaling pathway that st1ll stimulates NOS activ1ty and that over time these 

effects dim1n1sh Stud1es have also shown that vascular cells are capable of expressing 

aromatase, the key enzyme in the estrogen synthesis pathway, suggesting that the 

vascular system is capable of local estrogen biosynthesis I, which may lead to activation 

of ER and downstream activation of target genes (67). Locally produced estrogen may 

therefore act in an endocrine, paracrine and autocrine manner on vascular and 

nonvascular cells. Locally produced estrogen may also explam why OVX at 1 0 weeks 

and studied 3 weeks later did not decrease NOS activity. Th1nk1ng on a grand scale, 

there are other tissues that can also make limited amounts of estrogens, like the 

adrenal cortex and by convers1on from other sex stero1ds m other tissue such as liver or 

adipose tissue The adrenal glands (also known as suprarenal glands) are endocrine 
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glands that sit at the top of the kidneys and its proximity to the kidney encourages the 

1dea that 1t could be potentially increasmg female sex hormones production which may 

migrate into the k1dney, specifically the renal 1M to counteract the OVX. In sum, removal 

of ovanes may not have completely removed all sites of estrogen production and thus 

temporary estrogen synthesis from other tissues may allow a small w1ndow of protection 

and NOS stimulation for females. Additional stud1es are needed to examine whether 

estradiol replacement will increase NOS activity in OVX female to the levels seen within 

intact SHR at the 8 week post-OVX time point. 

It is well known that NOS is important m regulating BP and maintaining normal 

homeostasis (136, 202) yet there is no consensus m the literature regarding the impact 

of sex on BP responses to NOS inhibition Our studies show female SHR exhibited a 

greater increase in BP to L-NAME than males thereby abolishing the sex difference in 

basal BP. Greater BP sensitivity to NOS inhibition in female SHR was paralleled by 

greater percent mcreases in protein and albumin excretion. L-NAME induced 

hypertension in na"lve females resulted in an initial burst of Increased BP that after a 

week's time steeply increased to match male BP. This response was abolished in 

females that received a second exposure of L-NAME suggesting that the female 

ant1hypertens1ve mechanisms via NO had finally been overcome. One possible 

explanation is that there may be an inflammatory component that contributes to sex 

differences m hypertension . There 1s also a grow1ng body of literature examining the 

role ofT cells as a determining factor 1n the development and progression of numerous 

cardiovascular disorders in males. We recently published that immune suppression 

decreases BP in female SHR (189), yet there remains a scarcity of data on the role ofT 
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cells in hypertension in females. Although women are more likely than men to develop 

innate immunological disorders, including rheumatoid arthritis and systemic lupus 

erythematosus (206) both of which have an increased risk of cardiovascular disease 

(28), little is known regarding the adaptive 1mmune responses in women with 

hypertension. We propose that sex differences in the immune cell profiles underlie sex 

differences in the development and progression of many cardiovascular diseases 

including hypertension. Other studies should be performed to examine how NOS and 

BP regulation between the sexes influences inflammation. 

L-NAME elevates systolic BP through a mynad of phys1olog1cal mechamsms 

Involved with BP modulation. L-NAME does competitively inhibit all three isoforms of 

NOS (96, 140, 155). Though as a competitive inhibitor of NOS3, L-NAME blocks the 

synthesis of NO resulting m an increase in peripheral resistance and a concomitant rise 

in systolic BP. This is believed to be the primary mechanism of hypertension employed 

by L-NAME (12). NOS3 is also important 1n regulating vascular tone which is important 

in BP regulation . Studies have shown women have enhanced levels of endothelium 

denved hyperpolarizing factor (EDHF) that is involved in regulating vascular tone 

compared to men (200) Inhibition of NOS2 may disrupt the immune response to 

pathogens m most nucleated mammalian cells including macrophages (130) since 

NOS2 produces NO for subsequent use as a cytotox1n against pathogens. Studies have 

reported that sex differences might exist in the complex interplay between BP and 

inflammation (152) NOS1 inhibition may prevent NO from actmg as a signaling 

molecule in the brain (59). as a neurotransmitter in penpheral nerves, or sodium/water 

balance regulation in the k1dney (1 08) These findings suggest that L-NAME-induced 
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hypertension could involve alterations 1n the BP regulating activities of the central 

nervous system and autonomic nervous system. Young women exhibit lower 

sympathetic neural activity levels, lower BP, and lower cardiac output than young men; 

this difference changes with age; after menopause, women can exhibit sympathetic 

neural activity levels that are s1milar to or even h1gher than those of men of a similar age 

(25, 84 ). Therefore, any one of these pathways may be controlled differently between 

the sexes and contribute to sex differences in L-NAME-induced hypertension 

particularly to explain why na"ive females had an initial BP burst mcrease that leveled off 

for a week before acceleratmg to levels comparable to males. Medullary NO contributes 

to BP control (33) and female SHR have the higher amounts of IM NOS1 and NOS3 

activities than males (177). In male SO rats, renal medullary interstitial infusion of the 

NOS 1 selective inhibitor 7 -NI significantly increases BP (186) and medullary infusion of 

L-NAME exacerbates the increase in BP to Ang II infusion (181 ). Moreover, future 

stud1es are needed to determine NOS 1soform-specific contribution as well as 

contribution of medullary NOS to BP control between the sexes as well as the molecular 

mechanisms behind the sex differences in BP regulation with NOS inhibition. Based on 

our results in prehypertensive SHR, one could postulate that changes occur possibly 

Within the renal IM that translate to a whole body level from prehypertensive to 

hypertensive ages m humans that could account for the differential regulation of BP 

after the onset of hypertension. Therefore, future studies should determine the 

functional implications of sex differences in renal IM NOS on BP regulation in both 

prehypertens1ve sexually Immature and hypertensive sexually mature SHR Th1s may 
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potentially help to explain why female SHR have lower BP than males at 13 weeks of 

age. 
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VII. APPENDIX 

PROJECT1 

Hypothesis: In response to BH4 supplementation, BP will decrease and renal IM 

NOS activity will increase in male SHR. 

Methods: 

BH4 Supplementation 

At 12 weeks of age, BP was measured by tail-cuff plethsomyography (149) 

before and after treatment with BH4 dissolved m saline (20 mg/kg/day i.p.; 

Axxora, LLC, San Diego, CA) in male SHR (Harlan Laboratories, Indianapolis, 

IN). At the end of the study rats were anesthetized with ketamine/xylazine (50 

mg/kg and 6 mg/kg i.p., respectively; Phoenix Pharmaceuticals, St. Joseph, MO) 

and the renal 1M were collected for citrulline assay and HPLC analysis. 

Tail -cuff Plethsomyography 

Systolic BP was measured in male SHR during before and after 7 days of BH4 

treatment by tail-cuff plethsomyography (I lTC Life Sc1ences, Inc., Woodland Hills, 

CA) as previously described (149). The average of four to six mdependent 

readings of systolic BP from each ammal was reported. 

Citrulline Assay 
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As prev1ously described m Methods section. 

Western Blot Analysis 

Homogenization protocol: as previously described in Methods section. NOS protein 

express1on Bnefly, following transfer of protem onto PVDF, membranes were blocked in 

1 19 ratio of Object 1-P buffer (Nacalai Tesque, Kyoto, Japan) in Tns-Buffered Saline 

and Tween 20 (TBS-T). Two-color immunoblots were performed using primary 

ant1bod1es to NOS 1, NOS3, or phospho-NOS31177 as prev1ously descnbed in Methods 

sect1on. 

Statistical Analysis: All data are expressed as means± SEM All data was compared 

using a Student's t-test (GraphPad Prism 5; LaJolla, CA) For all comparisons, p<0.05 

was considered statistically significant. 



RESULTS: 

Figure A1 . 
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Figure A 1. Systolic BP measured via tail cuff m male SHR treated with 20 

mg/kg/day BH4 via i.p. for 1 week. * indicates significant difference from before 

treatment time period. N=4. 
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F1gure A2. HPLC analys1s of total biopterin (panel A), BH4 (panel C) levels in the renal 

IM of control and BH4 supplemented (BH4 treated) male SHR, * ind1cates significant 

difference from control male, N=4. 
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F1gure A3. Total NOS activity in the renal IM of control and BH4 supplemented 

male SHR, *indicates significant differences control, N=B. 
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Figure A4. NOS1 (panel A). NOS3 (panel B). and pNOS3 ser1177 (panel C) protein 

expresston in the renal IM of control (M) and BH4 supplemented (8H4) male SHR, 

relattve densitometric units (RDU), NOS1, N=7; NOS3, N=6; pN0$3 ser1177, N=4. 
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PROJECT 2 

Hypothesis: In response to a high-salt diet, female sex hormones will stimulate renal 

IM NOS act1v1ty and expression in both essential and salt-sensitive models of 

hypertension 

Methods: 

HS feeding and VNIO treatment 

At 10 weeks of age female SHR (Taconic Farms, Germantown, NY) either remained 

intact or were OVX. Rats were allowed one week recovery before being implanted with 

telemetry dev1ces (Data Sciences, St. Paul, MN) to monitor BP as previously described 

(175, 180) Rats were allowed one week recovery and one week of baseline BP 

recording before either rece1ving vehicle or the NOS1 1soform specific inhibitor VNIO 

v1a osmotic minipump (Aizet model 2002, DURECT, Cupertino, CA) at 0.5 mg/kg/day 

(Enzo L1fe Sc1ences, Farmingdale, NY) for 2 weeks. After 4 days of VNIO treatment or 

vehicle, rats were then placed on 4% phytoestrogen free HS diet (Harlan Laboratories, 

Indianapolis, IN) for 9 days. Animals were placed in metabolic cages for 24-hour urine 

collection at each time point of the study to measure protein excretion (Bradford assay; 

B1o-Rad, Hercules, CA} 

Urinary NOx excretion 

Unnary NOx excret1on levels were determined v1a ELISA k1t according to manufacturer's 

instructions (Cayman Chem1cal Company, Ann Arbor, Ml); urine samples were spun at 

3,000 rpm for 10 mm at 4 degrees Celsius before use 1n k1t assay. 
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Statistical Analysis: All data are expressed as means± SEM. Telemetry data within 

each group were analyzed using repeated measures ANOVA with Greenhouse

Gelsser correction. Telemetry data between intact and OVX rats were compared using 

t-test Unnary nitrate excretion (UNOx) data was compared using a two-way ANOVA. 

For all comparisons, p<0.05 was considered statistically significant. Analyses were 

performed using GraphPad Prism version 5.04 software (GraphPad Software Inc., 

LaJolla, CA). 
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Figure A5. 24 hour MAP measured via telemetry (panel A) and UNOx excretion 

(panel B) in intact and OVX female SHR that were treated with VNIO followed by HS 

diet. MAP, N=4. UNOx, N=4. 
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PROJECT 3 

Hypotheses: 1) Female SHR have lower renal IM NOS1 protein expression compared 

to WKY and 2) Female sex hormones will stimulate renal IM NOS protein expression in 

both essential and salt-sensitive models of hypertension 

Methods: 

At 10 weeks of age female SHR (Taconic Farms, Germantown, NY) or WKY (Harlan 

Laboratories, Indianapolis, IN} either remained intact or were OVX. At 12-13 weeks of 

age, renal 1M were collected and subject to Western blot analysis. 

Statistical Analysis: All data are expressed as means ± SEM. NOS1 protein 

expression data was compared us1ng a one-way ANOVA followed by a Newman-keuls 

post-hoc test For all comparisons, p<0.05 was considered statistically significant. 

Analyses were performed using GraphPad Pnsm vers1on 5 04 software (GraphPad 

Software Inc., LaJolla, CA). 
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Figure A6. NOS1 (panel A) and NOS3 (panel B) protein express/On in female mtact and 

OVX WKY and SHR maintained on standard rat chow. N=4. 
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Project 4 

Hypothesis: Female SHR will have greater Increases m BP with NOS inhibition 

compared to males. 

Methods: Dose Response L-NAME treatment with Low Doses 

At 10 weeks of age male and female SHR (Harlan Laboratories, Indianapolis, IN) were 

implanted with telemetry devices (Data Sciences, St. Paul, MN) to monitor BP as 

previously described [36, 144]. Rats were allowed one week recovery and one week of 

baseline BP recording before receiving the NOS inhibitor L-NAME m drinking water at 

0.1, 0 5 and 2 0 mg/kg/day (7 days per dose)(S1gma-Aidrich , St Louis, MO). Water 

intake and body we1ght were monitored throughout to maintain appropriate dosage in 

each sex 

Dose response VNIO treatment 

At 10 weeks of age male and female SHR (Harlan Laboratories, Indianapolis, IN) were 

implanted with telemetry devices (Data Sciences, St. Paul, MN) to monitor BP as 

previously described (175, 180). Rats were allowed one week recovery and one week of 

baseline BP recording before receiving increasing doses of the NOS1 isoform specific 

inhibitor VNIO in drink1ng water: 0.5 and 2 mg/kg/day (N=4). 

Statistical Analysis: All data are expressed as means ± SEM. Telemetry data w1th1n 

each group were analyzed using repeated measures ANOVA w1th Greenhouse

Gelsser correct1on Telemetry data between sexes were compared usmg t-test For all 



138 

comparisons, p<O 05 was considered statistically significant Analyses were performed 

usmg GraphPad Pnsm vers1on 5.04 software (GraphPad Software Inc., LaJolla, CA). 



Figure A7. 

-C) 

:I: 
E 

180 

E 160 -0.. co 

Begin L-NAME r 2.o mg :-1 

~ r 0. 5 mg , #~;.#.,.,t-tl 
r 0.1 mg , 

asel in,...J~~iL:I~~~~~ 

-7-5-3 -1 1 3 5 7 9111315171921 

Days 

_. Male 

+ Female 

139 

Ftgure A 7. 24 hour MAP measured via telemetry in male and female SHR that have 

been treated with increasing doses of L-NAME. Male and Female VN/0, N=4. * 

indicates significant difference from male SHR; # ind1cates Significant difference from 

same sex at base/me, p<0.05. 
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Figure A8 24 hour MAP measured v1a telemetry in male and female SHR that were 

treated with increasmg doses of VNIO. Male and Female VNIO, N=4. * mdicates 

significant difference from male SHR; # indicates significant difference from same sex 

at base/me, p<0.05. 
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Project 5 (linked to Aim 4) : Heart rates in male and female control , L-NAME, Na·ive 

and TIX treated SHR 

Ftgure A9 Heart rates tn response to increasmg doses of L-NAME or vehicle in age

matched male and female SHR. *indicates a stgntficant difference from male SHR; # 

tndicates significant difference from same sex baseline BP and vehicle control, N=5-6. 
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F1gure A10. Heart rates m response to chronic L-NAME treatment (7 mglkglday) in male 

and female SHR that have or have not (naiVe) previously been exposed to L-NAME. # 

indicates a Significant difference from the base/me BP in both groups, * indicates a 

S1gnif1cant difference from male SHR; & indicates a s1gmficant difference from age-

matched rat. 
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Figure A 12 Heart rates in response to chrome L-NAME treatment (7 mglkg/day) in 

male (panel A) and female SHR (panel B) m the absence and presence of triple 

therapy (TTx) # indicates a Significant difference in BP from L-NAME + TTx treated 

rats; N=5-6 
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Project 6 : 

Hypothesis: In response to a high-salt diet, female sex hormones w1ll st1mulate renal 
IM NOS act1v1ty and express1on in both essential and salt-sensitive models of 
hypertension 

EXPERIMENTAL PROTOCOL 

Intact and ovanectom1zed (OVX) SHR and Dahi-SS rats 

Weeks -2 

ovx 

(1 0 weeks of age) 

-1 

Standard 
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(NS) 
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High Salt Diet 
(HS) 
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1 , Tissue 
L Collection 
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Methods 

NS and HS diet treatment 

At 10 weeks of age female SHR (Taconic Farms, Germantown, NY) and Dahi-SS (from 

Georg1a Regents Univers1ty breeding colony and Charles R1ver (Wilmington, MA)) rats 

were implanted with telemetry devices to monitor BP Rats were allowed one week 

recovery before a subset underwent OVX. Gonad-intact and OVX SHR and Dahi-SS 

rats were randomized into one of the following treatment protocols beginning at 13 

weeks of age: 1) phytoestrogen-free normal salt d1et (NS, 0 4% NaCI, Harlan Teklad) for 

all 3 weeks, 2) NS for 1 week followed by phytoestrogen-free HS (4% NaCI, Harlan 

Teklad) for 2 weeks, or 3) NS for 1 week followed by phytoestrogen-free HS (4% NaCI) 

diet for 8 weeks A subset of gonad-mtact and OVX SHR were were randomized into 

one of the following treatment protocols beg1nn1ng at 13 weeks of age: 1) 

phytoestrogen-free NS(0.4% NaCI, Harlan Teklad) for all 8 weeks or 2) NS for 1 week 

followed by phytoestrogen-free HS (4% NaCI, Harlan Teklad) diet for 7 weeks. Rats 

were placed in metabolic cages for 24-hour urine collection. Renal IM were collected 

and subJect to western blot and citrulline assay analysis 

Statistical Analysis: All data are expressed as means± SEM. Mean artenal pressure 

was compared using repeated measures ANOVA NOS1 protein express1on in Figure 

A16 was compared us1ng at-test. All other data were compared using a 2-way ANOVA 

followed by Bonferrom post-hoc test For all compansons. p<0.05 was considered 

statistically significant Analyses were performed usmg GraphPad Pnsm vers1on 5.04 

software (GraphPad Software Inc., LaJolla, CA) 
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Figure A 13. 24 hour mean arterial pressure (MAP) in SHR (panel A) and Dahi-SS 

(panel B) and the percent increase from baseline in SHR (panel C) and Dahi-SS (panel 

D) with 2 weeks of high salt. * indicates significant difference from same treatment at 

baseline; # indicates s1gnificant difference from Intact. ¥ indicates s1gnificant difference 

from same treatment at HS wk 1; :t from Intact at HS wk 2, p<O 05 SHR. N=8, Dahi-SS, 

N=S-6. 
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Figure A 14. Total NOS enzymatic acttvtty tn renal IM of SHR (panel A) and Oahi-SS 

(panel B) with 2 weeks of high salt SHR. N=4-5, Dahi-SS, N=l. 
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Appendix Table 1. 

SHR lntact-NS lntact-HS OVX-NS OVX-HS 
(n=10) (n=11) (n=10) (n=15) 

Food Intake (g/day) 

NS 15±1 19±1 23±1* 22±1* 

HS wk 1 17±0 18±1 21±2* 18±1 

HSwk2 17±1 17t 1 21·0 18±1 

Water Intake (ml/day) 

NS 281-6 26..:..6 31±2 21 ..:...1 

HS wk 1 31..t4 50±4* 36·2 50 .:._5· 

HSwk2 32:3 50..:...2* 32:3 48x3· 

Urine Output (ml/day) 

NS 20.:..5 14+1 23· 1 14±1 

HS wk 1 24..:...3 3~3· 26:2 41-'-4* 

HS wk2 22..t:3 48: 3* 25·2 39·2* 

Body Weight (g) 

NS 205 !:2 209±3 244±4* 243:t:5* 

HS wk 1 209±2 223: 3* 265±4* 267±4* 

HSwk2 217..::.3 230..::.2* 277· 4" 271-=4* 

Table 1 Metabolic cage data parameters m SHR with 2 weeks of h1gh salt. *indicates 

s1gmficant difference from intact-NS, p<O. 05. N= 10-15. 
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Appendix Table 2. 

Dahl-55 lntact-N5 lntact-H5 OVX-N5 OVX-H5 
(n=6) (n=6) (n=12) (n=12) 

Food Intake (g/day) 

N5 21±1 21±1 20±1 21±1 

H5wk 1 17±1 17±1 19±1 16±1 

H5 wk2 14±1 14±1 16±1 13±1 

Water Intake (mUday) 

N5 20±1 16±1 16±2 21±1 

H5 wk 1 19±2 43±3* 20:x:2 49±3*# 

H5wk2 19±2 45±3* 20±2 44±4*# 

Urine Output (mUday) 

N5 14...:..1 9±1 11±1 14±1 

H5 wk1 12±2 36±3* 19t 4 44±3*+ 

H5 wk2 11±1 27±3* 15 :2 37±3*+ 

Body Weight Ratio (g) 

N5 230±6 228±4 254±4 260±3*+ 

H5 wk 1 249±8 244±6 271 ±6 282±6*+ 

H5 wk2 253±9 240±5 280±7 280±6*+ 

Table 2 MetaboliC cage data parameters in Dahi-SS with 2 weeks of high salt. * 

indicates Significant difference from lntact-NS; + indicates significant difference from 

OVX-NS from lntact-HS, # indicates s1gmficant difference from OVX-NS, p<0.05. 

N=6-12 
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Figure A 19 24 hour mean arterial pressure (MAP) in female SHR (panel A) and the % 

increase from baseline (panel B) with 8 weeks of high salt. *indicates Significant 

difference from baseline of both intact and OVX; ¥from same treatment group at HS 

wk1; 0 from Intact at HS wk 2, N=l-8. 




