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Dahl salt-sensitive (SS) rats are genetically predisposed to cardiovascular-renal 

disease. These studies examined cardiovascular-renal outcomes in response to a high-fat 

diet/normal-salt diet in SS rats. In a separate study, we examined cardiovascular-renal 

disease risk in SS rats on different standard chow diet/normal-salt diets. We tested the 

hypotheses that: (1) a high-fat diet induces hypertension and renal injury in SS rats; (2) a 

high-fat diet enhances aortic vasoconstriction in SS rats; (3) a high-fat diet induces aortic 

perivascular adipose tissue (PVAT) dysfunction in SS rats; and (4) two standard chow 

diets, namely AIN-76A and Teklad diet, induce differential vasoconstriction or 

vasorelaxation phenotypes in aorta and small mesenteric arteries from SS rats. In the 

high-fat diet studies, rats were provided high-fat diet starting at 12 weeks old. At 16 

weeks old, SS rats on the high-fat diet had hypertension and greater renal glomerular and 

tubular injury than SS-138
N rats. SS rats supplemented with the immunosuppressive drug 

mycophenolate mofetil (MMF; 30 mg/kg/day, oral) for the duration of the high-fat diet 

did not develop hypertension. High-fat diet was associated with reduced vasoconstrictive 

response to angiotensin II and increased acetylcholine-mediated vasorelaxation in SS rats 

via increased nitric oxide synthase (NOS) function in comparison to SS rats maintained 

on a normal-fat/normal-salt diet. In regards to PV AT function, high-fat diet increased 

thoracic aorta PV AT deposition and induced PV AT -mediated blunting of aortic 

vasoconstriction. In the standard chow diet studies, 16-week old SS rats placed on the 

AIN or Teklad diet at weaning had similar NOS functional regulation of vasoconstriction 

and vasorelaxation in large and small arteries. However, by using a diet-switch protocol, 



we demonstrated that SS rats placed on AIN diet at weaning and changed to Teklad diet 

at 12 weeks old had reduced NOS-mediated vasorelaxation and reduced NOS buffering 

of vasoconstriction in small arteries from SS rats, which was not observed in the 

corresponding diet-switch group. In conclusion, these studies highlight differential renal 

and vascular responses to a short-term high-fat diet, and even changes in standard chow 

diet, when genetically predisposed to hypertension. 
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I. INTRODUCTION 

A. Statement of the Problem 

An estimated 76 million Americans have hypertension. Hypertension is a risk 

factor for cardiovascular disease (CVD ). CVD kills more Americans than all other 

diseases combined. Understanding mechanisms underlying the genesis of hypertension is 

crucial to circumvent morbidity and mortality. An attractive model used to assess 

mechanisms of hypertension-linked CVD is the Dahl salt-sensitive (SS) rat. This rat 

strain has a well-established hypertensive response to high-salt diet with concurrent renal 

iJ1jury and large and small artery dysfunction. Of those Americans with hypertension, 

-58% have salt-sensitive hypertension. 

As mentioned above, the most widely studied diet-induced blood pressure 

response in adult SS rats is to a high-salt diet. This is clinically relevant because a large 

portion of hypertensive patients present with salt-sensitive hypertension. Moreover, the 

hypertension-induced CVD seen with high salt in· SS rats mimics that seen in salt

sensitive humans. The African American population has a higher prevalence of salt

sensitivity of hypertension compared to whites. Blacks also have a higher prevalence of 

obesity. With the ensuing obesity epidemic and easy access to high-fat foods, it seems 

logical to assess if a rat strain that mimics salt sensitivity in blacks (the SS rat) also have 

high-fat diet/normal-salt diet sensitive hypertension and cardiovascular-renal disease. Our 

preliminary data indicate that SS rats have high-fat diet-induced hypertension compared 
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to genetic control SS-138
N rats. Inflammation mechanisms are necessary in the 

pathogenesis of hypertension in other animal models. Specific aim 1 tested tile 

flypotflesis tflat fligll-fat diet induces hypertension and renal injury in SS rats via an 

inflammation-dependent mecflanism. 

A major focus has been placed on assessing mechanisms of enhanced 

vasoconstrictive responses in obese patients as a mechanism of obesity-induced 

hypertension. However, as more studies are performed, the more it is found that enhanced 

constriction is not a consistent finding. Responses also include obese persons having no 

change or even a reduction in the response to vasoconstrictive agonists, particularly 

adrenergic stimulation, compared to lean counterparts. It could be that some individuals 

are more susceptible to enhanced vasoconstriction status in obesity. It is unknown if SS 

rats, a rat strain susceptible to CVD, have increased sensitivity to high-fat diet associated 

vasoconstriction compared to genetic control rats. Specific aim 2 tested tile ltypotflesis 

tflat fligfl-jat diet enflances vasoconstriction in SS rats. 

The perivascular adipose tissue (PVAT) was once considered to serve mainly a 

structural role for blood vessels. It has been demonstrated that adherent PV AT functions 

to blunt vascular responsiveness to vasoconstrictive agonists. Intriguingly, this buffering 

function of PVAT is lost in patients with CVD. Specific aim 3 tested tlte ltypotflesis tflat 

perivascular adipose tissue is dysfunction in SS rats. 

A previous study showed that· the standard chow that SS rats are placed on at 

weaning strongly predicts blood pressure phenotype as adults without further dietary 

manipulations. Specifically, under normal-salt diet conditions, adult SS rats placed on 

AIN-76A at weaning are hypertensive and have greater renal injury compared to rats 
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weaned on a standard grain (Teklad) diet. Nitric oxide (NO) derived from NO synthase 

(NOS) is important in regulation of vascular function. Specific aim 4 tested tlte 

ltypotltesis tltat AIN compared to Tek/ad diet induces vascular NOS dysfunction in SS 

rats. 
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Specific Aims: 

1. To test tile llypotllesis tllat lligll-:fat diet induced hypertension and renal injury in 

SS rats via an inflammation-dependent mechanism. 

2. To test tile 11ypot/1esis til at lligll-:fat diet enhances vasoconstriction in SS rats. 

3. To test tile llypotllesis tllat perivascular adipose tissue is dysfunctional in SS rats. 

4. To test tile llypotllesis tllat AIN and Teklad diets differentially regulate vascular 

NOS function in SS rats. 
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B. Brief Review of Related Literature 

1. Blood pressure research 

1.1. A history of measuring blood pressure. In 1733, the British veterinarian 

Stephen Hales demonstrated that arterial pressure was significant enough to push blood 

through a brass pipe inserted directly into the carotid artery lumen of horses (Esunge, 

1991); this is the first documented direct measurement of blood pressure (Geddes, 1970). 

In 184 7, Carl Ludwig implanted catheters in humans and recorded arterial blood pressure 

oscillations on his wave-writing kymograph (Esunge, 1991). In 1881, Samuel Siegfried 

Karl Ritter von Basch invented the sphygmomanometer, which consisted of a manometer 

used to determine the arterial pressure nullified by a water-filled bag placed on the arm 

(Esunge, 1991 ). This technique allowed for the non-invasive assessment of blood 

pressure in humans. Basch's device was modified by Scipione Riva-Rocci to include a 

mercury-filled manometer and an inflatable brachial cuff (Esunge, 1991). Riva-Rocci's 

technique used palpation to detect the pulse (Avolio et al., 2010). In 1905, Nikolai 

Sergeyevich Korotkoff used the stethoscope to identify arterial sounds during deflation of 

the brachial cuff that defined systolic blood pressure (SBP) and diastolic blood pressure 

(DBP) (Avolio eta/., 2010; Naqvi, 2005). SBP is estimated to contribute to 1/3 of intra

arterial blood pressure whereas DBP contributes to 2/3 of this pressure. Thus, MAP"' 1/3 

SBP + 2/3 DBP (Razminia eta/., 2004). 
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1.2. Measuring blood pressure in experimental animals. Tail-cuff 

plethysmography was developed to non-invasively assess blood pressure in experimental 

animals (Van Vliet eta!., 2000). For this technique, animals are placed in restrainers to 

prevent movement; placed in a heating chamber and acclimated at 37°C to promote 

optimal blood flow through the tail; and the cuff placed around the proximal tail (Lee et 

a!., 2002). Commonly used is photoplethysmography, which uses a light source to 

illuminate a small spot of the tail to record the pulse while the cuff is deflating (Jamieson 

et a!., 1997). 

Indwelling cathetars coupled to pressure transducing systems are widely used to 

directly measure mean arterial blood pressure in conscious animals however long-term 

catheter patency is plagued by clotting. In the early 1990s, Data Sciences International 

developed biotelemetry technology to directly assess mean arterial blood pressure in 

long-term experiments in freely moving animals (Brockway et a!., 1991 ). Biotelemetry 

requires implantation of an intra-arterial catheter, which is attached to the radiotelemetry 

device. The telemeter is sutured to the abdominal wall. The catheter contains a non

compressed fluid that is stoppered with a biocompatible gel. Pressure waves hitting the 

tip of the catheter are transferred to the telemetry device. The telemeter-implanted 

animals are housed individually in cages placed on telemetry receivers that digitize the 

pressure waves. Importantly, biotelemetry allows for continuous blood pressure 

measurements and direct assessments of additional cardiovascular parameters including 

heart rate and animal activity (Brockway et a!., 1991 ). 
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1.3. Defining hypertension. The Y e!low Emperor of China (circa 2600 BC) is 

credited as the first person to qualitatively identifY hypertension in what he termed "hard 

pulse disease" (Esunge, 1991). In 1913, the term "hypertensive vascular disease" was 

coined to reflect the etiology of this disease (Esunge, 1991). In 1939, Robinson and 

Brucer reported that individuals with a systolic blood pressure (SBP) of 120-139/diastolic 

blood pressure (DBP) of 80-89 mmHg were more likely to die earlier than individuals 

with normal blood pressure of <120/<80 mmHg (Chesley, 1976; Selassie et al., 2011). 

Moreover, the patients with elevated blood pressure were more likely to develop 

hypertension, which is defined as SBP2:140/DBP2:90 (Selassie et al., 2011). Therefore, 

the Seventh Report of the Joint National Committee on Prevention, Detection, 

Evaluation, and Treatment of High Blood Pressure (JNC 7) defmed stages of high blood 

pressure: stage 1 prehypertension is 120-129 and/or 80-84; stage 2 prehypertension is 

130-139/85-89 (Chobanian et al., 2003; Julius et al., 2008). The risk of cardiovascular 

disease morbidity and mortality is -1.6- to 2-fold greater in stage 2 prehypertensives than 

normotensives, even without progression to hypertension (Egan et al., 2010). 

Complications of high blood pressure and hypertension include stroke, coronary disease, 

heart failure, and kidney disease, which are the leading causes of morbidity and mortality 

in the United States and throughout the world (Appel et al., 2011; Sesso et al., 2000). The 

worldwide prevalence of hypertension estimates 1 billion, which is -1/6th of the Earth's 

population (Kotchen, 2007). 
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2. Hypertension and cardiovascular-renal disease risk 

2.1. Cardiovascular disease (CVD). CVD is the leading cause of morbidity 

and mortality in the United States; in 2011, it was reported that heart attack and stroke 

killed >500,000 people (Heron, 2011). A role for hypertension in the pathogenesis of 

these diseases is implicated by the statistics that -69% of people who have a first heart 

attack and -77% of those who have a first stroke are hypertensive (Roger et al., 2011 ). 

Hypertensive patients present with increased vasoconstrictive responses to 

phenylephrine, norepinephrine, and angiotensin receptor-mediated vasoconstriction in the 

forearm blood vessels (Egan eta/., 1987; Meier eta/., 1981; Philipp eta/., 1978; Yang et 

a/., 2008b); this observation has been extended to similar observation in hypertensive rats 

(Field and Soltis, 1985). Moreover in hypertensive patients, reduced vasorelaxation 

response to endothelium-dependent vasorelaxation to acetylcholine is observed in the 

forearm (Panza et a/., 1990). Such vascular changes are linked to the development of the 

large artery disease atherosclerosis, which is the cause of heart attack and stroke 

(Bugiardini et a/., 2004). In atherosclerotic-prone mice, aortic vasoconstriction is1 

enhanced and endothelial function reduced before the occurrence of atherosclerotic 

lesions (Fransen et a/., 2008). In regards to blood pressure, lowering blood pressure is 

associated with reduced progression of atherosclerosis in humans (Cipollone eta/., 2004) 

and mice (Knowles et al., 2000; Lu eta/., 2008; Makaritsis eta/., 1998; Weiss eta/., 

2001). Together, these data indicate that increased blood pressure is linked to 

mechanisms that predispose blood vessels to disease. 
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2.3. Kidney disease. The prevalence of kidney disease is increasing and is the 

13th cause of death in the United States (Heron, 201I; Udani et al., 20IO). The kidney is a 

highly vascular organ that receives 25% of the cardiac output (Balat, 20 I 0). The 

glomerulus is an open tangle of capillaries where the urine filtrate originates (Guyton and 

Hall, 2006). A common finding in renal biopsies of hypertensive patients is 

glomerulosclerosis, scarring of the glomerulus, as noted by increased collagen expression 

(Kriz et al., 1998). Increased albumin in the urine (albuminuria) is a surrogate marker of 

both glomerular and tubulointerstitial damage (Nauta et al., 20 II). Mechanistic studies in 

rodents have shown that increased perfusion pressure to the kidney alone can promote 

glomerulosclerosis and albuminuria (Mori and Cowley, 2004). A consequence thought to 

occur downstream of glomerular i!1iury is renal tubular injury (Rennke et a/., 2007). The 

renal tubules are fed by arteries leaving the glomerulus, the efferent arteriole. Any 

mechanism resulting in reduced blood flow to the tubules leads to tubular dysfunction. 

Renal tubular injury and dysfunction is marked by protein deposition in blocked and 

dilated tubules (Kriz et a/., 1998). When the tubules are blocked, their glomeruli do not 

contribute to glomerular filtration (Rennke et al., 2007). The urine-concentrating ability 

of the kidneys is carried out by the renal tubules (Guyton and Hall, 2006). 

Noteworthy is the crucial role of the kidneys to long-term blood pressure· 

homeostasis via excretion of excess body fluids and sodium (Guyton and Hall, 2006). It 

is argued that hypertension cannot be maintained without renal involvement (Guyton, 

I99I, 1990). This is highlighted by the reduction in blood pressure when kidneys from 

normotensive Wistar-Kyoto (WKY) rats were transplanted to spontaneously hypertensive 

rats (SHR). These data are corroborated by transplanting SHR kidneys to WKY rats 
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rendering the WKY rats hypertensive (Kawabe et at., 1978; Rettig, 1993; Rettig eta/., 

1994). 

3. Genetic predisposition to hypertension: salt-sensitive hypertension 

3.1. Humans. In 1904, it was indicated that reducing salt (NaCl) intake 

lowered blood pressure in hypertensive patients (Meneton et a!., 2005). Later, it was 

suggested that excess salt consumption is involved in the pathogenesis of essential 

hypertension (Dahl and Love, 1954). The role of salt in blood pressure regulation is 

highlighted in studies in patients with normal blood pressure. Normal salt intake is -109 

mEq/day (Kawasaki eta/., 1978). Providing incremental increases in NaCl resulted in an 

increase in blood pressure in normotensive subjects (Luft et a!., 1979); however, this 

response is highly variable (Weinberger, 1996). Thus, it was suggested that salt

sensitivity of blood pressure be used to study genetic mechanisms of hypertension and 

cardiovascular-renal disease in humans (Sharma, 1996). Normotensive and hypertensive 

salt-sensitive individuals (that is, those patients having an increase in blood pressure with 

increased salt intake) have reduced overall survival (Weinberger, 2002; Weinberger et 

a/., 2001). Moreover, under low-salt diet conditions, salt-sensitive patients with 

hypertension have greater blood pressure response to bolus doses of norepinephrine and 

angiotensin II than corresponding salt-resistant counterparts (Campese et a/., 1993). 

These data are summarized by the finding that not only do the African Americans present 

with greater prevalence of salt-sensitive hypertension, this population is also at greater 
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risk for cardiovascular and renal complications (Egan, 2003; He eta/., 1998; Swift eta/., 

2005; Weinberger eta/., 1982). 

3.2. Tlte Dalt/ salt-sensitive rat. Dr. Lewis K. Dahl at the Brookhaven Institute 

generated a rat strain that mimics salt (NaCl)-sensitive hypertension seen in humans 

(O'Shaughnessy and Karet, 2004; Whitescarver et al., 1984). Sprague-Dawley rats were 

selectively bred for a hypertensive response to a high-salt diet (Dahl et al., 1962). The 

Dahl salt-sensitive (SS) rat develops a drastic blood pressure response to high-salt diet 

(commonly used are 4% or 8% salt diets) with concomitant induction of endothelial 

dysfunction and renal disease marked by. glomerular injury, tubular proteins casts, and 

albuminuria compared to Dahl salt-resistant control rats (Hayakawa et al., 1997; Luscher 

eta/., 1987a; Tolins et al., 1992). The cardiovascular-renal disease following a high-salt 

diet in this rat strain is largely attributed to the hypertension. Hydrochlorothiazide 

treatment for the duration of an 8-week high-salt diet significantly reduced blood 

pressure, aortic and small mesenteric artery endothelial dysfunction, and renal injury in 

SS rats (Hayakawa et al., 1997). Moreover, manually reducing perfusion pressure to the 

kidney using the servocontrol technique reduces high-salt diet-induced hypertensive 

glomerular injury in SS rats (Xia et al., 2008). 

Studies showed that an inherent renal defect is responsible for salt-sensitive blood 

pressure in SS rats whereby transplantation of kidneys from salt-resistant rats to SS rats 

significantly reduced the development of elevated salt-induced hypertension (Dahl and 

Heine, 1975). Even on a normal-salt diet (0.4% NaC1) SS rats have high blood pressure 

of -135 mmHg (Mattson et al., 2004); renal injury and albuminuria (Garrett et al., 2003); 
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and hypertrophy without narrowing of the vascular lumen of preglomerular interlobular 

arteries (Tomoda et al., 2000) compared to salt-resistant control rats. Moreover, SS rats 

on a normal-salt diet have blunted endothelium-dependent vasorelaxation in several 

vascular beds (Drenjancevic-Peric et al., 2003; Drenjancevic-Peric and Lombard, 2004; 

Kunert et al., 2006). Collectively, these data highlight that the SS rat is genetically 

predisposed to cardiovascular-renal disease. 

3.3. Tile SS-138
N rat. Dr. Dahl generated a salt-resistant control rat strain for 

the SS rat. Historical investigations utilized the Dahl salt-resistant rat strain as the genetic 

control to the SS rat (Dahl and Heine, 1975). However, this rat strain is only -80% 

genetically identical to the SS rat, which complicates genetic studies in this rat strain 

because there are differences in unknown genes (St Lezin et al., 1992). By introgressing 

individual chromosomes from the salt-resistant Brown Norway (BN) rat on the genetic 

background of the SS rat, investigators at the Medical College of Wisconsin 

demonstrated that multiple chromosomes regulate the hypertensive response to high-salt 

diet (Mattson et al., 2008). As a result of these genetic studies, the SS-138
N strain, which 

has chromosome I 3 from the BN rat, is 98% identical to the SS rat strain; this consomic 

rat strain is a more valid genetic control for the SS rat (Cowley et al., 2001; Moreno et 

al., 2007; Moreno et al., 2011). 
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4. Immune cells and hypertension 

4.1. Tile immune response. Immunity promotes the clearance of invading 

pathogens like bacteria and viruses. The first arm of the immune response is called the 

innate immune response and is rapidly activated with infection (Goldsby and Goldsby, 

2003). This arm of the immune system depends on circulating phagocytic cells including 

neutrophils, dendritic cells, and macrophages that recognize, engulf, and eliminate 

pathogens. Moreover, neutrophils participate in the respiratory burst of oxygen radicals to 

mediate pathogen elimination (Goldsby and Goldsby, 2003). 

The second arm of the immune response is the adaptive immune response. 

Phagocytic cells also participate in the adapative immune response. Dendritic cells and 

macrophages have the ability to serve as antigen presenting cells (APCs). Following 

phagocytosis, pathogens are proteolytically degraded and products of this proteolysis 

(antigens) are expressed on the plasma membrane. These antigens are recognized by 

naive T lymphocytes causing the T lymphocytes to rapidly proliferate (Vinh et al., 20 I 0). 

Activated T lymphocytes function to directly kill target pathogens. Activated T cells also 

stimulate B lymphocytes to produce antibodies to eliminate antigens and activate 

macrophages. Thus, T lymphocytes elicit cell-mediated immunity with elimination of 

infected host cells. Moreover, once the infection is cleared, T lymphocytes function to 

kill APCs (Yang et al., 2006). 

The immune response can also promote disease if immune cells attack self tissue 

by recognizing self antigens. This occurs in autoimmune diseases including diabetes 

mellitus type I, Graves' disease, systemic lupus erythematosus, rheumatoid arthritis, and 
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preeclampsia. Importantly, each of these autoimmune diseases is associated with 

increased prevalence of cardiovascular-renal disease morbidity (Armigliato et al., 2006; 

Frostegard, 2005; Thomas et al., 2002; Warrington et al., 2005; Zhou et al., 2008; 

Zimmerman and Flores, 2009). 

4.2. Humans. Compared to human immunodeficiency virus (HIV)-negative 

patients, HIV -positive patients are less likely to present with systolic hypertension 

(Seaberg et al., 2005). Further supporting the role of immune cells in blood pressure 

regulation is the finding that highly active anti-retroviral therapy, which aids in 

maintaining immunity, increased the prevalence of hypertension in HIV-positive patients 

(Seaberg et al., 2005). 

Studies have documented the blood pressure phenotype in humans treated with 

the immunosuppressive agent mycophenolate mofetil (MMF). MMF, which is the 

morpholinoethyl ester of myc?phenolic acid, is a prodrug that is rapidly converted into 

mycophenolic acid after oral administration (Morales, 2002). MMF is considered a 

specific inhibitor of T and B lymphocyte proliferation whereby it inhibits the 

lymphocyte-specific inosine monophosphate dehydrogenase 2 (Platz et a!., 1991 ). This 

dehydogenase enzyme is important in purine synthesis in lymphocytes and is necessary 

for lymphocyte activation (Gu et al., 2000). Classically, MMF is used to prevent allograft 

rejection in renal-transplant patients (Ojo et al., 2000). An important observation in these 

patients is that MMF is not associated with increased blood pressure as seen following 

treatment with the immunosuppressive calcineurin inhibitors cyclosporine A or 

tacrolimus (Morales, 2002). Moreover, MMF treatment significantly reduces blood 
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pressure in hypertensive patients with psoriasis and rheumatoid arthritis (Herrera et a/., 

2006). 

A role for lymphocytes in the pathogenesis of hypertension and kidney disease 

was suggested by immunohistological analyses in kidney biopses from 1 ,350 

hypertensive patients. Collections of lymphocytes were observed in >50% of kidney 

specimens from hypertensive patients with advanced renal vascular disease, whereas 

lymphocyte infiltration was observed in only ~20% of kidney specimens from 

hypertensive patients having the lowest grades of arteriolar sclerosis (Sommers et a/., 

1958). 

4.3. Experimental animals. Numerous experimental models have 

demonstrated that inflammation pathways play a significant role in the pathogenesis of 

hypertension. An early report showed that athymic nude mice displayed blunted 

development to deoxycorticosterone (DOCA)-salt-induced hypertension (Svendsen, 

1977). Futhermore, it was shown that thymus grafting restored the hypertensive response 

(Svendsen, 1976). Most intriguingly, Dr. Sassard's group showed that transfer of 

lymphoid cells from hypertensive Lyon rats elicited hypertension in normotensive rats 

(Renaudin et a/., 1995). A more recent study demonstrated that MMF significantly 

attenuated the development of DOCA-salt hypertensive Sprague-Dawley rats (Boesen et 

al., 2010). Dr. David Harrison's laboratory demonstrated that T lymphocytes are central 

in mediating the genesis of hypertension; in his model, angiotensin (Ang)II-induced 

hypertension was significantly attenuated in mice lacking T and B lymphocytes (RAG-I 

null mice) (Guzik eta/., 2007). When isolated T lymphocytes were reconsitituted in this 
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mouse strain via adoptive transfer in RAG-I null mice, the Angii hypertension was 

restored; this restoration of the Angii hypertensive phenotype was not observed 

following adoptive transfer of isolated B lymphocytes (Guzik et al., 2007). Additional 

studies support that T lymphocytes promote the pathogenesis of hypertension. 

Normotensive spontaneously hypertensive rats (SHR) have greater renal T lymphocyte 

numbers compared to age-matched Wistar-Kyoto control rats (Rodriguez-Iturbe et al., 

2004). In the established phase of hypertension in SHR, treatment with MMF reduces 

blood pressure and renal T lymphocyte numbers (Rodriguez-Iturbe et al., 2002; Sanchez

Lozada et a/., 2003). Additionally, MMF prevents high-salt diet-induced hypertension 

and renal T lymphocyte infiltration in SS rats (De Miguel eta/., 2010; Mattson et al., 

2006; Tian et a/., 2007). 

5. Obesity and hypertension 

5.1. Humans. Obesity is defined as a body mass index (BMI)2:30 kg/m2 

(Myers and Primedia Healthcare., 2004). Worldwide, an estimated 1.3 billion adults are 

obese (Kelly et a/., 2008). In the United States, obesity is linked to increased caloric 

intake (Swinburn et al., 2009). Studies have shown that weight gain is associated with an 

increase in blood pressure (Masuo et al., 2000), which is corroborated by studies of 

caloric restriction reducing blood pressure (Zimmerman eta/., 1984). Moreover, caloric 

restriction increases longevity (Kenyon, 2005). -50% of obese patients are hypertensive 

(Flegal et a/., 201 0). In a French cohort of 3000 individuals, it was demonstrated that 

obese subjects with hypertension had increased cardiovascular mortality whereas 
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overweight and obesity was not associated with greater CVD risk in normotensive 

subjects (Thomas eta!., 2005). Patients with concominant obesity and hypertension are at 

great risk for developing chronic renal disease and marked albuminuria (Knight et a/., 

2008). 

5.2. Experimental animals. Since the 1950s, high-fat diets have been utilized 

to induce obesity in rodents (Masek and Fabry, 1959). Such high-fat diets consist of 32-

60% kcal from fat (Ghibaudi et a/., 2002; Johnston et al., 2007). Frequently, high-fat 

diets are rich in saturated fatty acids from sources such as lard to induce rapid weight 

gain and ectopic fat mass deposition (Buettner et a/., 2006; Ghibaudi et a/., 2002; Relies 

et a/., 2005). 

A number of studies have used outbred Sprague-Dawley rats to examine the 

cardiovascular-renal effects of a high-fat diet. These Sprague-Dawley rats have a highly 

variable weight gain response to high-fat diet. The rats are arbitrarily split into groups 

that have dramatic weight gain, called 'obesity prone', whereas those with a lesser body 

weight response are called 'obesity resistant'. A 1 0-week high-fat diet induces dramatic 

weight gain and hypertension (tail-cuff plethysmography) in obesity-prone compared to 

obesity-resistant rats or Sprague-Dawley rats maintained on a normal diet (Dobrian eta/., 

2000; Do brian et al., 200 I). However, high-fat diet induces mild glomerulosclerosis 

similarly in obesity-prone and obesity-resistant rats with no difference in albuminuria 

between the two groups (Dobrian eta!., 2000; Dobrian eta/., 2001). Similarly, 10 weeks 

of high-fat diet did not affect albuminuria in normotensive Wistar-Kyoto (WKY) rats 

(Knight et a/., 2008). 
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Intriguing are high-fat diet studies in genetic models of hypertension. Two reports 

have demonstrated in 12-week-old SHR that were fed a 4-week high-fat diet have -50 

mmHg increased in blood pressure compared to SHR on a normal-fat diet, whereas no 

change in blood pressure was observed in WKY rats (Chung eta/., 2010; Shin eta/., 

2009). This increased blood pressure was maintained until the end of these studies at 12 

weeks of high-fat diet feeding. An inconsistency in the blood pressure response in this 

model is presented whereby by Knight et al. showed that a 1 0-week high-fat diet did not 

alter blood pressure in SHR maintained on normal diet; however, the high-fat diet 

markedly increased albuminuria in SHR (Knight et a/., 2008). Interestingly, a consistent 

finding in studies assessing the inflammatory status of SHR on high-fat diet are reports of 

greater macrophage cells numbers in SHR kidneys following the high-fat diet compared 

to WKY rats (Chung et a/., 201 0; Knight et a/., 2008; Shin et a/., 2009). Similar to SHR, 

inconsistencies in the blood pressure response to high-fat diet are observed in SS rats 

(Nagae et al., 2009; Okere eta/., 2006). One study did show that SS rats have high-fat 

diet-induced hypertension and glomerulosclerosis compared to SS rats maintained on 

normal diet, which is present after 4 weeks on the diet (Nagae et a/., 2009). Although 

there was glomerular injury in SS rats on a 4-week high-fat diet, no change in 

albuminuria was detected. Moreover, a study showed that caloric restriction reduces 

cardiac contractile dysfuncton in SS rats (Naito et a/., 2011; Seymour et a/., 2006). 

Regarding the aforementioned inconsistent blood pressure findings in SHR and SS rats 

on high-fat diet, these studies were conducted using tail-cuffplethysmography, which can 

promote stress-induced blood pressure responses. 
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5.3. Visceral adipose tissue. Mammals have two types of adipose tissue: white 

adipose tissue (W AT), which functions to store triglycerides, and brown adipose tissue 

(BAT) used for thennogenesis (Prunet-Marcassus eta!., 2006). WAT is further divided to 

two main locations: the abdomen around visceral organs and under the skin. Importantly, 

human studies have shown that increased adipocyte size is associated with dyslipidemia 

(Hoffstedt et a!., 2010). More specifically, increased visceral adipose tissue mass is 

accompanied by increased delivery of free fatty acids (FFAs) to the liver (Nielsen eta!., 

2004). Increased liver FFA deposition, as in nonalcoholic fatty liver disease, promotes 

liver dysfunction and increases triglyceride secretion into the circulation and hepatic 

insulin resistance (Donnelly eta/., 2005; Thorne eta/., 2010). Hypertriglyceridemia and 

insulin resistance are risk factors for CVD (Eckel et a!., 2005). Moreover, increased 

visceral adipose tissue is correlated with systemic inflammation marked by increased C

reactive protein levels (Fontana et at., 2007; Pou eta!., 2007). In mice, a direct role of 

visceral adipose tissue on CVD has been demonstrated. In atherosclerotic-prone ApoE1-

mice, subcutaneous transplantation of epididymal fat but not subcutaneous fat harvested 

from the flank of wild-type donor mice increased atherosclerotic plaque fonnation in the 

aorta (Ohman eta!., 2008). These data highlight that visceral obesity is a CVD correlate 

(Rosito et a/., 2008). 

5.4. Leptin-mediated llypertension. Leptin is an adipocyte-derived honnone 

whose circulating levels increase in proportion to adiposity (Ahima and Flier, 2000). 

Leptin stimulates anorexic neurons in the hypothalamic arcuate nucleus to reduce 

appetite (Hewson eta/., 2002). However, a high-fat diet and obesity are associated with 
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exacerbated leptin levels but the anorexic function of leptin is reduced, which promotes 

hyperphagia (Bouret et a/., 2008; Challis et a/., 2004; Enriori et a/., 2007). This is 

supported by studies in the db/db mouse, which is a total body knockout of the long form 

of the leptin receptor, and the oblob mouse, which are leptin deficient. Both mouse 

strains exhibit hyperphagia and increased body weight under normal and high-fat diet 

chow states (Hanson and Morton, 1983). Experiments using these mouse strains have 

demonstrated that sympatho-activation of the cardiovascular system by leptin is 

preserved in obesity. In normal C57Bl/6 mice, a 32-week high-fat diet significantly 

increased body weight. Tachyphylaxis of adrenergic-mediated vasoconstriction was 

found in the obese C57Bl/6 mice, but not in ob/ob mice on the high-fat diet (Belin de 

Chantemele eta/., 2011). Whereas, heart rate was significantly increased following the 

high-fat diet in C57Bl/6 mice but not in ob/ob mice (Belin de Chantemele eta/., 2009). 

Similar findings have been observed in rats with high fat feeding (Dubinion et a/., 2011 ). 

In rabbits, a high-fat diet increased sensitivity of renal nerve activity to exogenous doses 

ofleptin (Prior et a/., 201 0). Increased renal nerve activity is linked to sodium retention 

and hypertension (Grisk and Rettig, 2004). In humans there is a positive relationship 

between plasma leptin and hypertension (Shankar and Xiao, 20 I 0). Taken together, these 

data highlight that leptin promotes hypertension in obesity. 

6. Vascular reactivity 

6.1. Tile eudotllelium. The inner-most lining of all blood vessels is composed 

of a monolayer of cells termed the endothelium. The endothelium was once thought to be 
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an inert barrier separating the blood in the vessel lumen from the underlying vascular 

smooth muscle cells (Stevens et a/., 200 I). A turning point in the study of vascular 

biology occurred in 1980 when it was found that removal of the endothelium from rabbit 

thoracic aorta strips completely obliterated the response to acetylcholine (ACh)-mediated 

vasorelaxation (Furchgott and Zawadzki, 1980). Later studies demonstrated that the 

endothelium functions to blunt vascular response to vasoconstrictive agonists further 

highlighting the importance of the endothelium in regulation of vascular tone (Bennett et 

al., 1992). 

6.2. Tile perivascular adipose tissue (PVA1). PVAT is located on the outer-

most periphery of most blood vessels. In the early 1990's, studies in Sprague-Dawley rats 

showed that aortic segments with an intact PV AT had blunted vasoconstriction response 

to norepinephrine compared to aortas with the PV AT removed. It was concluded that this 

blunted response was due to uptake of norepinephrine by nerve terminals in the vessel 

wall, whereas the enhanced vasoconstriction response to electrical-field stimulation was 

blocked by the u,-adrenergic receptor antagonist phentolamine (Soltis and Cassis, 1991). 

Later studies showed that the increased vasoconstriction in PV AT -intact aorta in response 

to electrical stimulation was dependent on superoxide whereby superoxide dismutase 

treatment of the vascular preparations reduced this response (Gao et al., 2006). 

In the report by Soltis and Cassis, it was indicated that the vasoconstriction 

response to phenylephrine, an u1-adrenergic antagonist having low uptake by nerve 

terminals (Chahl and O'Donnell, 1969), was not different in PVAT-removed or intact 

aortic artery segments. In contrast, several other reports have indicated that 
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phenylephrine-mediated vasoconstriction is blunted by the presence of the PV AT. This 

has been observed in aorta and small mesenteric arteries from WKY and Sprague-Dawley 

rats (Lee et a!., 2011). Morever, studies have shown that removal of Y, the fat reduces 

PVAT-mediated blunting of vasoconstriction to phenylephrine by 50% (Verlohren eta/., 

2004). These data indicate that PVAT function is dependent on the amount of PVAT. 

Additional experiments were designed to test the hypothesis that PV AT produces 

transferrable factor(s) to mediate actions on vascular function. Aortic tissue without 

adherent PV AT was incubated in buffer from isolated aortic PV AT (donor tissue), which 

blunted vasoconstriction response in the aorta without PVAT (Lee eta/., 2011). Thus, 

numerous studies support a physiological role ofPVAT in blunting blood vessel response 

to vasoconstriction. Importantly, PVAT function has been verified in human 

subcutaneous gluteal arteries (Greenstein et al., 2009). 

6.3. Nitric oxide (NO! 

6.3.1. Eudotllelium-derived relaxiug factor (EDRF). Dr. Furchgott's studies of 

endothelial function in 1980 concluded that the endothelium modulates vascular smooth 

muscle in a paracrine fashion; this finding spurred research to identify the EDRF. In the 

early 1970s, Dr. Ferid Murad demonstrated that NO activates guanylate cyclase to 

generate guanosine 3':5'-cyclic monophosphate (cGMP) in various smooth muscle tissue 

preparations including tracheal, intestinal, and vascular (Arnold et a/., 1977). Later, Dr. 

Louis Ignarro showed relaxation of bovine coronary arterial smooth muscle by a cGMP 

analog (Napoli et al., 1980) and that coronary arterial relaxation was mediated by 
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guanylate cyclase activation by NO (Gruetter et al., 1979; Gruetter et al., 1980). The 

independent laboratories of Dr. Louis Ignarro (Ignarro et al., 1987) and Dr. Salvador 

Moncada (Moncada et al., 1988; Palmer et al., 1987) suggested that the EDRF was NO. 

In 1991, EDRF synthase was purified from bovine aortic endothelial cells (Pollock et al., 

1991 ). Drs. Furchgott, Ignarro, and Murad were awarded the 1998 Nobel Prize in 

Medicine for their contributions to the discovery of NO signaling in vascular tone 

homeostasis. 

6.3.2. NO synthase (NOS). NO is enzymatically produced from nitric oxide 

synthase (NOS) (Bredt and Snyder, 1990). There are 3 isoforms of NOS: NOSl 

(neuronal, nNOS), NOS2 (inducible, iNOS), and NOS3 (endothelial, eNOS). All NOS 

isoforms share 50-60% homology at the amino acid level (Stuehr, 1997). NOS enzymes 

are composed of an N-terminal oxygenase domain carrying a heme group and binding 

sites for tetrahydrobiopterin (Bl-4), molecular oxygen, and L-arginine; a central 

calmodulin (CaM)-binding region; and a C-terminal reductase domain with binding sites 

for NADPH, FAD, and FMN (Forstermann and Munzel, 2006; Iyanagi, 2005). Of 

particular importance to vascular function is NOS3 (Godecke et al., 1998; Scotland et al., 

2002). In NOS3 null mice, large arteries like aorta and small arteries from skeletal muscle 

and the mesenteric circulation showed attenuated endothelium-mediated vasorelaxation 

(Huang et al., 2000; Matoba et al., 2000). 

The active form ofNOS3 exists as two identical subunits that form a head to tail 

homodimer (Rafikov et al., 2011 ). L-arginine binding stimulates the NOS3 uptake of 

molecular oxygen (Gao et al., 2007b). Calcium (Ca2+)-bound calmodulin binds the 
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central CaM region of the enzyme and increases the rate of electron transfer from 

NADPH via the reductase domain flavin prosthetic groups to the heme to bind 02 

(Forstermann and Munzel, 2006); BH! provides a second electron and a proton to heme

bound 02 to hydroxylate the guanidine-nitrogen of L-arginine resulting in formation of 

the intermediate NO-hydroxy-L-arginine (Munzel et al., 2005). Again the enzyme cycles 

electrons from NADPH and BH! to 02 resulting in the oxidation of the intermediate 

molecule and formation of NO and L-citrulline (Munzel et at., 2005). 

6.3.3. NO and vasorelaxation. Classical experiments have utilized acetylcholine 

(ACh) to assess endothelial function in many vascular beds. Muscarinic (M)3 receptor 

null mice demonstrated that this receptor type mediated ACh-induced vasorelaxation in 

many mouse blood vessels (Gericke et at., 2011). Upon stimulation, this receptor 

activates phospholipase C~ to increase cytosolic Ca2
+ concentration in endothelial cells 

(Gericke et at., 2011; Wess et at., 2007). Ca2
+ binds calmodulin to activate NOS3 activity 

and NO production (Forstermann et at., 1994; Schneider et at., 2003). NO diffuses to 

vascular smooth muscle cells to activate soluble guanylate cyclase and cGMP production 

(Arnold et al., 1977). cGMP mediates vasorelaxation by several mechanisms: induction 

of sequestration of Ca2
+ by the sarcoplasmic reticulum (Twort and van Breemen, 1988), 

Ca2+ -activated K+ channels with hyperpolarization of the vascular smooth muscle cell 

membrane (Ledoux et at., 2006), and inhibition of phospholipase C~ (Hirata et at., 1990). 

6.3.4. Vasoconstriction buffering capacity of NO. The paradigm of 

vasoconstriction is dependent on the entry of Ca2
+ into the cytoplasm of vascular smooth 
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muscle cells through Ca2+ channels in the sarcoplasmic reticulum and plasma membrane 

(Szado eta/., 2001). Vasoconstrictive agonists including angiotensin II, phenylephrine, 

and endothelin-1 signal via membrane-bound G-protein coupled receptors and activate 

phospholipase C~ at the inner plasma membrane. This enzyme cleaves 

phosphotidylinositol to form intracellular inositol 1 ,4,5 trisphosphate (IP3) and 

diacylglycerol (Isenberg and Shiva, 2009; Touyz and Schiffrin, 2000) with the former 

mediating Ca2+ entry into smooth muscle cells (Tai et a/., 2008). Once in the cytoplasm, 

Ca2+ binds calmodulin to activate calmodulin kinase (CaM) II, which phosphorylates and 

activates myosin light chain kinase (MLCK) (Mizuno et a/., 2008). MLCK 

phosphorylates the 20-kDa myosin regulatory light chain (MLC2o) on the head of myosin 

heavy chains (Kureishi et a/., 1997). Moreover, CaM kinase II phosphorylates and 

activates Rho kinase (Sakurada et a!., 2003). Rho kinase cycles between the inactive 

guanine dinucleotide phosphate (GDP)-bound form and an active, guanine trinucleotide 

phosphate (GTP)-bound form (Jaffe and Hall, 2005). When activated, Rho kinase 

phosphorylates MLC phosphatase (MLCP) to inhibit MLCP activity (Kimura et al., 

1996; Persechini et al., 1994), this is defined as Rho kinase-mediated Ca2+-sensitization 

of the contractile apparatus (Bolz et al., 2003). In sum, these pathways promote 

phosphorylation of myosin heavy chain that results in dislodging of tropomyosin from 

actin inducing cross-bridge cycling of myosin and actin (Graceffa, 2000) and actin 

polymerization (Chen et al., 2008). 

NO serves as a brake on vasoconstriction. NO inhibits Rho-kinase activity 

(Chitaley and Webb, 2002; Suzuki et al., 2009). In addition, NO activates MLCP in a 

cGMP-dependent manner (Bolz et al., 2003) via protein kinase G phosphorylation of the 
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myosm phosphatase targeting protein (MYPT)l at Ser695 (Kitazawa et a/., 2009) 

resulting in MLC dephosphorylation (Somlyo and Somlyo, 2003). Thus, NO results in 

Ca2+-desensitization of the contractile apparatus (Bolz et al., 2003). This pathway is 

highlighted in vascular function studies showing incubation with the Rho kinase inhibitor 

Y-27632 enhances ';lr-adrenergic (phenylephrine)-induced vasoconstriction in rat aortic 

rings, an effect blocked by treatment of aortic segments with a non-specific NOS 

inhibitor (Chitaley and Webb, 2002). 

6.3.5. Regulation of NOS activity by pllospllorylation. NOS3 activity rs 

regulated by direct phosphorylation and dephosphorylation of the enzyme. These steps 

induce the Ca2+-independent regulation ofNOS3 activity (McCabe eta/., 2000). NOS3 

has multiple phosphorylation sites: Ser1177, Ser633, Ser615, Thr495, Ser114, and Tyr81, 

which are named according to the human and rat sequences. The bovine sequence of 

NOS3 has two extra amino acid residues resulting in phosphorylation sites at Serll79, 

Ser635, Ser617, Thr497, Serll6, and Tyr83 in the NOS3 enzyme. 

Of particular importance to NOS3 regulation of vascular function is the Ser1177 

phosphorylation site in the reductase domain. In the presence of cofactors, 

phosphorylation of purified bovine NOS3 at Ser1179 (phospho-Ser1179) results in rapid 

electron flux through the enzyme to generate NO (McCabe eta/., 2000). In this NOS3 

activity assay Ca2+ chelation with EGTA inhibited NO production. Thus, phosphorylation 

ofNOS3 at Serl177 promotes NO production in a Ca2+-independent manner (Dimmeler 

et a/., 1999). 
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In the vessel wall, the viscous drag of blood on the endothelium (shear stress) is a 

potent stimulus for NO production and occurs via increasing NOS3-phospho-Ser1177 

levels (Dimmeler et al., 1999). Crucial to this mechanism is phosphoinositide (PI)3-

kinase-mediated phophorylation of Akt/protein kinase B at Thr308 (Persad et al., 2001). 

Phosphorylation of Akt increases its activity and directly mediates the NOS3-phospho

Ser1177 reaction (Fulton et al., 1999; Kohn et al., 1996). Although this mechanism does 

not mediate the NO buffering of phenylephrine or KCl response in aorta (Lopez et al., 

2011), reduced NOS3-phospho-Serl77 expression is associated with enhanced 

phenylephrine-mediated vasoconstriction in small mesenteric arteries from DOCA-salt 

hypertensive rats (Sasser eta!., 2004). Furthermore, angiotensin II-infused hypertensive 

rats have reduced small mesenteric artery endothelial-dependent vasorelaxation without a 

change in total NOS3 expression whereas NOS3-phospho-Ser1177 is reduced (Kang et 

al., 2007; Kang et al., 2011). Importantly, antihypertensive therapy using a combination 

of hydralazine, hydrochlorothiazide, and reserpine concominantly reduced blood pressure 

and increased NOS3-phospho-Ser1177 expression in small mesenteric arteries in 

angiotensin II hypertensive rats (Kang et ai, 2011). An intriguing report suggested 

endothelial Akt is important in blood pressure homeostasis (Ha et al., 2011) 

6.3.6. Pllarmacological inhibition of NOS. Assessment of NO function in 

cardiovascular homeostasis was initiated by Dr. Moncada. He showed that infusing the 

non-specific NOS inhibitor L-NMMA (NG-monomethyl-1-arginine) significantly 

increased blood pressure in rabbits (Rees et al., 1989). Moreover, L-NAME (Nro-nitro-L

arginine methyl ester) increased blood pressure and ex vivo studies showed reduced aortic 
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response to acetylcholine (Rees et al., 1990). These NOS inhibitors are analogs of L

arginine, which have the guanidino groups substituted with methyl groups and compete 

for the L-arginine binding site on NOS. L-NAME is a more potent inhibitor than L

NMMA (Marczin, 2003). Although there is no specific inhibitor for NOS3, L-NAME 

infusion increases blood pressure in wild type mice but not NOS3 null mice (Van Vliet et 

al., 2003). 

6.4. Hydrogen sulfide (H~). H2S is a gasotransmitter generated by two 

distinct enzymes: cystathionin ~-synthase (CBS) or cystathionine-y-lyase (CSE). L

cysteine is the substrate for these enzymes. Of these enzymes, CSE expression is greater 

in cardiovascular tissue ( d'Emmanuele di Villa Bianca et al., 2009). CSE null mice are 

hypertensive (Yang et al., 2008a). Moreover, numerous studies have shown that H2S 

directly induces vasorelaxation in a dose-dependent manner in blood vessels (Geng et al., 

2007). In PVAT-removed aortic segments from WKY rats, inhibition of CSE with DL

propylargylglycine reduces H2S release and exacerbates vasoconstriction response to 

phenylephrine (Fang et al., 2009). Endothelium removal did not affect this response 

indicating that vascular smooth muscle CSE activity functions to buffer vasoconstriction 

(Fang et al., 2009). Also, Fang et al. demonstrated that the PVAT acts in a paracrine 

fashion to blunt phenylephrine-mediated vasoconstriction in a H2S-dependent 

mechanism. Mechanistically, Wang showed that H2S activate ATP-sensitive K+ channel 

(Cheng et al., 2004; Zhao et al., 2001) whereas others have shown H2S stimulates large

conductance Ca2+-activated K channels (Jackson-Weaver et al., 2011). Specifically, H2S 

mediates posttranslational sulfyhydration of K+ channels and activation (Mustafa et al., 
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2011). The sulphydration reaction is the process of adding a sulfur-sulfure-hydrogen 

bond on cysteine residues. Activation of K+ channels results in hyperpolarization of the 

vascular smooth muscle membrane, Ca2+ extrusion, and reduced vascular tone. 

Intriguingly, it has been reported that obese people have reduced circulating levels ofH2S 

(Whiteman e/ al., 2010). 

6.5. Reactive oxygen species (ROS) 

6.5.1. Superoxide (Oi). Before the identification of NO as the EDRF, it was 

shown that Oi. was involved in a reduction in EDRF-mediated relaxation in aortic 

smooth muscle strips (Gryglewski eta!., 1986). Oi"is a free radical produced by the one 

electron reduction of molecular oxygen. All cells of the vascular wall have the capability 

to produce 0 2··, which it is generated from multiple sources: oxidative phophorylation in 

the mitochondria (Mabile eta!., 1997; Yamagishi e/ a!., 2001); xanthine oxidase (Dopp et 

al., 2011); uncoupling of B~-mediated oxidation of L-arginine in NOS (Crabtree eta!., 

2009); or nicotinamide adenine dinucleotide phosphate (NADPH) oxidase enzymes 

(Nox) (Mohazzab eta!., 1994). Nox has an obligatory role in mediating 02·· production in 

the vascular wall. The Nox enzymes, comprising the 7 homologs termed Nox1-5, 

DUOX1, and DUOX2 as defined by its catalytic subunit, are membrane-bound enzymes 

that transport electrons along cellular membranes to reduce 0 2 to Oi. (Drummond eta!., 

201 1). In vascular tissue, Noxl, Nox2, Nox4, and NoxS members are expressed 

(Lassegue and Griendling, 2009). Significant contributors to endothelium 0 2·• production 

are Noxl and Nox4 (Dikalov eta!., 2008). Stimulation of ROS from the Nox enzymes 
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requires assembly of the intracellular subunits at the plasma membrane. Specifically, 

Noxl accrues p22phox, p47phox, Rae, and Noxal whereas Nox4 requires p22phox and 

Poldip2 (Lassegue and Griendling, 2009). A classical activator ofNox enzymes is Angll; 

in vivo, Angll signaling via the A T1 R induces protein kinase C (PKC)-mediated 

phosphorylation of p47phox, which promotes Nox subunit assembly at the plasma 

membrane (Choi et al., 2008). Angll infusion-induced hypertension is significantly less 

in p47phox null mice (Landmesser et al., 2002). Pharmacological inhibitors ofNox do 

exist. Apocynin inhibits translocation of p47phox to the plasma membrane (Stolk et al., 

1994). Apocynin reduces blood pressure in Angll hypertension in mice (Virdis et al., 

2004). In other experimental settings, apocynin reduces blood pressure including in SHR 

(Baumer et al., 2007), fructose feeding in Sprague-Dawley rats (Unger and Patil, 2009), 

and dexamethasone-induced hypertension in Sprague-Dawley rats (Hu et al., 2006). As 

with many pharmacological approaches, apocynin has been shown to have non-specific 

effects whereby apocynin mediates vasodilation in aortic rings from p4 7phox null mice 

(Schluter et al., 2008). 

Vasoconstrictive agonists including Angll (Kanaide et al., 2003), phenylephrine 

(Tsai and Jiang, 2010), and endothelin-1 (Jernigan eta!., 2008) stimulate ROS production 

in the blood vessel wall to mediate vasoconstriction response to these stimuli. For 

example, phenylephrine-induced oz-· mediates vasoconstriction via MLC2o 

phosphorylation in a Rho kinase-dependent rnarmer (Tsai and Jiang, 20 I 0). Moreover, 

0 2·· quenches NO in a reaction that is rate-limited by diffusion to produce peroxynitrite. 

Peroxynitrite-mediated oxidation ofBH4 reduces NO production by NOS (Laursen eta!., 

2001; Zou eta!., 2002). Dr. David Harrison's lab has performed experiments highlighting 
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the paracrine function of 02.- in vessel wall to quench NO-mediated vasorelaxation. This 

elegant study showed that Noxl overexpression in vascular smooth muscle inhibits 

endothelium-derived NO vasorelaxation (Dikalova et al., 2010). Reducing Oi. levels 

reduces vascular tone in response to Angii (Fellner and Arendshorst, 2005) and in Angll 

hypertension (Di Wang et al., 1999). This is a potential way to promote vasoconstriction 

phenotype with increased oxidant status in the vessel wall. 

6.5.2. Hydrogen peroxide (H20~. 0 2·- is metabolized by a group of enzymes 

called superoxide dismutase (SOD) enzymes. There are 3 SOD isoforms: SOD1, SOD2, 

and SOD3, which are all expressed in the blood vessel wall. Hz02 is produced by SOD 

action on 0 2·-. In endothelial cells, H202 from SOD is shown to activate NOS3 and NO 

production from endothelial cells (Cai eta!., 2002). Moreover, H202 is directly generated 

by Nox 4 (Takac et al., 2011). Intriguingly, mice overexpressing Nox4 in the 

endothelium have enhanced ACh-mediated vasodilation and reduced blood pressure (Ray 

et al., 2011). Mechanistically, H202 activates K+ channels in vascular smooth muscle to 

induce membrane depolarization, which has been observed in arteries from humans (Liu 

et al., 2011 ). There are also pathologic consequences mediated by H202. High 

concentrations of H202 mediate endothelial dysfunction by reducing NOS3 activity (Loot 

et al., 2009) and increases Ca2
+ concentration in isolated vascular smooth muscle cells 

(Bielefeldt et al., 1997) and from rat aorta (Jin et al., 2004). 

6.6 Assessing vascular reactivity using wire myography. In 1976, Drs. 

Mulvany and Halpern developed a high-throughput technique allowing for mechanistic 
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studies in isolated vessel preparations (Mulvany and Halpern, 1976). Wire myography 

allows for assessment of vascular function in large arteries i.e., aorta. What is more, the 

Mulvaney-Halpem wire myograph allows for the functional assessment of small 

resistance vessels (2:60 11m diameter). The small vessels are mounted on 40 11m wires 

whereas large arteries are mounted pins in warmed (37°C), oxygenated physiological 

saline solution. Once mounted on the wire myograph, preload is manually placed of the 

vascular segments (Angus and Wright, 2000). This length-dependent activation of 

response to Ca2+ allows for maximum force of contraction (Herlihy et a/., 1987). Optimal 

preload dictates that the contractile apparatus, i.e. actin and myosin overlap, is maximized 

allowing the greatest reponse to inotropic agonists (Zhang et al., 2007). Depending on the 

vessel utilized, different preloads are applied, which defmes the passive (baseline) 

tension for that vessel. 
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II. AIMS 
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Aim 1. To test the hypothesis that high-fat diet 

induced hypertension and renal injury in SS rats is 

dependent on inflammation. 
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Introduction 

The two major diet-related lifestyle modifications recommended by the American 

Heart Association to lower blood pressure are reduced salt intake and weight loss (with a 

desirable body mass index <25 kg/m2
) (Appel et al., 2011). Human studies have 

suggested a genetic component in the blood pressure responsiveness to increased dietary 

salt and weight gain (Agapitov et al., 2008; Egan et al., 1989; Grim et al., 1980; 

Weinberger, 1996). Previous reports suggest that patients with salt-sensitive hypertension 

also have a greater blood pressure response to weight gain (Kotchen et al., 2008; Okosun 

et al., 2006). The Centers for Disease Control and Prevention reported that hypertensive 

renal injury is not declining and is the 13th cause of death in the United States (Heron, 

2011). 

Several months of high-fat diet (HFD) feeding is necessary for the induction of 

renal injury and dysfunction in many rodent models (do Carmo et al., 2009; Do brian et 

al., 2000; Hallet al., 1993; Jamieson et al., 1997). However, Dahl salt-sensitive (SS) rats 

are hypertensive after only 4 weeks on a HFD (Nagae et al., 2009). The SS rat mimics the 

genetic predisposition to salt-sensitive hypertension seen in humans, and high-salt diet 

induces dramatic hypertensive renal injury associated with glomerulosclerosis, deposition 

of proteinacimus casts in the renal tubules, and increased albuminuria (Dahly-Vernon et 

al., 2005; Johnson et al., 2000; Mori et al., 2008; Siegel et al., 2004). The development 

of high-salt diet induced hypertension and renal injury in SS rats is linked to increased 

infiltration ofT lymphocytes in the kidney (De Miguel et al., 2010; Mattson et al., 2006). 

Moreover, immunosuppressive therapy with mycophenolate mofetil (MMF) reduces 

lymphocytes, hypertension, and renal pathologies in SS rats on a high-salt diet (Mattson 
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et al., 2006). Dr. Mattson's group demonstrated MMF does not have hemodynamic 

effects in Dahl salt-resistant rats (Pechman et al., 2008). 

We are interested in examining the mechanism(s) of the HFD-induced sensitivity 

to hypertension and renal injury in SS rats. We hypothesized that HFD induces 

hypertension and renal injury in SS rats via an inflammatory mechanism. Thus, SS rats 

and control, SS-138
N, rats were maintained on normal chow diet or HFD for 4 weeks 

starting at 12-weeks-old. A subset of SS rats on HFD was orally supplemented with 

MMF. Mean arterial blood pressure was assessed via telemetry and parameters of renal 

pathology monitored at the end of the diet protocol. 
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Methods 

Animals. Dahl salt-sensitive (SS) rats were bred at Georgia Health Sciences 

University from purchased SS breeders (Charles River Laboratories; Wilmington, MA). 

SS-138
N genetic control rats were purchased from Charles River Laboratories. All animal 

experiments were in accordance with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals with all animal use protocols approved by the Georgia 

Health Sciences University Institutional Animal Care and Use Committee. SS rats were 

maintained on Harlan Teklad 8604 normal diet (ND) (Teklad, Madison, WI) and water 

provided ad libitum. SS-138
N rats were received at 10-11 weeks old and placed on ND. 

The ND consisted of 3.93 kcal/g of gross energy with calories from: 33% protein, 53% 

carbohydrates, and 14% fat. At 12 weeks old, SS and SS-138
N rats either remained on the 

ND or were placed on a high-fat diet (HFD) (BioServ F2685; Frenchtown, NJ) until 16 

weeks old. The HFD consisted of 5.45 kcal/g of gross energy with calories from: 15% 

protein, 27% carbohydrates, and 59% fat. A subset of SS rats was placed on HFD 

supplemented with mycophenolate mofetil (MMF, 30 mg/kg/day, oral; CellCept, Roche 

Laboratories, Montclair, NJ) for the duration of the high-fat diet. Rats were euthanized 

with pentobarbital sodium (Nembutal; 0.5 mg/kg; Abbott Laboratories, Abbott Park, IL). 

Body weight and epididymal adiposity were weighed. Kidneys were isolated and 

prepared for histological studies as previously described (Schneider et al., 201 0). Blood 

was collected in EDTA (Sigma, St. Loius, MO)-primed syringes, spun at 3000xg for 10 

minutes and snap-frozen in liquid N2. 
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Biotelemetry. A subset of rats was implanted with telemetry transmitters (Data 

Sciences International; St. Paul, MN) at 11 weeks old as described previously 

(Elmarakby et al., 2005). Rats recovered from surgery -1 week while having free access 

to tap water·and normal diet. From 12-16 weeks old, rats were fed HFD while mean 

arterial blood pressure, heart rate, and activity measurements were collected every tenth 

minute. Blood pressure, heart rate, and activity are reported as 24 hour averages. 

Metabolic cages. At 16 weeks old, rats were placed in metabolic cages to 

facilitate collection of 24h urine volumes and assessment of 24h food intake. 

Plasma and urine assays. Plasma leptin (Cayman Chemicals, Ann Arbor, MI), 

and adiponectin (Millipore, Billerica, MA) were assessed by ELISA according to 

manufacturer's specifications. Urine concentration of albumin was determined by ELISA 

(R&D Systems, Minneapolis, MN) according to manufacturer's specifications and data 

expressed as ng/24h. 

Renal llistologica/ analyses. Paraffin-embedded kidneys were sectioned 

longitudinally into 4 lllll-thick sections and mounted on Superfrost slides. Glomerular and 

renal tubular protein cast structures were visualized with Gomori's Blue Trichrome using 

bright-field microscopy (Olympus BX40; Olympus America, Melville, NY). Photographs 

were obtained with a digital camera (Olympus DP12; Olympus America). In a blinded 

manner, 20 glomeruli per slide each received a glomerulosclerosis score of 1 = 25%, 2 = 

50%, 3 = 75%, or 4 = 100%. Total outer medullary protein-cast area was normalized to 
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total outer medullary area using MetaMorph software (Molecular Devices, Sunnyvale, 

CA). 

Slides were subjected to antigen retrieval and incubated in primary antibodies to 

CD3 forT lymphocytes (goat 1:1,000; Santa Cruz Biotechnologies; Santa Cruz, CA) or 

CD20 forB lymphocytes (goat 1:75; Santa Cruz) in humidity chambers at 4°C for 2 hr. 

Antibodies were detected with a goat antibody staining system (sc-2053; Santa Cruz) and 

slides counterstained with Mayers hematoxylin. In a blinded manner, CD3+ and CD20+ 

cell numbers were quantitated in 1 0, 200 x 200 11m fields in the renal cortex and medulla. 

Statistical analysis. All data are expressed as mean ± standard error. Data were 

graphed and statistically analyzed with GraphPad Prism (La Jolla, CA) using a t-test, 

one-way ANOVA, or two-way ANOV A where appropriate. Statistical significance was 

defined as P<0.05. 

39 



Results 

Metabolic parameters. At 16 weeks old, body weight and epididymal fat mass 

were similarly increased in SS-138
N rats and SS rats following 4 weeks ofHFD whereas 

these parameters were similar between rat strains on ND (Table 1). We confirmed that SS 

rats demonstrated hypercholesterolemic under ND conditions, however, HFD feeding 

increased plasma total cholesterol, triglycerides, free fatty acids 

Table 1. Body and fat pad weights; plasma lipids; and intake parameters. 

SS-13 SS 

Parameter 

Body Weight (g) 

Epididymal Fat (g) 
Total Cholesterol (mg/dL) 

Triglycerides (mg/dL) 

Free Fatty Acids 

Fasting Glucose (mg/dL) 

Leptin (nglmL) 

ND 

411±12(1 I) 

9±1(4) 
105±3(5) 

120±12(6) 

15±4(4) 

71±3(6) 

3.1±0.8(5) 

Adiponectin (JlglmL) 3.5±0.3(8) 

HFD 

471±18(6)* 

9.0±0.4(4) 
122±8(5)* 

240±36(6)* 

40±10(5)* 

76±1(6) 

8.0±0.5(4)* 

4.5±0.3(5)* 

ND 

386±10(10) 

12±0.3(10) 
179±15(5)* 

103±17(6) 

20±3(7) 

80± 5(6) 

1.5±0.3(5) 

3.2±0.3(11) 

PRA (ng Angl/mL/h) 4.8±0.5(5) 9.7±2.7(4)* 4.4±1.0(5) 

HFD 

454±10(5)* 

7.7±0.6(4)* 
179±16(5) 

142±25(9) 

25±4(6) 

79±4(6) 

3.8±0.7(5) 

4.0±0.3(5) 

7 .3±0.8(5)* 

HFD+MMF 

415±16(5) 

5.1±0.2(5)t 
Undetermined 

Undetermined 

Undetermined 

Undetermined 

Undetermined 

Undetermined 

Undetermined 

Food Intake (g/24h) 24±2(6) 12±1(6)* 24±1(5) 12±1(7)* 12±1 (3) 

SS-138
N rats and SS rats were maintained normal diet (ND) until 16 weeks old or, at 12 

weeks, were fed a high-fat diet (HFD) until 16 weeks old; a subset of SS rats was 
supplemented with MMF (30 mg/kg/day, oral). Number of rats is in parentheses. 
*P<0.05 vs. ND counte~arts; tP<0.05 vs. SS-138

N rats on ND; tP<0.05 vs. SS rats on 
HFD. Data from SS-138 rats and SS rats on ND or HFD analyzed by two-way ANOV A 
whereas SS rats on HFD±MMF data analyzed by t-test. 

in SS-138
N rats only (Table I). HFD increased plasma adiponectin and leptin in both rat 

strains although SS-138
N rats showed a significantly higher level of leptin compared to 

SS rats (Table 1). Food intake was less in HFD groups than ND groups but was similar 

in both rat strains (Table I). 
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SS rats treated orally with MMF (30 mg/kg/day) for the duration ofHFD did not 

demonstrate altered body weight or food intake as compared to SS rats on HFD alone. 

Whereas, epididymal fat mass was Jess in SS rats on HFD treated with MMF (Table 1 ). 

Hemody11amic a11d activity measureme11ts. At 16 weeks old, in SS-138
N rats, 

blood pressure (Figure lA) and heart rate (Table 2) were similar whereas activity was 

increased following 4 weeks ofHFD compared to ND (Table 2). In contrast, SS rats were 

hypertensive (Figure 1B) and heart rate (Table 2) was greater in HFD versus ND groups 

whereas activity was not altered (Table 2). 

MMF prevented the development of hypertension (Figure 1 C) without altering 

heart rate (Table 2) or activity (Table 2) in SS rats on HFD. 

Re11al immu11e cells. Representative pictures for immunohistochemistry analysis 

of CD3+ cells (T lymphocytes) are shown for renal cortex (Figure 2) and medulla (Figure 

3) in 16-week-old SS-138
N rats and SS rats on ND or a 4-week HFD. On ND, CD3+ cell 

counts were greater in the cortex (Figure 2A, Figure 2C, and Figure 2E) and medulla 

(Figure 3A, Figure 3C, and Figure 3E) ofSS rats than SS-138
N rats. HFD did not change 

cortical (Figure 2B, Figure 2D, and Figure 2E) or medullary (Figure 3B, Figure 3D, and 

Figure 3E) CD3+ cell number in either rat strain. 

SS rats treated with MMF for the duration ofHFD feeding had reduced renal 

cortical (Figure 2F) but medullary (Figure 3F) CD3+ cell count was not altered. 
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Figure I. 24h mean arterial blood pressure (MAP) in SS-138
N rats (A, N=4) and SS 

rats (B, N=4} at 16 weeks old on a normal diet (ND) or a 4-week high-fat diet (HFD). 
C: 24h MAP in SS rats on HFD or supplemented with (+) MMF (30 mglkg/day, oral) 
for the duration of HFD. *P<O. 05 vs. SS rats on HFD at 16 weeks old; fP<O. 05 vs. S 
on HFD at 16 weeks old. 

Table 2. Rodent heart rate and activity measurements at 16 weeks old. 
SS-13 SS 

HFD 
Measurement ND HFD ND HFD +MMF 

Heart Rate (bpm) 380±4(4) 389±13(5) 295±1(5)* 380±3(5)t 387±6(5) 

Activi~ (A.U.) 2.3±0.2(4) 3.2±0.3(5)* 3.2±0.3(5)* 2.8±0.4(5) 2.8±0.4(5) 
SS-13 rats and SS rats were maintained normal diet (ND) until 16 weeks old or, at 12 
weeks, were fed a high-fat diet (HFD) untill6 weeks old. Number of rats is in 
parentheses. bpm= beats per minute; A.U. =arbitrary units. *P<0.05 vs. SS-138

N on ND; 
t P<O.OS vs. SS on ND. Data from SS-138

N rats and SS rats on ND or HFD analyzed by 
two-way ANOV A whereas SS rats on HFD±MMF data analyzed by t-test. 

42 



Immunohistochemistry staining of CD20+ cells (8 lymphocytes) for renal cortex 

(Figure 3A-D) and medulla (Figure 4E-H) revealed that these cells were at very low 

numbers in both rat strains on HFD or NO. MMF did not alter cortical (Figure 3E) and 

medullary (Figure 4E) CD20+ cell count in SS rats on HFD. 
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Figure 2. Representative renal cortical (A-E; quantified in F) CD3+ cells in 16-week 
old SS-138

/Ii rats on normal diet (ND) (A, N=5) or a -1-week high-fat diet (HFD) (B, 
N=5), or SS on ND (C, N=7) or HFD (D, N=JO) supplemented with (+)MMF (30 
mglkglday, oral) (F; N=5)for the duration ofHFD. Renal cortical CD3+ cells 
quantified in E. *P<0.05 vs. SS-!38.v on ND; tP<0.05 vs. SS on HFD. Triangles 
designate C D3 + cells; bar represents I OOpm. 

43 



A 

c 

JgE 
Cll 
0 
+
M"' 20 o E 
o E 
>. 0 15 
... <D 
ca ..-
"; Ui 10 

-g~ 
::!!~ 
ca 
c: 

-NO 

CJ HFO 

CJ HFO+MMF 

* 

& S~1 SS 

B [::>"! 

- \ . . 
t;>. 

~~ 

D 
[>-

F 

Figure 3. Representative renal medullary CD3 + cells in 16-week old SS-13 11
N rats on 

normal diet (ND) (A, N=5) or a -1-week high-fat diet (HFD) (B, N=5), or SS on ND 
(C, N=7) or HFD (D, N=ll) supplemented with (+)MMF (30 mglkglday, oral) (F; 
N=5) for the duration of HFD. Renal medullmy CD3+ cells quantified in E. *P<0.05 
vs. SS-138

A on ND. Triangles designate CD3+ cells; bar represents JOOjim. 
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Figure 4. Representative renal cortical CD20+ cells in 1 6-week old SS-J38
N rats on 

normal diet (A) or a 4-week high-fat diet (B), or SS on normal diet (C) or high-fat diet 
(D) supplemented with (+ )MMF (30 mglkglday, oral) (E) for the duration of HFD. 
Triangles designate CD20+ cells; bar represents 1 OOJ-lm. 
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Figure 5. Representative renal medullary (A-E; quantified in F) CD20+ cells in 
16-week old SS-138

N rats on normal diet (A) or a 4-week high-fat diet (B) , or SS 
on normal diet (C) or high-fa! diet (D) supplemented with (+)MMF (30 
mglkg!day, oral) (E) for the duration of high-fat diet. Triangles designate 
CD20+ cells; bar represents 1 OOpm. 

Renal structural assessment and albuminuria. Representative histological stains 

of glomeruli for each diet group are represented in Figure 6. Under ND conditions that 

glomerular injury was greater in SS rats than SS-13 ON rats (Figure 6A, Figure 68, and 

Figure 6F). 4 weeks ofHFD furthered glomerular injury index in SS rats not SS-138
N rats 

(Figure 6C, Figure 6D, and Figure 6F). MMF significantly prevented the increase in 

glomerular injury to HFD in SS rats (Figure 6E). 
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To assess renal tubular injury, representative histological stains of tubular 

proteinaceous casts are depicted in Figure 7. Outermedullary protein casts were 

quantified and it was observed under NO conditions that tubular injury was greater in SS 

rats than SS-138
N rats (Figure 7 A, Figure 7B, and Figure 7F). 4 weeks of HFO did not 

alter tubular injury in SS rats or SS-13 13
N rats (Figure 7C, Figure 70, and Figure 7F). 

Moreover, MMF treatment did not alter tubular injury in SS rats on HFO (Figure 7E). 

With NO, we confirmed that albuminuria was greater in SS rats than SS- 138
N rats 

(Figure 8). Pardoxically, albuminuria was reduced in SS rats after 4 weeks of HFO with 

no change found in SS-138
N rats (Figure 8). MMF did not alter albuminuria in SS rats on 

the HFO (Figure 8). 
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Figure 6. Representative glomeruli in 16-week-old SS-1 rats on normal diet (ND) 
(A, N =-1) or ./-·week high-fat diet (HFD) (B, N=5) and SS rats on ND (C, N=5) or 
HFD (D, N =-1). A group ofSS rats was supplemented with MMF (30 mglkg/day, oral) 
(F, N=5) for the duration of HFD. Glomerular injwy score quantified in E. *P<O. 05 

81\i vs. SS-/3 ' on ND; f P<0.05 vs. SS on HFD; f P<0.05 vs. SS rats on HFD. Bar 
represents 1 OOJ.im. 
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Figure 7. Representative coronal sections ofkidneysfrom 16-week-old SS-138
'' rats 

on normal diet (ND) (A , N=-0 or -+-week high-fat diet (HFD) (B, N=5) and SS rats on 
ND (C, N=-1) or HFD (D, N=7). A group ofSS rats was supplemented with MMF (30 
mglkg/day, oral) (F, N =-1) for the duration of HFD. Outermedullary protein casts 
quantified in E. *P<0.05 vs. SS-/38'v on ND. Bar represents IOOfJ-m. 
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Figure 8. 24h albuminuria in 16-week-old SS-138
N rats on normal diet (ND) (N=4) or 

4-week high-fat diet (HFD) (N=4) and SS rats on ND (N=5) or HFD (N=5). A group 
ofSS rats was supplemented with MMF (30 mglkglday, oral) (N=3) for the duration of 
HFD. *P<0.05 vs. SS-138

N. 
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Discussion 

Our study showed that a high-fat diet (HFD) elicits hypertension and renal injury 

in Dahl salt-sensitive (SS) rats but not in genetic control SS-138
N rats compared to 

counterparts on a normal diet (ND). We reasoned that the HFD-induced blood pressure 

and renal injury phenotype in SS rats would be dependent on inflammatory mechanisms. 

Treatment with the immunosuppressive agent mycophenolate mofetil (MMF) for the 

duration of the HFD in SS rats prevented the increase in blood pressure and renal injury. 

Renal T lymphocyte numbers were not increased following the HFD in SS rats but MMF 

reduced T lymphocyte counts in kidney from this group. In sum, hypertension and renal 

injury in SS rats on HFD are mediated via T lymphocyte-dependent mechanisms. 

The impetus for our present investigation stems from a study by Nagae et al 

suggesting that the SS rat has a susceptibility of blood pressure responsiveness to 4 weeks 

of HFD feeding compared to aND (Nagae et al., 2009). However, this study did not 

compare this response to the genetic control SS-138
N rat strain. Indeed, we showed that a 

4-week HFD induced hypertension only in SS rats. This was observed even though HFD 

intake, and thus salt intake, was similar in both rat strains. Our food intake data contrast 

what is seen in obesity-prone Sprague-Dawley rats that have an increased HFD intake 

and blood pressure compared to obesity-resistant Sprague-Dawley rats (Do brian et al., 

2003). These data highlight a genetic susceptibility in SS rats to short-term HFD-induced 

hypertension. 

Dahl et al showed in transplantation studies that the kidney is critical in the 

development of hypertension in the SS rat (Dahl et al., 1974). Moreover, studies have 

implicated renal inflammation in the development of high-salt diet-induced hypertension 
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in the SS rat (Ishimitsu et al., 1992; Ishimitsu et al., 1994; Raij et al., 1984; Raij et al., 

1985). In SS rats, De Miguel et al showed that hypertension and increased renal T 

lymphocytes to high-salt diet were prevented by immunosuppressive therapy using 

tacrolimus or mycophenolate mofetil (MMF) (De Miguel et al., 201 0). Reminiscently, a 

direct link between T lymphocytes and the development of hypertension has been shown 

in angiotensin II-dependent hypertension (Guzik et al., 2007; Madhur et al., 2009; Vinh 

et al., 2010). Thus, we examined whether inflammation plays a role in HFD-induced 

hypertension in SS rats. We found that MMF prevented the hypertensive response to 

HFD and reduced T lymphocytes in the renal cortex but not the renal medulla. However, 

it is important to note that we did not observe in increased in renal T lympocytes in SS 

rats following the HFD. It has been shown, albeit in a different organ, that HFD induces a 

shift in T lymphocyte population from anti-inflammatory Th-2 to pro-inflammatory Th-1 

phenotype in the liver of C57BL/6 mice (Li et al., 2005; Ma et al., 2007). It was 

indicated !bat HFD increases circulating oxidized (ox)-LDL to promote dentric cell

mediated Th-1 priming of CD4+ cells (Kolbus et al., 2010). Although HFD did not 

increase total cholesterol in SS rats, we speculate that ox-LDL levels are increased in SS 

rats on HFD to promote a pro-inflammatory status in kidneys of SS rats. 

We examined parameters of renal injury in 16-week-old SS rats and genetic 

control SS-138
N rats after a 4-week HFD versus those maintained on ND. Foremost, we 

confirmed under ND conditions that SS rats compared to SS-!38
N rats have greater 

glomerulosclerosis, outer medullary tubular injury, and albuminuria. HFD exacerbated 

glomerular injury in SS rats whereas this parameter was not altered by HFD in SS-13 BN 

rats. Furthermore, HFD did not alter outer medullary tubular injury or albuminuria in 
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either rat strain. In SS rats on HFD, MMF treatment reduced glomerular injury index 

whereas medullary protein casts or albuminuria were not changed by MMF treatment. 

The differential effects of MMF on renal cortical and medullary injury and inflammation 

in S S rats on HFD contrasts other studies using other hypertensive models. De Miguel 

showed that immunosuppressive therapy using MMF prevented hypertensive renal 

disease response to 3-weeks of high-salt diet in SS rats (De Miguel et al., 201 0). This was 

evidenced by a reduction in renal injury markers represented by glomerulosclerosis and 

medullary tubule protein casts and functionally by reduced albuminuria (De Miguel et al., 

201 0). Furthermore, 2 weeks of angiotensin II infusion in Sprague-Dawley rats markedly 

induces glomerular injury, tubulointerstitial injury, and albuminuria, which is blunted 

with MMF treatment (Franco et al., 2001). However, our results show that MMF 

treatment reduced renal cortical but not renal medullary injury and T lymphocyte 

numbers in SS rats on a 4-week HFD. In spontaneously hypertensive rats (SHR), afferent 

arteriolar endothelial dysfunction preceeds overt changes in albumin or protein excretion 

following 3 week of HFD whereas a longer duration of HFD (10 weeks) is associated 

with increased albuminuria and proteinuria in SHR (Knight et al., 2008). Thus, we 

speculate that a short-term, 4-week, HFD induces cortical vascular injury before overt 

changes in medullary injury in SS rats. 

We demonstrated that MMF prevented the development of hypertension in SS 

rats on a 4-week HFD. At this point in time, it is unclear whether blood pressure or 

inflammation per se mediates the renal injury in our model. With regards to what is 

known in SS rats on high-salt diet, servo-control experiments by Dr. Cowley's group 

(Mori et al., 2008) and other studies using anti-hypertensive therapy (Hayakawa et al., 
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1997; Takai et al., 2010) indicate that hypertension significantly contributes to renal 

injury in SS rats. However, Dr. Cowley's studies did not assess how blood pressure 

control affects the renal inflammation phenotype. 

HFD feeding is associated with increased fat mass deposition (Do brian et al., 

2003). Visceral obesity is an independent risk factor for the development of hypertension 

(Mathieu et a/., 2009). Leptin, an adipose tissue-derived hormone whose concentration 

correlates with adiposity, is higher in hypertensive patients (Shankar and Xiao, 2010). 

HFD increases circulating leptin levels in experimental animals (Lin et a/., 1998; Prior et 

al., 2010). We showed that plasma levels of leptin were increased following 4 weeks of 

HFD in SS-138
N rats and, albeit to a lesser extent, in SS rats. We did not predict these 

findings however these data reflect the lower epididymal fat mass in SS rats following the 

4-week HFD. We speculate that leptin does not mediate the hypertensive response to 

HFD in SS rats. However, MMF reduced epididymal fat mass in SS rats on HFD. 

Directly increasing visceral fat mass via grafting of epididymal fat to C57BV6 mice on a 

normal diet increased circulating inflammatory markers although blood pressure was not 

assessed (Ohman eta!., 2008). Because MMF concomitantly reduced blood pressure and 

epididymal fat pad mass in SS rats on HFD, we hypothesize that similar visceral adipose 

tissue transplantation studies would increase blood pressure in SS rats. 

In humans, hypoadiponectinemia is an independent risk factor for hypertension 

(Iwashima et al., 2004). Also, adiponectin knockout mice have elevated blood pressure 

(Ouchi et al., 2003). We predicted that adiponectin levels would be less in SS rats on 

HFD. However, plasma levels of adiponectin were similar in both rats strain following 
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the HFD suggesting that the hypertension and renal injury in SS rats on HFD is not 

dependent on hypoadiponectinemia. 

In conclusion, a genetic predisposition to hypertension as seen in the SS rat 

enhances blood pressure response and renal injury to a HFD. This is in contrast to a lack 

of blood pressure response in SS-138
N rats that do not have a genetic predisposition to 

hypertension. Immunosuppressive therapy significantly reduced the hypertension and 

renal injury in our model. As depicted in Figure 9, our data suggest that inflannnation is a 

mechanism that elicits cardiovascular-renal disease in obesity in a genetic model of 

disease. Immunosuppression may prove beneficial in obese patients with attendant 

hypertension to aid in prevention of chronic renal disease. 

Genetic predisposition to hypertension (SS) 
+ 

High-fat diet 

Hyper!~ 1 t~ular injury 
Renal T lymphocytes 

T 
MMF 

Figure 9. Hypothetical scheme for Aim 1. 
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Aim 2. To test the hypothesis that high-fat diet 

enhances vasoconstriction in SS rats. 
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Introduction 

Angiotensin (Ang)II plays a dual role in regulating vascular tone (Zhang et at., 

2003). Classically, Angii mediates vasoconstriction via the Angii type 1 receptor (ATlR) 

(Loria et at., 2011; Moltzer et at., 2010; Oddie et at., 1993; Ryan et at., 2004; Sparks et 

at., 2011; Zhou et a/., 2003) or vasorelaxation when signaling through the AT2R (Loria 

et at., 2011; Tsutsumi et at., 1999). Regulation of nitric oxide synthase (NOS) function 

links the vasoconstrictor and vasodilator actions of Angii. ATlR activation produces 

reactive oxygen species i.e., superoxide (02··) and hydrogen peroxide (H202) from the 

endothelium, vascular smooth muscle cells, and fibroblasts (Rueckschloss et a/., 2002; 

Zafari et a/., 1998), which induces a pro-oxidant environment in the yessel wall that 

subsequently quenches NO-mediated vasodilation (Dikalova et at., 2010). By contrast, 

the AT2R activates NOS to induce vasodilation (Zhang et at., 2003). Because NOS 

functionally buffers vasoconstriction in healthy blood vessels (Loria et at., 2011; Sauzeau 

eta/., 2010), it is critical to understand the functional regulation of Angii-NOS signaling 

and its effect on vascular tone homeostasis in the pathogenesis of cardiovascular disease. 

The large artery disease, atherosclerosis, is a causative factor in cardiovascular 

disease, the leading cause of death worldwide (Pepine, 2001; Vaartjes et a/., 2009). In 

experimental settings of pro-atherosclerosis models, as in high-fat diet (HFD) feeding in 

ApoE·'· or LDLr·'· mice, ATlR promotes (Koga eta/., 2008; Wassmann eta/., 2004) and 

the AT2R protects against atherosclerosis (Iwai et at., 2005; Tesanovic et at., 2010). 

Additionally in these models, the expression of anti-atherosclerotic endothelial NOS 

(NOS3) is reduced (Tesanovic eta/., 2010; Wever et at., 1998). Reports ofHFD feeding 

in non-genetically manipulated animal models demonstrate a pro-contractile vascular 

56 



phenotype. In Sprague-Dawley rats, 4 weeks of HFD increased Angii-mediated aortic 

vasoconstriction (Ghatta and Ramarao, 2004). In dogs, 6 weeks of HFD enhances 

coronary arteriolar Angii response with no change in ATlR or AT2R expression (Zhang 

eta/., 2005a). Moreover, C57BL/6 mice on HFD for 15-30 weeks have increased aortic 

Angii response linked to increased ATIR expression and reduced NOS buffering 

capacity (Barton eta/., 2000a; Bhattacharya eta/., 2008; Mundy eta!., 2007; Yang eta/., 

1998; Zhang eta!., 2005a). 

The Dahl salt-sensitive (SS) rat strain is a model of polygenetic cardiovascular 

disease (Mattson eta/., 2008) and mimics the progression of salt-sensitive hypertension 

in humans (Herrera eta!., 2001; Wendt eta/., 2009). Importantly, this rat strain presents 

heightened cardiovascular disease risk under normal/low-salt diet conditions (Garrett et 

a/., 2003; Poyan Mehr et at., 2003). Thus, we deemed it prudent to examine the 

functional regulation of the vascular Angii-NOS axis in SS rats on HFD. We tested the 

hypothesis that HFD induces an increase in the vasoconstrictive action of Angii via 

reduced NOS buffering capacity compared to genetic control SS-138
N rats. The diet 

protocol consisted of 1) maintaining rats on a normal diet until 16 weeks old or 2) starting 

rats on a HFD at 12 weeks old until 16 weeks old. Systolic blood pressure, circulating 

lipids, Angii system activation, and aortic Angii functional dependency on NOS or ROS 

were examined. 
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Methods 

Animals. All animal use protocols were approved by the Georgia Health Sciences 

University Institutional Animal Use and Care Committee with all experiments conducted 

according to the National Institutes of Health Guide for the Care and Use of Laboratory 

Animals. Dahl salt-sensitive (SS) rats and SS-138
N rats were purchased from Charles 

River Laboratories (Wilmington, MA). It is established that Charles River Laboratories 

maintains SS rats on the American Institutes of Nutrition (AIN)-76A (TestDiet, 

Richmond, VA) started at weaning (3 weeks old) whereas SS-138
N rats are maintained on 

Teklad diet (Teklad, Madison, WI) (www.criver.com). Upon arrival at our institution at 

10-11 weeks old, both rat strains were started on the Teklad 8604 rodent diet and water 

provided ad libitum. The Teklad diet was used as the normal diet (ND) in our study and 

consisted of calories from: 33% protein (source: soy, fish meal, wheat, com, yeast, 

molasses, whey), 53% carbohydrates (source: com, wheat, soy, molasses, whey, yeast), 

and 14% fat (source: soy, com, wheat, fish) with 3.93 kcal/g gross energy. At 12 weeks 

old, rats from each strain were randomly placed on high-fat diet (HFD, BioServ F2685, 

Frenchtown, NJ) or selected to remain on ND. The HFD consisted of calories from: 15% 

protein (source: casein), 27% carbohydrates (source: com and sucrose) and 59% fat 

(source: lard) with 5.45 kcal/g gross energy. 

At 16 weeks old, rats were euthanized with pentobarbital sodium (Nembutal; 0.5 

mg/kg; Abbott Laboratories, Abbott Park, IL). Whole blood was collected in ice-cold 

syringes primed with EDTA (Sigma, St. Louis, MO) and centrifuged at 3000xg at 4°C for 

10 minutes. Plasma was snap-frozen in liquid N2 and stored at -80°C until analyzed. 

Thoracic aortas (defined as the length of the aorta beginning at the termination of the 
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aortic arch and terminating at the diaphragm) were isolated and cleaned of perivascular 

adipose tissue in ice-cold physiological saline solution (PSS; [mM]: 130 NaCl, 4.7 KCl, 

1.2 MgS04, 1.2 KHzP04, 14.9 NaHC03, 5.6 dextrose, 0.024 EDTA tetrasodium salt 

dehydrate, and 1.6 CaCb, Sigma) for vascular reactivity studies as detailed below or snap 

frozen for Western blotting as detailed below. 

Blood pressure measurements. Tail-cuff plethys)llyography (IITC Life Sciences, 

Inc., Woodland Hills, CA) was utilized to assess systolic blood pressure (SBP) in 16-

week old SS-138
N rats and SS rats in normal diet and HFD groups as previously 

described (Kang et al., 2007). Briefly, rats were acclimated to restrainers in the heating 

chamber for 4 days. On day 5, 4-6 blood pressure measurements were collected and the 

averages reported for each rat. 

Plasma assays. Colorimetric assays were used to assess plasma total cholesterol 

(Cayman Chemical, Ann Arbor, MI), triglycerides (Cayman), and free fatty acids (Zen

Bio, Inc., Research Triangle Park, NC). Plasma renin activity (PRA) was assessed via 

radioimmunoassay (DiaSorin, Saluggia, Italy). 

Aortic vascular reactivity. Thoracic aorta rings (-3mm) were prepared for wire 

myography (Danish Myo Technology A/S, Aarhus, Denmark) as previously described 

(Spradley et al., 2011 ). Rings were incubated for 15 minutes in the presence or absence 

of polyethylene glycol superoxide dismutase (PEG-SOD; 200 U/mL; Sigma), catalase 

(1000 U/mL; Roche Diagnostics, Indianapolis, IN) or the non-selective NOS inhibitor 

59 



Nm-Nitro-L-arginine methyl ester (L-NAME; 100 11M; Sigma) followed by generation of 

cumulative-concentration response curves to Angii (1 x 10-12 to 3 x 10-6 M; Phoenix 

Pharmaceuticals, Inc., Burlingame, CA). Vessel segments were washed with PSS and 

KCl (8 x 10-3 to 100 x 10-3 M) response curves performed. Vasoconstriction data are 

reported as: % increase in force = (agonist response - baseline tension)/baseline tension 

X 100. Separate rings were incubated in the presence or absence of L-NAME and 

cumulative-concentration response curves generated to acetylcholine (ACh; 1 x 1 o-9 to 3 

x 10-5 M; Sigma); vessel segments were washed with PSS and sodium nitroprusside 

(SNP; 1 x 10-10 to 3 x 10-5 M) response curves performed. Vasorelaxation data are 

reported as: relaxation (% of PE) = (maximum PE response - ACh or SNP 

response)/(maximurn PE response- baseline tension) X 100. 

Western blotting. In a different set of SS rats on ND or HFD, whole thoracic 

aortas were homogenized in 7:1 (v:w) ice-cold lysis buffer (50 rnM Tris, 0.1 mM EDTA 

disodium salt, 0.1 mM EGTA, 0.1 mM suc;rose, 0.1% BME, 10% glycerol, 2 11M 

leupeptin, 2 11M pepstatin A, 1rnM phenylmethylsulfonyl fluoride, 0.1% aprotinin; 20 

mM NaV03; pH 7.4); PhosSTOP tablets were used according to manufacturer's 

instructions (Roche Diagnostics; Indianapolis, IN). Homogenates were spun at 10,000 

rpm at 4 oc for 5 minutes and supernatants isolated. Protein concentrations of 

supernatants were determined (BCA assay, Bio-Rad). 30 11g of protein was separated via 

8% SDS-PAGE and transferred to PVDF membranes. Membranes were probed using 

antibodies for anti-NOS3 (1:500; BD Biosciences, San Jose, CA), AT1R (1:5000; Santa 

Cruz Biotechnology, CA), and anti-~-actin (1 :20,000; Sigma). Fluorescently-tagged 
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secondary antibodies were used to detect ATIR and NOS3 antibody (goat anti-mouse 

1:1 000; Invitrogen, Carlsbad, CA) and the ~-actin antibody (goat anti-rabbit 1:1 0,000; 

Invitrogen). Secondary antibodies were detected using the Odyssey Infrared Imaging 

System (LI-COR Biosciences; Lincoln, NE). When analyzed, A TIR and NOS expression 

was normalized to corresponding ~-actin densities. 

NOS activity measurements. In a different set of SS rats on ND or HFD, thoracic 

aortas were pulverized in liquid N2 then placed 10:1 (v:w) in ice-cold homogenization 

buffer ([mM]: 50 Tris, 0.1 EDTA disodium salt, 0.1 EGTA, 250 sucrose, 1 vanadate, 10 

NaF; 0.1% BME, 10% glycerol; pH 7.4) in the presence of protease inhibitors ([mM]: 1 

PMSF, 2 leupeptin, 1 pepstatin A; 0.0001% aprotinin) for 10 passes of glass-an-glass 

homogenization. Specific activity of the 3 NOS isoforms were determined in whole 

homogenates using the L-eH]arginine-to-L-eH]citrulline conversion assay as described 

previously (Loria et al., 2011). The rate of conversion inhibited by L-NNA was defined 

as total NOS activity. Total NOS activity assessed with L-NNA, NOS! with VNIO, 

NOS2 with 1400W and NOS3 activity calculated by subtracting NOS! + NOS2 from 

total NOS activity. Activity of each NOS isoform was normalized to total protein 

(Bradford Assay; BioRad, Hercules, CA). 

Statistical analyses. Data are expressed as mean±standard error. Data were 

graphed and statistically analyzed using GraphPad Prism (La Jolla, CA). The metabolic 

parameters in Table 1 were analyzed using 2-way ANOV A; the remainder of the data 
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was analyzed usmg Student's t-test or 2-way ANOV A. P<O.OS was considered 

statistically significant. 
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Results 

Metabolic parameters. Table 3 details the metabolic parameters of SS-138
N rats 

and SS rats maintained on a normal diet (ND) until 16 weeks old or a 4-week high-fat 

diet (HFD) started at 12 weeks old. Body weight increased similarly with HFD and was 

not different under ND conditions in both rat strains. Epididymal fat mass was increased 

with HFD in both rat strains however fat mass was greater in SS-138
N rats than SS rats in 

both diet groups. HFD increased plasma total cholesterol only in SS-138
N rats whereas 

free fatty acids and triglycerides were increased in both rat strains. It was confirmed that 

SS rats are hyperlipidemic under normal diet conditions. HFD increased plasma renin 

activity in SS-138
N rat but not SS rats. Food intake was less in high-fat diet groups but 

was not different between rat strains or in ND groups. 

Table 3. Metabolic parameters measured at 16 weeks old in SS-138
N rats and SS rats on 

normal diet (ND) or 4 weeks on high-fat diet (HFD). 

SS-13 ss 
Parameter ND HFD ND HFD 

Body Weight (g) 368±16 (6) 393±12 (6)* 366±7 (6) 402±12 (6)* 
Epididymal Fat (mglg) 9±1 (4) 19±2 (6)* 3±0.1 (3)* 5±0.4 (5)t 

Total Cholesterol 
(mgldL) 127±12 (6) 171±6 (6)* 168±9(6)* 168±8 (6) 
Triglycerides (mgldL) 120±12 (6) 211±27 (5)* 132±11 (5) 190±17 (5)t 
Free Fatty Acids 
(pmoi/L) 15±1 (6) 42±8 (5)* 17±2 (6) 46±7 (6)t 
PRA (ng Angl/mL!h) 4.8±0.6 (4) 9.7±2.7 (4)* 6.9±1.0 (5) 5.5±0.4 (6) 

Food Intake (glday) 24±1 (6) 12±0.4 (6)* 23±1 (6) 12±1 (6)i• 
SBP 
(mmHg, Tail-Cuff) 135+6 (6) 136+3 (6) 174±5 (6)* 176+6 (6) 
PRA- plasma renin activity; SBP- systolic blood pressure. *P<0.05 vs. SS-138

N rats on 
ND; t P<0.05 vs. SS rats on ND. Number of rats is in parentheses. 
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Blood pressure. SBP was assessed at 16 weeks old in SS-139
N rats and SS rats on 

ND or HFD (Table 3). In both rat strains, SBP was similar in ND and HFD groups (Table 

3). Whereas under ND conditions, SBP was greater in SS rats than SS-139
N rats (Table 

3). 

Aortic vasoconstriction. Maximum response (Emax) to Angll was reduced in 

aortas from SS rats on HFD compared to NDcounterparts (Figure 10, Table 4). Whereas, 

Emax was similar in SS-139
N rats on ND or HFD (Figure 10, Table 4). Under ND 

conditions, Angll response was greater in SS rats than SS-139
N rats (Table 4). Sensitivity 

(logEC5o) to Angll was similar in all 4 groups (Table 4). 

When KCl responses were assessed, Emax and sensitivity in mM to KCl were 

similary reduced in both rat strains with HFD (Table 4). 

Cl) 150 
~ 
0 u. 
.5100 

Cl) 

~ 50 
u 
.5 
~ 0 

...... NDSS-13BN 

-o- HFD SS-13BN 
-+- NDSS 

+ HFDSS 

11 10.5 10 9.5 9 8.5 8 7.5 7 

-log [Angll, M] 

t 

Figure 10. Angiotensin (Ang)ll-mediatedvasoconstriction in aortas from SS-138
N rats 

normal diet (ND, N=l2) or high-fat diet (HFD, N=IO) or SS rats on ND (N=8) or 
HFD (n=l4). *P<0.05for Emax in aortic segments ftom SS rats on ND vs. HFD; 
fP<O. 05for Emax in aortic segments SS rats vs. SS-13 N rats on ND. 
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Table 4. Maximum response (Emax) and sensitivity (logECso) to angiotensin II (Angii)
and KCZ-mediated vasoconstriction in aortas from SS-138

N rats and SS rats on normal 
diet (ND) or high-fat diet (HFD). 

An gil 

+L-NAME 

+PEG-SOD 

+CATALASE 

KCI 

An gil 

+L-NAME 

+PEG-SOD 

+CATALASE 

KCI 

SS-13M SS 

ND HFD ND HFD 

Ema:o% Increase in Force 
71.14±9.75 (10) 53.13±11.04 (10) 133.15±11.09 (8)* 42.86±5.40 (14)t 

113.73±14.64 (6)t 51.09±5.54 (5) 117.38±13.22 (5) 9l.o2±11.31 (lin 

55.oo±627 <6n 26.59±7.36 (3):j: 52.66±16.87 (6)f 15.23±1.18 (9)t 

88.27±13.20 (4) 25.12±5.21 (4):j: 73.14±20.64 (5)t 46.42±5.81 (12) 

141.35±4.66(11) II 1.33±9.00 (6)* 150. 79±6.65 (14) 129.26±11.87 (9)t 

logECso, [M[{or Angll; ECso, {mM/{or KCI 
-8.1±.01 (II) -8.2±0.1 (10) -8.3±0.1 (II) -8.1±0.1 (14) 

-8.4±0.1 (6)t -7.6±0.1 C3n -8.7±0.3 (6) -8.2±0.03 (11) 

-7.8±0.2 (6)t -8.1±0.2 (4) -8.0±0.2 (5) -7.5±0.4 (4) 

-8.2±0.1 (4) -7.9±0.1 (5) -8.3±0.4 (5) -8.1±0.1 (11) 

17.6±1.1 (10) 28.8±3.1 (6)* 20.3±1.3 (13) 25.9±1.4 (8)t 

* P<0.05 vs. untreated aortas from SS-138
N rats on ND; t P<0.05 vs. untreated aortas 

from SS rats on ND; tP<0.05 vs. corresponding untreated aortas. Number of rats is in 
parentheses. 

Aortic ROS function during Angll vasoconstriction. Because Angii-mediated 

vasoconstriction was reduced in aortas from SS rats on HFD (Figure I 0), we 

hypothesized that reactive oxygen species function during Angii vasoconstriction is 

reduced in this diet group. Treatment of aortic rings with PEG-SOD significantly reduced 

Emax to Angii constriction in SS-138
N rats (Figure llA, Table 4) and SS rats (Figure liB, 

Table 4) in both diet groups. In SS-138
N rats, catalase reduced Emax to Angii in aortic 

rings from the HFD group with no effect on rings from the ND groups (Figure 11 C, 

Table 4). In contrast, catalase had no effect on Emax to Angii in aortic rings from SS rats 

on HFD but reduced this response in rings from SS rats on ND (Figure liD, Table 4). 
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Table 5 summarizes ROS function during Angii-mediated vasoconstriction in aortas from 

SS and SS-138
N rats on HFD vs. ND. 
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Figure 11. Angiotensin (Ang)/1-mediated vasoconstriction in aortas from SS-J38
N rats 

(A: normal diet (ND): untreated N=ll, +PEG-SOD N=6; high-fat diet (HFD): 
untreated N=IO, +PEG-SOD N=3) (C: ND: untreated N=ll, +CATALASE N=4; 
HFD: untreated N=IO, +CATALASE N=4). Angllvasoconstriction in aortas from SS 
rats (B: ND: untreated N=8, +PEG-SOD N=6; HFD: untreated N=14, +PEG-SOD 
N=9). (D: ND: untreated N=8, +CATALASE N=5; HFD: untreated N=14, 
+CATALASE N= 12). *P<O. 05 for Emax in aortic segments in corresponding untreated 
groups. 

Table 5. Summary of ROS function during Angl/-mediated vasoconstriction in aortas 
from SS-J38

N rats and SS rats on high-fat diet (HFD) vs. normal diet (ND). 

HFD vs. ND for: 
PEG-SOD 

CATALASE t 
!or j represents a decrease or increase, respectively, to Angll-mediated vasoconstriction 
in the presence of PEG-SOD or CATALASE treatments;= respresents no change in the 
presence of treatment. 
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Aortic NOS function during Ang/I vasoconstriction. To assess NOS function as 

a mechanism mediating the aortic response to Angll vasoconstriction in SS-13 BN rats or 

SS rats on ND or HFD, aortic segments were incubated in the presence or absence of the 

non-selective NOS inhibitor L-NAME. L-NAME increased Emax to Angll in SS-138
N rats 

on ND but not on HFD (Figure 12A, Table 4). In stark contrast, L-NAME increased Emax 

to Angll in SS rats on HFD but not on ND (Figure 12B, Table 4). Table 6 summarizes 

Angii-mediated vasoconstriction and NOS function during Angll vasoconstriction in 

aortas from SS and SS-138
N rats on HFD vs. ND. 
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Figure 12. A: Angiotensin (Ang)ll-mediated vasoconstriction in aortas from SS-138

N 

rats on normal diet (ND; untreated N=l2, +L-NAME N=6) or high-fat diet (HFD; 
untreated N= 10, + L-NAME N= 5). B: Angll vasoconstriction in aortas from SS rats on 
ND (untreated N=8, +L-NAME N=6) or HFD (untreated N=14, +L-NAME N=ll). 
*P<O. 05 for Emax in L-NAME-treated vs. untreated aortic segments from SS-138

N rats 
on ND. fP<O. 05 for Emax in L-NAME-treated vs. untreated aortic segments from SS 
ratsonHFD. 

Table 6. Summary of Angll-mediated vasoconstriction or NOS function during Ang/1 
vasoconstriction in aortas from SS-J38

N rats and SS rats on high-fat diet (HFD) vs. 
normal diet (ND). 

HFD vs. ND for: 
Ang/1 vasoconstriction 

NOS function during Ang/1 vasoconstriction 

SS-13 

t 
t 

t or t represents a decrease or increase, respectively, in Angll-mediated vasoconstriction 
or NOS function during Angll vasoconstriction in HFD vs. ND groups. 

67 



Aortic vasorelaxation. Emax and logECso to ACh-mediated vasorelaxation was 

similar in SS-138
N rats on ND and HFD; ACh response was totally blocked with L-

NAME (Figure 13A, Table 7). In contrast, Emax but not logEC5o to ACh-mediated 

vasorelaxation was greater in aortas from SS rats on HFD than ND; ACh response in both 

diet groups of SS rats was totally blocked with L-NAME (Figure 13B, Table 7). SNP 

response was similar in SS-138
N rat (Figure 13C, Table 7) and SS rat diet groups (Figure 

13D, Table 7). 
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Figure 13. Acetylcholine (ACh)- and sodium nitroprusside (SNP)-mediated 
vasorelaxation in aortas from SS-138

N rats (A and B, respectively; normal diet: ND; 
untreated N=JO, +L-NAME N=JO; high-fat diet: HFD; untreated N=9, +L-NAME 
N=9) and SS rats (C and D, respectively; ND: untreated N=8, +L-NAME N=8; HFD: 
untreated N=B-14, +L-NAME N=l4). *P<0.05 Emax vs. SS rats on ND. 
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Table 7. Maximum response (EmaJ and sensitivity (logECso) to acetylcholine (ACh)- and 
sodium nitroprusside (SNP)-mediated vasorelaxation in aortas from SS rats on normal 
diet (ND) or high-fat diet (HFD). 

SS-13M SS 

ACh 

+L-NAME 

SNP 

ACh 

ND 

85.24±3.38(10) 

0.29±0.92(1 O)t 

95.03±1.52(10) 

-7.09±0.05(10) 

HFD ND 

Emtm %o{PE 
86.30±2.55(10) 56.00±7.48(7)* 

1.42±0.88(10)t 

96.00±0.84(10) 

2.11±0.71(8)% 

91.17±3.47(8) 

logECso, [M/ 
-7 .34±0.08(10) -6.9±0.1 (8) 

HFD 

77.72±4.40(14)t 

-3.72±2.32(14)t 

94.76±2.33(14) 

-6.9±0.2(13) 

SNP -8.37±0.08(9) -8.49±0.08(9) -8.0±0.2(8) -7 .9±0.1 (13) 

*P<0.05 vs. aortic artery segments from SS-13BN rats on ND, tP<0.05 vs. aortic artery 
segments from SS rats on ND, tP<0.05 vs. corresponding untreated aortic artery 
segments. Number of rats is in parentheses. 

ATlR and NOS3 expression and NOS activity in aortas from SS rats 

Aortic ATIR expression was similar in SS rats on ND or HFD (Figure 14A), 

whereas NOS3 protein expression was increased in SS rats on HFD (Figure 14B). 

Total NOS activity and NOS! specific activity were similar in aortas from SS rats 

on ND or HFD; however, HFD elicited a reduction in NOS2 activity whereas there was 

an increase in NOS3 activity in aortas from SS rats (Figure 14C). 
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Figure 14. In aortic tissue from SS rats, A: ATJR expression (normal diet (ND) N=8; 
high-fat diet (HFD) N=8), B: NOS3 protein expression (ND N=7; HFDN=7), and C: 
NOS activity (ND N=3; HFD N=4). *P<0.05 vs. SS rats on ND. 
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Discussion 

The rationale for our present investigation was spurred on by reports in dogs, rats, 

and mice showing that a high-fat diet (HFD) increases arterial responsiveness to Angii

mediated vasoconstriction (Barton et al., 2000a; Bhattacharya et al., 2008; Ghatta and 

Rarnarao, 2004; Mundy et al., 2007; Yang eta/., .1998; Zhang et al., 2005a). The Dahl 

salt-sensitive (SS) rat is a polygenetic model of cardiovascular disease (Mattson et al., 

2008) and has been widely utilized to examine mechanisms of cardiovascular-renal 

disease in salt-sensitive humans. Even without high-salt diet conditions, cardiovascular 

disease progresses in this rat strain (Garrett eta/., 2003). Under standard diet/normal-salt 

conditions, we observed greater aortic reactivity to Angii in SS rats compared to salt

resistant, genetic control SS-138
N rats: Thus, we were interested in further examining the 

mechanisms of the vasoconstrictive phenotype in this rat strain on HFD. 

Initially, we hypothesized that HFD would enhance Angii reactivity in SS rats 

compared to rats maintained on a normal diet. However, Angii reactivity was reduced in 

aortic ring preparations from SS rats on HFD versus SS rats on normal diet. Furthermore, 

Angii reactivity was similar in aortic rings from SS-138
N rats on normal diet or HFD. 

The selective difference in Angii vasoconstriction following the HFD between rat strains 

was not observed in response to KCI. HzOz-mediated Angii vasoconstriction observed in 

the SS rats on a normal diet was not present in the SS rats on a HFD, possibly due to the 

scavenging effect of NO through the increased NOS3 activity and expression 

corresponding to an increase in endothelial-dependent vasorelaxation as well. These data 

indicate that a short-term HFD in a genetic salt-sensitive model of cardiovascular disease 

induces an overall endothelial protective phenotype. 
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In the blood vessel wall, Angii is a potent stimulator of reactive oxygen species 

(ROS) including superoxide (Oi) (Berry et a!., 2000) and hydrogen peroxide (H202) 

(Zafari et a/., 1998). In regards to the study at hand, numerous reports have shown that 

vasoconstriction to Angii is mediated for the most part by these two ROS (Bagi et a/., 

2008; Carlstrom et al., 2009; de Groot et al., 2004; De Silva et al., 2009; Hussain et al., 

2006; Kawazoe et al., 1999; Kim et a/., 201 0; Loria et al., 2011; Meloche et al., 2000; 

Nguyen Dinh Cat and Touyz, 2011; Pfister et al., 2011; Puntmann et al., 2005; 

Schoonmaker et al., 2000; Shastri et al., 2002; Torrecillas et al., 2001; Wang et al., 2003; 

Yamaguchi et al., 2009). In sum, SS rats have enhanced H202-mediated Angii reactivity 

compared to SS-138
N under normal diet conditions. Whereas, H20rmediated Angii 

reactivity was increased in SS-138
N rats with HFD but was reduced in SS rats with HFD 

when compared to the same strain in normal diet. Although quenching of 02·· with PEG

SOD blunted Angii reactivity in SS-138
N rats and SS rats on normal diet and HFD. Our 

data in SS-138
N rats are reminiscent of studies utilizing salt-resistant Fisher rats whereby 

7 months of HFD increased plasma levels of H202 without altering aortic catalase 

expression (Roberts et a/., 2005, 2006). Collectively, our data indicate that HFD 

promotes a pro-oxidant environment in the vasculature in control, SS-138
N, rats. 

We propose that short-term HFD feeding promotes an anti-oxidant environment 

in the vessel wall in SS rats. We speculate that increased NOS3 function blunts local 

aortic damage mediated by Angii in response to HFD in SS rats. We demonstrated that a 

4-week HFD increases aortic NOS3-specific activity and expression in addition to 

reducing aortic NOS2 activity in SS rats. Similarly, activation of the peroxisome 

proliferator-activated receptors (PPARs) class of transcription factors, in particular 
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PPAR-a, increases endothelial cell NOS3 expression (Wang et al., 2006) and activity 

(Okayasu et al., 2008). Interestingly, it has been shown that PPAR-a reduces NOS2 

activity and expression in macrophages (Colville-Nash et al., 1998). Related to the study 

at hand, a low-carbohydrate/high-fat diet increases PPAR-a protein expression in whole 

hearts from SS rats (Okere et a/., 2006). Further research will be designed to test the 

hypothesis that the HFDmediated enhancement of aortic endothelial function and reduced 

Angll-induced vasoconstriction in SS rats is mediated by activation ofPPAR-a. 

It is worthy to note that our studies were conducted in a rat strain with a well

established cardiovascular disease response to changes in salt intake (Herrera et al., 2001; 

Luscher et al., 1987a; Mattson et al., 2008; Strehlow et al., 1999; Wendt et al., 2009). 

Specifically, Lombard's laboratory showed that endothelial dysfunction is present in 

cerebral arteries from SS rats when on a low salt (0.01% NaC!) or normal salt diet (0.4% 

NaCl) via reduced Angll signaling; in fact, a subpressor infusion of Angll for 3 days 

restored endothelium-dependent vasorelaxation in SS rats on normal-salt diet. 

(Drenjancevic-Peric and Lombard, 2005; Durand and Lombard, 2011; Durand et a/., 

2010). In our study, both the HFD and normal diet were of 0.4% NaCl content however 

both rat strains consumed approximately half as much of the HFD, and thus salt as well, 

when compared to the normal diet groups. The reduced salt intake in the SS-13 BN rats on 

HFD was echoed by a rise in plasma renin activity, indicating that the renin-angiotensin 

system (RAS) is increased in this diet group. In contrast, PRA was not altered with 4-

week HFD in SS rats, indicating that systemic activation of the RAS is not increased in 

this diet group. However, we observed increased vasodilator mechanisms in SS rats on 
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HFD. Thus, we speculate that the differential HFD-induced responses between the rat 

strains are not due to a reduction in salt intake. 

In conclusion, in a genetic model with a predisposition to cardiovascular disease, 

namely the Dahl salt-sensitive (SS) rat on a HFD, the blunted the aortic response to 

Angll-induced vasoconstriction is mediated via an increased NOS-dependent mechanism. 

In contrast, genetic control SS-138
N rats presented with no change in Angll 

vasoconstriction and reduced NOS function with a HFD. These data indicate that SS rats 

on a short-term HFD are able to adapt with a protective vascular phenotype as depicted in 

Figure 15. 

Genetic predisposition to hypertension (SS) 
+ 

High-fat diet 

/ 1 
lr-~ -H2-o---,2l I tNos31---

L Angll vasoconstriction t Endothelial function 

Figure 15. Hypothetical scheme for Aim 2. 
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Aim 3. To test the hypothesis that perivascular 

adipose tissue is dysfunctional in SS rats. 

75 



Introduction 

The vascular endothelium plays a significant role in vascular tone control, first 

demonstrated by the work of Furchgott in I 980 (Furchgott and Zawadzki, 1980). 

According to the classic paradigm of vascular tone control, endothelial cells signal to 

underlying vascular smooth muscle cells to balance vasoconstriction with vasorelaxation 

(Feletou et a/., 2010). However, Soltis and Cassis in 1991 (Soltis and Cassis, 1991) 

suggested a functional role of perivascular adipose tissue (PVAT) in buffering 

vasoconstriction, thus ushering in a new era of our understanding of vascular control. 

Numerous studies have now shown that the PVAT actively buffers the response to 

vasoconstrictive agonists such as phenylephrine and KCI (Dubrovska et al., 2004; Fesus 

et al., 2007; Galvez et al., 2006; Gao et al., 2008; Gao eta/., 2005; Gao et al., 2007a; 

Huang et a!., 201 0; Ketonen et al., 201 0; Lee et al., 2009a; Lee et al., 2009c; Lohn et al., 

2002; Ma et al., 2010; Maenhaut et al., 2010; Mizukawa et al., 2009; Rebolledo et al., 

2010; Schleifenbaum et al., 2010; Wojcicka et al., 2010; Zeng et al., 2009). In humans, it 

is established that the inside-out signaling by the vascular endothelium is dysfunctional 

with cardiovascular disease risk factors such as obesity (Greenstein et al., 2009); 

however, the control of vascular tonicity involving outside-in signaling from the PVAT 

on the outer most periphery of the vessel wall is not fully understood. 

Increased PVAT deposition (Montani et al., 2004) and PVAT dysfunction, where 

the PV AT fails to blunt vasoconstriction, are observed in human obesity (Greenstein et 

al., 2009). Based on the Center for Disease Control 2006-2008 Behavioral Risk Factor 

Surveillance System, obesity is more prevalent in non-Hispanic blacks (35. 7%) compared 

to Hispanics (28.7%) and non-Hispanic whites (23.7%) (2009). Additionally, blacks have 
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greater risk for other cardiovascular risk factors including salt-sensitive hypertension 

(Harshfield eta!., 2007; Morris eta!., 1999). Even with reduced salt intake, Weinberger 

and colleagues suggested that salt-sensitive patients have a higher rate of morbidity and 

mortality due to cardiovascular disease-related deaths compared to salt-resistant 

individuals (Weinberger, 2002; Weinberger eta!., 2001). The Dahl salt-sensitive (SS) rat 

has a genetic predisposition to salt-sensitive hypertension (Cowley eta!., 2001). Similar 

to salt-sensitive humans, the SS rat has progressive cardiovascular disease under a 

normal-salt diet regimen (Durand eta!., 2010). Classically, vascular function is assessed 

in SS rats using vessels with the PV AT removed (Cosentino et a!., 2002; Hayakawa et 

a!., 1997; Luscher eta!., 1987a; Luscher eta!., 1987b). This traditional ex vivo vascular 

preparation does not mimic what is found in vivo, because nearly all blood vessels in rats 

and humans are surrounded by PV AT (Montani et a!., 2004 ). 

The lack of an anatomical barrier between the PVAT and the vascular smooth 

muscle allows for direct communication between the two compartments, which strongly 

suggests a role of PVAT regulation of vascular tone (Rajsheker eta!., 2010). Previous 

investigations report that PV AT-derived nitric oxide (NO) and hydrogen sulfide (H2S) 

mediate the vasodilator effect of the PVAT (Fang eta!., 2009; Wojcicka eta!., 2010). 

Because the SS rat is genetically susceptible to vascular disease, we designed 

experiments to test the hypothesis that the PV AT-dependent NO and/or H2S pathways are 

dysfunctional in SS rats on a high-fat diet (HFD) versus a normal diet (ND). Initially, 

vascular function studies were performed in PVAT-intact aortas with the endothelium 

intact or removed to assess the direct action (endothelium independence) of PV AT 

function on aortic smooth muscle response to phenylephrine (PE)-mediated 
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vasoconstriction. In SS rats on the HFD, the PV AT response was significantly enhanced, 

which was not altered with removal of the endothelium. Whereas, PVAT did not directly 

modulate vascular smooth muscle response to PE in SS rats on ND. To determine the 

possible mechanistic pathway(s) that are involved in the PVAT response, we probed the 

NO and/or H2S pathways in the PE vasoconstriction responses in the presence and 

absence of the PVAT and the endothelium in the SS rats on HFD or ND. 
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Methods 

Animals. All animal experiments were in accordance with the National Institutes 

of Health Guide for the Care and Use of Laboratory Animals with all animal use 

protocols approved by the GHSU Institutional Animal Care and Use Committee. A 

colony of Dahl salt-sensitive (SS) rats was maintained at Georgia Health Sciences 

University (GHSU) with breeders purchased from Charles River Laboratories 

(Wilmington, MA). The genetic background of the GHSU SS breeders was confirmed by 

a genome-wide scan described by Moreno et al (Moreno et al., 2005) where tail DNA 

was extracted and the presence of rnicrosatellite markers specific against the SS genome 

was assessed with PCR using simple sequence length polymorphism primers. 

At weaning (3 weeks old), SS rats were placed on a normal diet (ND; Teklad 

8604, Harlan, Madison, WI) and water provided ad libitum. ND consisted of 0.4% salt 

and 3.93 kcaVg of gross energy with calories from: 33% protein, 53% carbohydrates, and 

14% fat. At 12 weeks old, SS rats were divided into groups: group 1 placed on a high-fat 

diet (HFD; BioServ F2685, Frenchtown, NJ) and group 2 remaining on ND. The HFD 

consisted of 0.4% salt and 5.45 kcaVg of gross energy with calories from: 15% protein, 

27% carbohydrates and 59% fat. At the termination ofND or HFD at 16 weeks old, rats 

were anesthetized with pentobarbital sodium (Nembutal; 0.5 mg/kg; Abbott Laboratories, 

Abbott Park, IL). Body weight and epididymal adiposity were weighed; blood was 

collected in EDTA (Sigma, St. Louis, MO)-primed syringes, spun at 3000xg for 10 

minutes and snap-frozen in liquid N2; and the thoracic aorta (defined as the length of the 

aorta beginning at the termination of the aortic aortic arch and ending at the diaphragm) 
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with adherent perivascular adipose tissue (PV AT) carefully isolated for vascular 

reactivity studies as detailed below. 

Plasma analyses. Plasma total cholesterol (Wako Diagnostics, Richmond, VA), 

triglycerides (Cayman Chemicals, Ann Arbor, MI), and free fatty acids (ZenBio, 

Research Triangle Park, NC) were quantified via colorimetric assays as detailed by 

manufacturer's instructions. 

Vascular reactivity protocol. Depending on the experimental question, PVAT 

was dissected away from the vessel and/or the vascular endothelium was removed by 

gently rubbing the vessel lumen with curved forceps. Aortic rings (~3mrn) were mounted 

on pins for isometric wire myography (Danish Myo Technology A/S, Aarhus, Denmark) 

as previously described (Kang et al., 2007). Rings were incubated for 15 minutes in the 

presence or absence of the non-specific nitric oxide synthase (NOS) inhibitor L-Nro

Nitro-L-arginine methyl ester (L-NAME; lOOJ.!M; Sigma, St. Louis, MO), apocynin (300 

J.!M; Sigma) or the cystathionine y-lyase inhibitor DL-propylargylglycine (1 0 mM; 

Sigma, St. Louis, MO). Following the incubation period, a cumulative-concentration 

response curve was generated to phenylephrine (PE; 1 x 10"9 to 3 x 10"5
·
5 M; Sigma). 

Constriction data are presented as % increase in force as analyzed by the equation 

((response to vasoconstrictor - baseline prior to constriction)/baseline prior to 

constriction) X 100. 
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Statistical a11alyses. All data are expressed as mean ± standard error. Data were 

graphed and statistically analyzed using a t-test or two-way ANOV A with GraphPad 

Prism (La Jolla, CA). Statistical significance was defined as P<0.05. 
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Results 

Metabolic parameters. Following 4 weeks of HFD, 16-week old SS rats had 

significantly greater body weight than those maintained on ND (416±7, N=9 vs. 380±8, 

N=9; P<0.05). Regarding visceral fat deposition, epididymal fat mass was greater in SS 

rats on HFD versus ND (Figure 16A). Moreover, relative aortic perivascular adipose 

tissue (PVAT) fat mass was greater in SS rats on HFD versus ND (Figure 16B) . 
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Figure 16. Body weight-normalized epididymal fat mass (A) and perivascular adipose 
tissue (PVA'I) weight normalized to aortic tissue weight (B). Measurements were 
made in SS rats at 16 weeks old maintained on a 4-week high-fat diet (HFD) or 
normal diet (ND). *P<0.05 vs. ND. N=4-6. 

PVAT function in SS rats on HFD. In SS rats on HFD, maximum constriction 

(Emax) to phenylephrine (PE) was reduced in PV AT -intact versus PV AT -removed aortic 

rings (Figure 17 A, Table 8). Moreover, PV AT -mediated blunting of PE vasoconstriction 

was not altered with removal of the endothelium in SS rats on HFD (Figure 17 A, Table 

8). 
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We assessed KCI-mediated vasoconstriction to determine whether the direct role 

of PVAT in blunting vascular smooth muscle response i.e., the blunted PE-mediated 

vasoconstriction in PV AT -intact, endothelium-denuded versus PV AT -removed, 

endothelium-denuded aortas from SS rats on HFD, is specific for PE-mediated 

vasoconstriction (Figure 17B, Table 8). Similar to the PE response, it was detected that 

Emax to KCl-induced vasoconstriction was reduced in PVAT-intact, endothelium-intact 

aortic rings versus PV AT -removed, endothelium-intact aortic rings (Figure 17B, Table 

8), which was not altered when the endothelium was removed (Figure 17B, Table 8) in 

aortas from SS rats on HFD. 
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Figure 17. Phenylephrine (PE; A) and KCl (B)-mediated vasoconstriction in aortic 
rings without (-) and with (+) perivascular adipose tissue (PVA'l) and -!+ the 
endothelium (ENDO) from SS rats on a 4-week HFD. *P<0.05 vs. -PVAT+ENDO 
aortic segments. N=7-10. 
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Mecllanism of PVAT function in SS rats on HFD. In SS rats maintained for 4 

weeks on a HFD, Emax to PE-mediated vasoconstriction was similar in endothelium-intact 

and endothelium-denuded aortic rings without the PV AT (Figure 18A, Table 8). The 

mechanism of the direct function of PVAT on aortic smooth muscle function was 

examined. In preliminary studies, L-NAME treatment (non-specific NOS inhibition) of 

endothelium-intact aortic rings without the PV AT did not alter the response to PE (Table 

8). Moreover, L-NAME did not alter Emax to PE-mediated vasoconstriction in 

endothelium-intact and endothelium-denuded aortic rings having the PVAT intact (Figure 

18B, Table 8). In SS rats on HFD, treatment of endothelium-denuded, PV AT -intact aortic 

rings with DL-propylargylglycine (PAG), an inhibitor of the HzS-generating enzyme 

cystathionine y-lyase, significantly increased Emax to PE (Figure 18C, Table 8); PAG had 

no affect on PE vasoconstriction in endothelium-denuded aortic rings without the PV AT 

(Table 8). 
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Figure 18. Phenylephrine (PE)-induced constriction in aortas from SS rats on 
HFD. A: endothelium-intact (+ENDO; N=l5) or endothelium-denuded (-ENDO; 
N=3) aortas without(-) PVAT; B: aortic rings -ENDO (-L-NAME N=7; +L-NAME 
N=4) or +ENDO (-L-NAME N=JO; +L-NAME N=5) with an intact(+) PVAT; C: 
untreated (N=7) or PAG treated (+PAG; N=4) aortas +PVAT -ENDO. *P<0.05 
vs. maximum constriction (Em.,) of untreated aortas -PVAT -ENDO. 
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PVAT function in SS rats on ND. In SS rats on ND, PE-mediated 

vasoconstriction was significantly attenuated in PVAT-intact versus PVAT-removed 

aortic rings (Figure 19A, Table 8). However, in contrast to SS rats on HFD, removal of 

the endothelium enhanced PE-mediated vasoconstriction in PVAT-intact aortic rings 

from SS rats on normal diet (Figure 19A, Table 8). 
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Figure 19. Phenylephrine (PE; A) and KCl (B)-mediated vasoconstriction in aortic 
rings without (-) and with (+) perivascular adipose tissue (PVAT) and -!+ the 
endothelium (ENDO) from SS rats on ND. *P<0.05 vs. -PVAT+ENDO. N=9-14. 
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KCJ-mediated vasoconstriction was assessed (Figure 19B, Table 8). KCI-induced 

vasoconstriction was reduced in PVAT-intact, endothelium-intact versus PVAT

removed, endothelium-intact aortic rings from SS rats on ND (Figure 19B, Table 8). 

Removal of the endothelium did not increase KCl-mediated vasoconstriction in aortic 

rings with an intact PVAT (Figure 19B, Table 8) from SS rats on ND. 

Meclla11ism of PVAT fullctioll ill SS rats 011 ND. In SS rats on ND, direct 

function of PVAT on smooth muscle was negligible whereby PVAT blunted PE

mediated vasoconstriction in an endothelial-dependent manner (Figure 19A, Table 8). 

The mechanism of endothelial-dependent aortic PVAT function in SS rats on ND was 

examined. In a preliminary study in PV AT -removed aortic rings, Emax response to PE 

was not altered when conducted in endothelium-denuded aortas (Figure 20A, Table 8) or 

the presence of L-NAME (Table 8). Whereas, L-NAME exacerbated the PE-induced 

vasoconstriction in endothelium-intact, PV AT -intact aortic rings (Figure 20B, Table 8). 

Importantly, L-NAME did not alter PE response in endothelium-denuded, PVAT

removed aortic rings (Table 8). 

NADPH oxidase inhibition with apocynin in endothelium-denuded, PVAT-intact 

aortic rings reduced Emax of the PE-mediated vasoconstriction (Figure 20C, Table 8); 

apocynin had no affect on PE-induced vasoconstriction in endothelium-denuded, PVAT

removed aortic rings (Table 8). 
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Figure 20. Phenylephrine (PE)-induced constriction in aortas from SS rats on ND. A: 
endothelium-intact (+ENDO; N=14) or endothelium-denuded (-ENDO; N=JO) aortas 
without (-) PVAT; B: aortic rings -ENDO (-L-NAME N=12; +L-NAME N=7) or 
+ENDO (-L-NAME N=J3; +L-NAME N=8) with an intact(+) PVAT; C: untreated 
(N=l2) or apocynin treated (+APO; N=7) aortas +PVAT -ENDO. *P<0.05 for 
maximum constriction (Ema:J in aortas +PVAT -ENDO and +PVAT +ENDO +L
NAME vs. aortas +PVAT +ENDO. 1P<0.05 for Emax in aortas +PVAT -ENDO 
+treatment vs. aortas +PVAT -ENDO. 
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Table 8. Maximum response (EmaJ to phenylephrine (PE) or KCl in aortas with (+)or 
without(-) the perivascular adipose tissue (PVAT) or the endothelium (ENDO) from SS 
rats on high-fat diet (HFD) or normal diet (ND). 

SS diet groups: HFD ND 

-PVAT,+ENDO 

PE, untreated 

PE,+L-NAME 

KCl 

+PV AT, +ENDO 

PE, untreated 

PE,+L-NAME 

KCl 

+PVAT,-ENDO 

PE, untreated 

PE,+L-NAME 

PE,+APO 

PE, +PAG 

KCl 

-PV AT, -ENDO 

PE, untreated 

PE,+L-NAME 

PE,+APO 

PE,+PAG 

Emax (%Increase in Force) 

144 ± 9 (11) 

174 ± 13 (6) 

140 ± 7 (10) 

62 ± 11 (10)* 

79 ± 11 (5) 

84 ± 15 (6)* 

74 ± 12 (7)* 

62±4(4) 

so± 9 (4) 

106 ± 8 (S):j: 

89 ± 10 (6)* 

146±7(3) 

Undetermined 

Undetermined 

147 ± 22 (3) 

151 ± 8 (14) 

178 ± 10 (8) 

139 ± 7 (14) 

100 ± 7 (13)* 

149± 10 (8)t 

97 ± 10 (13)* 

133 ± 9 (12) 

144 ± 19 (7) 

93 ± 12 (7):1: 

128 ± 15 (3) 

96 ± 14 (9)* 

143 ± 11 (10) 

141 ±9 (4) 

158 ± 9 (3) 

126±13 (6) 

KCl 89 ± 21 (3)* 112 ± 5 (6)* 
SS rats were maintained normal diet until 16 weeks old or, at 12 weeks, were fed a HFD 
until 16 weeks old. Number of rats is in parentheses. * P<0.05 vs. corresponding aortic 
artery segments without -PVAT; tP<O.OS vs. corresponding untreated aortic artery 
segments +PVAT +ENDO; :j:P<O.OS vs. corresponding untreated aortic artery segments 
+PVAT -ENDO. Data analyzed by t-test. 
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Discussion 

Perivascular adipose tissue (PV AT) function is defined as a reduced response to 

vasoconstrictive agonists in PVAT-intact versus PVAT-removed blood vessel segments. 

Our study assessed aortic PVAT function in SS rats on high-fat diet (HFD) or a normal 

diet (ND). In contrast to our initial hypothesis, SS rats on HFD had PVAT-mediated 

blunting of phenylephrine (PE) vasoconstriction in aortic rings; experiments using 

endothelium-denuded aortic preparations demonstrated that PVAT directly blunted the 

vascular smooth muscle response to PE. When probing mechanisms of PV AT function in 

SS rats on HFD, preliminary studies showed that NOS function was not present in 

PVAT-removed or PVAT-intact, endothelium-intact aortas from SS rats on HFD. 

Whereas, a PV AT -~ependent H2S pathway blunted PE-induced vasoconstriction. In 

contrast to SS rats on HFD, the PVAT fails to directly modulate vascular smooth muscle 

response to PE-induced vasoconstriction in SS rats under ND conditions. Specifically, 

although PV AT blunted PE response in endothelium-intact aortas, this PV AT action was 

not present in endothelium-denuded aortas (PVAT dysfunction) from SS rats on ND. We 

assessed the mechanism for the endothelium dependence of PV AT function in SS rats on 

ND. In PVAT-removed, endothelium-intact aortas, no functional NOS response to PE 

vasoconstriction was present; however, in PVAT-intact aortas with an intact endothelium, 

L-NAME treatment increased PE response in aortas from SS rats indicating that the 

PV AT blunts PE response via NOS in the endothelium. We did not detect any aortic 

smooth muscle NOS function in SS rats on ND. In sum, these data indicate that HFD 

elicited a functional response in the PVAT in SS rats possibly to compensate for a lack of 

PV AT stimulation of endothelial NOS, a pathway that is present in SS rats on ND. 
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PVAT and endotllelia/ control of vasoconstriction in HFD-fed SS rats. 

Excessive energy intake is associated with increased visceral fat mass deposition as well 

as increased ectopic deposition of fat around cardiovascular organs such as blood vessels 

(Montani eta/., 2004). Our study set out to examine if a HFD induced PVAT dysfunction 

in SS rats. Following 4 weeks of HFD feeding, visceral fat mass (epididymal fat) and 

relative aortic PVAT mass were increased in SS rats. Furthermore, the increased PVAT 

mass in SS rats fed a HFD was associated with enhanced PVAT function or a 

significantly greater blunting of PE-induced vasoconstriction. These results are similar to 

studies where obese Zucker rats show greater aortic PV AT mass compared to lean 

counterparts (Barandier et a/., 2005) and the PVAT blunts vasoconstriction to a greater 

extent in obese Zucker rats than lean rats (Lohn eta/., 2002). Additionally, studies have 

shown a direct relationship between PVAT mass and function whereby a reduction in 

PV AT mass by 50% corresponds with a 50% reduction in PV AT function (Fang et a/., 

2009; Verlohren eta/., 2004). 

PV AT-removed aortic ring preparations from SS rats on HFD revealed that NOS

derived from the vessel wall is not involved in the mechanism blunting PE-induced 

vasoconstriction. Also, NOS inhibition had no affect on PVAT function in endothelium

intact or -denuded aortic rings from SS rats on a HFD indicating that PVAT-derived 

NOS activity is minimal with the dietary challenge. Our study in a genetic model of 

human cardiovascular disease contrasts the previous finding that C57BLI6J mice fed a 

HFD for 8 weeks had enhanced PVAT NOS function (Gil-Ortega eta/., 2010). H2S has 

been shown to mediate PV AT blunting of PE-mediated vasoconstriction in aortic rings 
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from Sprague-Dawley rats (Fang et al., 2009). Cystathionine y-lyase is the main 

enzymatic source ofHzS in blood vessels and PVAT (Fang et al., 2009). In our study, the 

cystathionine y-lyase inhibitor, PAG, significantly enhanced the PE-induced 

vasoconstriction in aortic rings from SS rats on HFD indicating that this dietary challenge 

activates PVAT-derived HzS function while PVAT-mediated NOS is absent. These data 

indicate a redundancy within the PV AT to respond to environmental stressors and 

maintain vascular homeostasis. 

PVAT and endothelial control of vasoconstriction in ND-:fed SS rats. Our 

laboratory has an interest in probing the mechanisms that predispose salt-sensitive 

humans to cardiovascular disease seen under normotensive conditions. PV AT is a novel 

regulator of vascular function via blunting of vasoconstriction (Aghamoharnmadzadeh et 

a!., 2011; Rajsheker et al., 201 0). Thus, we reasoned that SS rats may exhibit PV AT 

dysfunction. PVAT blunted PE- and KCl-induced vasoconstriction in endothelium-intact 

aortic ring preparations displaying a functional PV AT response. PV AT function has been 

demonstrated in Sprague-Dawley rats (Dubrovska et al., 2004; Fang et al., 2009; Lee et 

al., 2009c; Lohn et a!., 2002) and Wistar-Kyoto rats (Galvez et a!., 2006; Gao et al., 

2008; Gao et al., 2007a; Lee eta!., 2011; Zeng el al., 2009). Moreover, it was shown that 

PVAT mediates attenuated vasoconstriction by stimulating NO release from the 

endothelium (Gao et a!., 2007a). We foimd that the NOS inhibitor, L-NAME, 

significantly enhanced the PE-induced vasoconstriction in endothelium-intact, PV AT

intact aortic rings indicating that the reduced vasoconstriction is mediated through NOS. 

By using PVAT-removed aortic ring preparations, we showed that the presence of the 
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PVAT is necessary for a functional NOS response to PE-induced vasoconstriction. These 

data show that PVAT function is present in endothelium-intact aortas from SS rats on 

ND. 

Other investigators have probed the functional response of the PV AT in 

endothelium-denuded vascular preparations (Gao et a!., 2007a; Lee et al., 2009b ), 

therefore we further analyzed if there is failure in the direct action of PV AT on vascular 

smooth muscle in PVAT-intact, endothelium-denuded aortas in SS rats on ND. The 

PV AT displayed a dysfunctional response to PE-induced vasoconstriction under these 

conditions. This response was specific for PE whereas KCl-mediated vasoconstriction 

was not altered with removal of the endothelium in PV AT -intact aortas. Furthermore, 

apocynin significantly blocked the PE-induced vasoconstriction suggesting that the 

NADPH oxidase pathway partially mediates the vasoconstrictive response in PVAT

intact, endothelium-denuded aortas from SS rats. In vascular smooth muscle, a pro

oxidant environment promotes vasoconstriction: reactive oxygen species like hydrogen 

peroxide (H202) directly activate RhoA GTPase via redox modification of cysteine 

residues (Agbajanian et al., 2009). RhoA is important for sensitizing the contractile 

apparatus to Ca2+, thus less Ca2
+ is needed to elicit vasoconstriction (Somlyo and Somlyo, 

2003). We speculate that removing the endothelium in aortic rings from SS rats greatly 

enhances the vascular pro-oxidant status, possibly by removing endothelial-derived 

sources of antioxidants, facilitating PV AT dysfunction. 

As depicted in the proposed mechanism in Figure 21, we conclude from this study 

that the direct action of PV AT function on vascular smooth muscle, defined as blunting 

to vasoconstriction, is absent in the SS rats. Intriguingly, increased PVAT mass 
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associated with a HFD induces a direct role of PV AT on blunting vasoconstriction in SS 

rats. The increased PV AT function in SS rats on HFD potentially compenstates for the 

loss of endothelium-dependent PV AT function in this model. 

A PE 

Vasoconstriction 

B PE 

Vasoconstriction 

Figure 21. Proposed mechanism of PVAT function in SS rats on a -/-week HFD (A) or 
ND (B). PE = phenylephrine; NO = nitric oxide; H2S = hydrogen sulfide; PVAT = 
perivascular adipose tissue; VSMC = vascular smooth muscle cell; ENDO = 
endothelium. 
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Aim 4. To test the hypothesis that AIN and Teklad 

diet differentially regulate vascular NOS function 

in SS rats. 
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Introduction 

The nitric oxide synthase (NOS) pathway plays an obligatory role in vascular tone 

homeostasis (Atochin and Huang, 2010). Loss ofNOS signaling results in a loss of tonic 

vasorelaxation favoring greater vasoconstriction (Davidge, 1998; Kung et al., 1995; Vita 

et al., 1992) and is linked to increased risk of vascular disease (Black eta/., 2003; Heitzer 

et al., 2001; Vrints et al., 1992). Humans that present increased blood pressure to salt 

have a greater disposition to vascular disease risk even under normotensive conditions 

(Weinberger, 2002; Weinberger et a/., 2001 ). A prototypical model to study vascular 

dysfunction is the Dahl salt-sensitive (SS) rat. In this rat strain, a high-salt diet induces 

robust hypertension and vascular dysfunction (Boegehold, 2002, 1992; Drenjancevic

Peric eta/., 2003; Kido et al., 2008; Maude and Kao-Lo, 1982; Ozawa et al., 2004; Rafi 

and Boegehold, 1993). Intriguingly under normotensive conditions without high-salt 

diet, SS rats have lower vascular NOS expression (Ni et al., 1999) and greater blood 

pressure responsiveness to bolus doses of phenylephrine (PE; at-specific agonist) 

compared to the genetic salt-resistant control strain (D'Angelo et al., 2006). These data 

suggest that a genetic predisposition to salt-sensitivity per se, not frank hypertension, 

enhances vascular disease risk. 

Our laboratory is interested in understanding mechanisms that predispose salt

sensitive individuals to vascular disease using the SS rat model. Previous investigations 

showed that promotion of salt-sensitive hypertension in adult SS rats is dependent on the 

type of weaning diet (Mattson et a/., 2004). This led us to investigate whether vascular 

NOS function and expression are sensitive to the choice of standard chow diets. The two 

popular commercial suppliers of SS rats, Harlan Laboratories (www.harlan.com) and 
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Charles River Laboratories (www.criver.com), each maintains their SS rat colonies on 

different commercially-available standard chows. Harlan uses Teklad diet and Charles 

River utilizes American Institutes of Nutrition (AIN) purified diet. The standard chow at 

many institutions is Teklad diet; therefore, some experimental designs would incorporate 

changing the standard chow diet during adulthood once the rats are housed at the 

investigator's institution. We reasoned that changing between standard chow diets may 

differentially regulate vascular NOS function. Thus, we designed experiments to test the 

hypothesis that vascular NOS function and expression are differentially regulated in adult 

SS rats on Teklad 8604 or AIN-76A standard chow diets. For this purpose, a colony of 

SS rats was generated at Georgia Health Sciences University to maintain a comparable 

stable environment. Male offspring were weaned on Teklad 8604 or AIN-76A standard 

chow diet and were either maintained on the same weaning diet or switched to the other 

standard chow diet at 12 weeks old. Mesenteric arterial and aortic reactivity as well as 

NOS function and expression were assessed at 16 weeks old. 
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Methods 

Animal model. SS rat breeders were purchased from Charles River Laboratories 

(Wilmington, MA) and placed on Teklad 8604 diet upon arrival at Georgia Health 

Sciences University (GHSU). First-generation SS rats from 6 breeding pairs were used in 

this study. A genome-wide scan using microsatellite primers, as detailed by Moreno et a/. 

(Moreno et al., 2005) that were specific to Dahl DNA confirmed the genetic background 

of the breeders. All experiments were conducted in accordance with the National 

Institutes of Health Guide for the Care and Use of Laboratory Animals. Animal use 

protocols were approved by the Institutional Animal Care and Use Committee at GHSU. 

At weaning (3 weeks old), a subset of male pups from each breeding pair, were 

fed Teklad 8604 rodent diet (Teklad; Madison, WI) or AIN-76A purified diet (TestDiet; 

Richmond, IN) ad libitum. The Teklad diet consisted of calories from: 33% protein, 53% 

carbohydrates, and 14% fat and 3.93 kcal/g gross energy. The AIN-76A diet consisted of 

calories from: 19% protein, 69% carbohydrates, and 12% fat and 3.84 kcal/g gross 

energy. Both the Teklad and AIN-76A diets contained 0.4% NaCl with similar vitamin 

compositions. All rats were given tap water ad libitum. 

At 12 weeks old, Teklad-weaned or AIN-weaned rats underwent a diet-switch 

protocol where a subset of Teklad rats was switched to AIN and vice versa. Importantly, 

rats spawned from each breeding pair were included in each of the 4 diet groups (Figure 

17 A). Weekly body weights, food, and water intakes were assessed in all rats. At 16 

weeks old, rats were euthanized (Nembutal; Abbott Laboratories, Abbott Park, IL; 0.5 

mg!kg). Kidney, heart, epididymal adipose tissue weights and tibia lengths were assessed. 

Blood was collected in EDTA (Sigma, St. Louis, MO)-primed syringes, spun at 3000xg 
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for 10 minutes, and snap-frozen in liquid Nz. Mesenteric arteries and aortas were isolated, 

cleaned for ex vivo vascular reactivity analysis or snap-frozen in liquid N2 for Western 

blotting as described below. 

Telemetry llemodynamic and activity measurements. Rats were implanted with 

telemetry transmitters (Data Sciences International; St. Paul, MN) at 11 weeks old as 

described previously (Elmarakby et al., 2005). Rats recovered from surgery -1 week 

while having free access to tap water and their respective diet. From 12-16 weeks old, the 

diet-switch protocol was performed (Figure 17 A) whilst mean arterial blood pressure 

measurements were collected every tenth minute. Blood pressure is reported as a 24 hour 

average or 12 hour average. 

Urine collection. At 16 weeks old, rats were placed in metabolic cages to collect 

24h urine volumes. Urines were snap frozen in liquid N2 and stored at -80°C until 

analyzed. Urinary Na excretion was determined (EasyLite; Medica Corporation; Bedford, 

MA) with data expressed as mEq/24h. Urinary total protein excretion was quantified 

using standard protein assay (BCA assay, Bio-Rad; Hercules, CA). 

Vascular reactivity. Thoracic aortas and third-order mesenteric arteries were 

cleaned of adherent fat and cut into concentric rings and mounted on pins and chucks, 

respectively, for wire myography (Danish Myo Technology A/S; Aarhus, Denmark) as 

previously described (Kang et al., 2007). Aortic and small mesenteric artery segments 

were constricted with I 11M and 2 11M phenylephrine (PE), respectively, followed by 
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evaluation of vasorelaxation with cumulative-concentration response curves to 

acetylcholine (ACh; I x 10-9 M to 3 x 10"5·5 M for mesenteric arteries and I x 10·9 M to 3 

x 1045 M for aortas) then to sodium nitroprusside (SNP; I x 10"10 M to 3 x 10·6·
5 M for 

mesenteric arteries and 1 x 10-10 M to 3 x 10"5·5 M for aortas) in the same artery segment 

V asorelaxation data are presented as relaxation (% PE constriction) as analyzed by the 

equation ((maximum PE response- ACh response)/ (maximum PE response- baseline 

prior toPE constriction)) X 100. Vasoconstriction was assessed with PE (1 x 10·9 M to 3 

X 1 0"5 M) followed by KCI concentration-response curve (8 X 1 0"3 M to 1 00 X 1 0"3 M). 

Constriction responses are presented as % increase in force as analyzed by the equation 

((response to vasoconstrictor - baseline prior to constriction)/baseline prior to 

constriction) X 100. Rings were incubated in the presence or absence of the non-specific 

NOS inhibitor Nro-Nitro-1-arginine methyl ester (L-NAME; 1001-1M; Sigma) for 15 

minutes prior to construction of response curves. Maximum response and sensitivity to 

the vasoactive agonists are expressed as Emax and logEC5o, respectively. LogECso was 

determined with GraphPad Prism software (La Jolla, CA). 

Western blotting. In a subset of rats from each diet group, whole mesenteric 

arterial beds were homogenized in 4001-11 ice-cold lysis buffer (50 mM Tris, 0.1 mM 

EDTA disodium salt, 0.1 mM EGTA, 0.1 mM sucrose, 0.1% BME, 10% glycerol, 211M 

leupeptin, 2 11M pepstatin A, 1mM phenylmethylsulfonyl fluoride, 0.1% aprotinin; 20 

mM NaV03; pH 7.4); PhosSTOP tablets were used according to manufacturer's 

instructions (Roche Diagnostics; Indianapolis, IN). Homogenates were spun at 10,000 

rpm at 4 oc for 5 minutes and supernatants isolated. Protein concentrations of 
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supernatants were determined (BCA assay, Bio-Rad). 30 J.lg of protein was separated via 

8% SDS-PAGE, transferred to PVDF membranes, and probed using anti-NOS!, anti

NOS3, anti-NOS3-phosphoserine1177 (all NOS antibodies at 1 :500; BD Biosciences; 

San Jose, CA), and ~-actin (1:10,000; Sigma). NOS antibodies were visualized with goat 

anti-mouse (1 :1000; Invitrogen; Carlsbad, CA) and ~-actin detected with goat anti-rabbit 

(1:10,000; Invitrogen) secondary antibodies using the Odyssey Infrared Imaging System 

(LI-COR Biosciences; Lincoln, NE). Analysis of NOS expression was normalized to ~

actin. Further analysis of NOS3-phosphoserine1177 was normalized to NOS3 

expressiOn. 

Plasma nitrite/nitrate. Plasma was extracted using 1:1 (v:v) HPLC-grade 

methanol (Fisher Scientific, Fair Lawn, NJ) followed by centrifugation at 10,000 x g for 

5 minutes at 4°C to evaluate nitrite levels by HPLC (EN0-20; EiCom Corporation, 

Kyoto, Japan) as previously described (Foster et al., 2009). 

Statistical analyses. All data are expressed as mean ± standard error. Statistical 

significance was defined as P<0.05 as determined by Student's t-test or two-way 

ANOV A where indicated (GraphPad Prism). 
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Results 

Metabolic parameters. Figure 22A shows the experimental design and 

nomenclature utilized for the study. SS rats fed either Teklad or AIN standard chow diets 

from 3 weeks until 16 weeks old gained weight similarly and had comparable tibia 

lengths demonstrating that neither standard diet differentially affected rat growth (Figure 

22B, Table 9). Food and water intakes were also similar at 16 weeks old (Table 9). Heart 

weight and epididymal fat mass were similar in all diet groups (Table 9); however, 

kidney weights were significantly smaller in the groups raised on the AIN diet versus the 

Teklad with no difference between the other groups (Table 9). 

A Diet-switch protocol 

Standard chow diets Nomenclature for 
Provided at experimental groups at 

Standard chow diets 
ProVided at 
3weeksolct 12 w&aks old: 16 weeks old: 

1. Teklad8604. J<:::::::::_::::::::-j:~• •. ~~:~;Ns~;;7~~;~.~~:·~-==: Teklad 

Teklad~AIN 

8 500 

§400 ... 
.c 
Cl300 ·a; 
3: 200 .... Teklad 
:>. 

AIN 

AIN-Teklad 

"C -o- Teklad~AIN 

,:8 too ..... AIN 

0~-r-.,-~~~~~~A~I~~"~erkl~ad 
3 4 5 6 7 8 9 10 111213141516 

Age (Weeks) 

Figure 22. A: Diagram of diet-switch protocol performed in SS rats. Rats were fod 
Teklad diet or AIN diet at weaning (3 weeks old). Rats either remained on respective 
diet until 16 weeks old or, at 12 weeks old, diets were switched with Teklad-fed rats 
changed to AIN diet (Teklad-+A1N) or AIN-fod rats changed to Teklad diet 
(AIN-+Teklad). B: Weekly body weights for SS rats for Teklad (N=9), AIN (N=9), 
Teklad-+AIN (N= 1 0}, and AIN-+ Teklad (N=9). Data analyzed by two-way ANOVA. 
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Table 9. Body and tissue weights and metabolic parameters in SS rats at 16 weeks old. 
Parameter Teklad Teklad--+AIN AIN AIN--+Teklad 

Tibia Length (em) 4.24±0.01 (7) 4.26±0.02 (9) 4.30±0.03 (6) 4.34±0.03 (8) 

Body Weight (g/cm tibia) 100.21±1.76 (7) 98.04±2.35 (9) 96.12±1.28 (6) 97.84±2.55 (8) 

Heart (glcm tibia) 0.37±0.02 (7) 0.34±0.01 (9) 0.31±0.01 (6) 0.32±0.0 I (8) 

Kidney (g/cm tibia) 0.81±0.03 (7) 0.73±0.01 (9) 0.71±0.03* (6) 0.75±0.03 (8) 

Epididymal Fat (g/cm tibia) 1.17±0.05 (7) 1.33±0.07 (9) 1.21±0.09 (6) 1.21±0.12 (8) 

Food Intake (gl24h) 25.2±1.3 (8) 21.4±1.1 (9) 20.9±1.4 (7) 25.4±1.2 (5) 

Water Intake (mU24h) 30.1±1.8 (8) 21.8±1.6 (9) 18.4±2.4 (7) 30.1±0.8 (5) 

Na Excretion (mEq/24h) 6.0±0.9 (7) 6.4±0.4 (9) 9.0±1.3 (7) 5.9±0.4 (4) 

Proteinuria (mgl24h) 0.6±0.1(6) 1.0±0.2(9) 0.7±0.07(6) 0.8±0.06(6) 

SS rats were given Teklad or AIN standard chow diets at weaning (3 weeks old). At 12 
weeks, weaning-diet groups were divided and a subset of rats underwent a diet switch 
generating two additional diet groups: Teklad->AIN and AIN->Teklad. Number of rats 
is in parentheses. * P<0.05 vs. Teklad; t P<O.OS vs. Analyzed by two-way ANOV A. 

A subset of each weaning-diet group underwent a diet switch protocol from 12-16 

weeks old (i.e., [Teklad diet-fed rodents switched to AlN diet at 12 weeks old, referred to 

as Teklad->AIN, and vice versa]). Body and organ weights were similar to respective 

weaning diet counterparts at 16 weeks old (Table 9). No statistically significant 

difference in food or water intake was observed at 16 weeks old between the 4 diet 

groups (Table 9). 

Hemodynamic and activity measurements. At 16 weeks old, 24h MAP and heart 

rate were similar in the non-switched weaning diet groups (Teklad or AlN); the trend for 

increased 24h MAP in the diet-switch groups (Teklad->AIN or AIN->Teklad) was not 

significant (Figure 23A). Additionally, the tendency for 24h MAP to increase from 12 
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Figure 23. 24h mean arterial blood pressure (MAP) (A) and heart rate (B) tracings in 
SS rats fed Teklad (N=6) or AIN (N=4) standard chow diets since weaning (3 weeks 
old); 12h MAP (C) and heart rate (D) at 15 weeks, 5 and 6 days old and at 16 weeks 
old. At 12 weeks old, weaning-diet groups were divided with a subset of rats 
undergoing a diet switch thereby generating two additional diet groups: Teklad->AIN 
(N=6) and AIN-> Teklad (N=3). Data analyzed by two-way ANOVA. 

weeks old to 16 weeks old was not statistically different between the 4 diet groups 

(Figure 23A). At 16 weeks old, 24h heart rate was similar in all diet groups (Figure 23B). 

Circadian rhythm of MAP (Figure 23C) and heart rate (Figure 23D) were similar during 

the last 3 days of the diet-switch protocol (15 weeks, 5 and 6 days old and at 16 weeks 

old). 
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Vasorelaxation. Cumulative-concentration response curves to acetylcholine 

(ACh) were generated to assess endothelial function in third-order small resistance 

mesenteric arteries and thoracic aortas. No difference in maximum relaxation CEmax, 

Table 1 0) or sensitivity (logECso, Table 1 0) was detected between weaning diet groups or 

diet switch groups in small mesenteric arteries as well as the response to the exogenous 

NO donor, SNP, between all 4 groups of SS rats (Table 1 0). 

Table 10. Maximum response (EmmJ and sensitivity (logEC5o) to acetycholine (ACh) or 
sodium nitroprusside (SNP) in small mesenteric arteries from SS rats at 16 weeks old. 

Teklad Teklad-->AIN AIN AIN-->Teklad 

Emax to [A Cit, J(JH M[ and [SNP, Jrr5 M[ as% of PE 

ACh 99.71±0.27(6) 99.53±0.41(10) 1 00.24±0.28(6) 100.14±0.37(6) 

+L-NAME 94.99±0.39(5)* 64.50±15.34(1 0)* 91.96±2.76(6)* 92.95±1.46(6)* 

SNP 97.36±0.65(7) 96.65±1.91(10) 98.24±0.82(7) 98.54±0.51(6) 

logECso[M[ 

ACh -7.1±0.10(6) -7.4±0.10(10) -7.2±0.1 0(6) -7.2±0.10(6) 

+L-NAME -6.2±0.10(5)* -6.3±0.20(8)* -6.6±0.1 0(6)* -6.7±0.20(5) 

SNP -7.9±0.12(7) -8.0±0.09(10) -7.9±0.17(6) -8.4±0.21(5) 
SS rats were given Teklad or AIN standard chow diets at weaning (3 weeks old). At 12 
weeks, weaning-diet groups were divided and a subset of rats underwent a diet switch 
generating two additional diet groups: Teklad-->AIN and AIN-->Teklad. L-NAME was 
used at [IOOJ.Lm] to non-selectively inhibit NOS. Data are mean±SEM. Number of rats is 
in parentheses. * P<0.05 vs. corresponding untreated mesenteric artery segment. Data 
analyzed by two-way ANOV A. 

To assess NOS function in small mesenteric arteries, ACh-mediated relaxation 

curves were generated in the presence of the non-specific NOS inhibitor, L-NAME. L-

NAME significantly reduced sensitivity to ACh in Teklad (Figure 24A, Table 1 0), AlN 
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(Figure 24B, Table 1 0), and Teklad-->AIN (Figure 24C, Table 1 0) diet groups; however, 

the trend for L-NAME pretreatment to reduce ACh sensitivity in mesenteric artery 

segments from AIN-->Teklad SS rats was not statistically significant (Figure 24D, Table 

10). 

Aortic vasorelaxation to ACh and SNP was similar in all 4 diet groups and L-

NAME totally blocked the ACh response (Table 11). 
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Figure 24. Acetylcholine (ACh)-mediated relaxation in the presence or absence of L
NAME in small mesenteric arteries from adult (16 weeks old) SS rats fed Teklad (A; 
N=6) or AIN (B; N=6) since weaning (3 weeks old). At 12 weeks old, weaning-diet 
groups were divided with a subset of rats undergoing a change in diet generating two 
additional diet groups: Teklad-->AIN (C; N=10) and AIN-->Teklad (D; N=6). *P<0.05 
for logEC5o of L-NAME-treated vs. untreated mesenteric artery segments. Data 
analyzed by t-test. 
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Table 11. Maximum response (EmmJ and sensitivity (logEC5o) to acetycholine (ACh) or 
sodium nitroprusside (SNP) in aortas from SS rats at 16 weeks old 

Teklad Teklad->AIN AIN AIN->Teklad 

Emaxlo [ACII, Hr'.s M[ or [SNP, Jo-'·5 M} as% o(PE 

ACh 70.84±4.18(4) 73 .42±5 .62(7) 80.04±2.63(4) 78.37±1.30(5) 

+L-NAME -I 9.03±4.01(6)* -29.33±8.13(10)* -12.94±4.38(7)* -16.62±7 .27(6)* 

SNP 98.76±0.68(6) 96.25± 1.6(1 0) 95.47±2.53 99.39±0.74(6) 

logEC5o[M[ 

ACh -6.3 1±0.23(4) -6.33±0.25(7) -6.49±0.13(4) -6.49±0.09(5) 

SNP -8.08±0.1 1(6) -7.93±0.15(10) -8.37±0.13(7) -8.24±0.13(6) 
SS rats were given Teklad or AIN standard chow diets at weaning (3 weeks old). At 12 
weeks, weaning-diet groups were divided and a subset of rats underwent a diet switch 
generating two additional diet groups: Teklad--+AIN and AIN--+Teklad. L-NAME was 
used at [IOOJ.tm] to non-selectively inhibit NOS. Number of rats is in parentheses. 
*P<0.05 vs. corresponding untreated aortic artery segment. Data analyzed by two-way 
ANOVA. 

Vasoconstriction. Cumulative-concentration response curves to PE were used to 

assess vasoconstriction in third-order mesenteric arteries. PE-induced vasoconstriction 

was similar in all4 diet groups (Table 12). In addition, KCl-induced vasoconstriction was 

similar in mesenteric arteries isolated from Teklad-fed, AIN-fed, and Teklad--+AIN SS 

rat diet groups (Table 12). However, the KCl response was significantly less in AIN 

versus all other diet groups (Table I 2). 

L-NAME pretreatment significantly increased sensitivity to PE-induced 

constriction in mesenteric arteries isolated from Teklad-fed (Figure 25A, Table 12), AIN-

fed (Figure 25B, Table 12), and Teklad--+AIN-fed (Figure 25C, Table 12) SS rats. 
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Table 12. Maximum response (EmroJ and sensitivity (logEC5o) to phenylephrine (PE) or 
KCl in small mesenteric arteries from SS rats at 16 weeks old 

Teklad Teklad--->AIN AIN AIN--->Teklad 

Emax as %Increase in Force 

PE 694.94±34.53 (7) 607 .58±5 1.55(1 0) 542.39±49.85(6) 64 1.52±62.37(6) 

+L-NAME 756.89±6 1.56 (7) 626.89±6 1.39 (9) 564.27±57.82 (6) 665.33±79.91(5) 

KC1 312.35±20.21(7) 301.44±27.24(10) 204.02±27.88(7)* 304.41±50.57(6) 

logEC5., [M/ 

PE -5.9±0.07(7) -5.9±0.06(10) -5.9±0.07(6) -5.9±0.1(6) 

+L-NAME -6.1±0.02(7)t -6.2±0.09(9)t -6.3±0.1(6)t -6.0±0.08(5) 

KC1, [mM) 52.4±1.48(7) 50.2±1.28(10) 49.5±1.34(7) 47.9±1.67(6) 
SS rats were given Teklad or AIN standard chow diets at weaning (3 weeks old). At 12 
weeks, weaning-diet groups were divided and a subset of rats underwent a diet switch 
generating two additional diet groups: Teklad->AIN and AIN->Teklad. L-NAME was 
used at [lOO!lll] to non-selectively inhibit NOS. Data are mean±SEM. Number of rats is 
in parentheses. * P<0.05 for Emax vs. Teklad; t P<O.OS vs. corresponding untreated 
mesenteric artery segment. Data analyzed by two-way ANOV A. 

Whereas, L-NAME had no significant effect on the PE-induced vasoconstriction of 

mesenteric arteries from AlN-> Teklad SS rats (Figure 25D, Table 12). 

Aortic response to PE and KCl was similar in all 4 diet groups (Table 13). L-

NAME had no significant effect on aortic response to PE in any of the 4 diet groups 

(Table 13). 

NOS protein expression. NOS3 protein expression was significantly reduced in 

small mesenteric arteries from AlN and Teklad->AlN compared to Teklad (Figure 26A 

and 26B). Moreover, NOS3 protein expression was further reduced in small mesenteric 

arteries from AlN-> Teklad compared to AlN (Figure 26A and 26B). The NOS3-p1177 

expression (Figure 26C and 26D) was similar in small mesenteric arteries from Teklad 
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and AIN. NOS3-p1177 expression in arteries from Teklad-->AIN was significantly higher 

compared to arteries from Teklad (Figure 26C and 26D), while the arteries from 

AIN-->Teklad demonstrated a significantly reduced NOS3-pll77 expression compared to 

AIN (Figure 26C and 26D). NOS I expression was not significantly different between the 

4 diet groups (data not shown). 

Plasma nitrite/nitrate. Plasma levels of the NO metabolites nitrite and nitrate 

were measured. Nitrite levels were similar in all 4 diet groups (Figure 26E). Moreover, 

nitrate levels were similar in non-switched weaning diet groups (Figure 26F). 

Interestingly, nitrate levels were increased following the Teklad-->AIN diet switch 

whereas no change was detected in the AIN--> Teklad diet-switch group (Figure 26F). 
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Table 13. Maximum response (Ema:J and sensitivity (logECso) to phenylephrine (PE) or 
KCI in aortas from SS rats at 16 weeks old 

Teklad Teklad--->AIN AIN AIN--->Teklad 

Emax to {PE, 1 tr·5 M/ or [KCI, 100 mMJ as %Increase in Force 

PE 137.93±14.39(6) 152.16±9.93(9) 127.51±11.16 () 116.04±14.74(6) 

+L-NAME 166.82± 18.96(7) 172.94±8.77(9) 122.48±11.67(6) 130.79±11.69(6) 

KCI 125.48±9.62(7) 123.82±3.13(10) I 07 .42±9 .28(7) 108.88±14.28(5) 

logECso/MI 

PE -7.3±0.10(6) -7 .3±0.13(9) -7.3±0.16(6) -7.2±0.14(5) 

+L-NAME -7 .6±0.16(7) -7 .6±0.09(9) -7.5±0.15(6) -7.3±0.15(5) 

KCJ, [mM] 24.6±3.21(7)± 25.0±0.75(10) 25.1±2.27(7) 22.9±4.34(4) 
SS rats were given Teklad or AIN standard chow diets at weaning (3 weeks old). At 12 
weeks, weaning-diet groups were divided and a subset of rats underwent a diet switch 
generating two additional diet groups: Teklad->AIN and AIN->Teklad. L-NAME was 
used at [1 0011m] to non-selectively inhibit NOS. Number of rats is in parentheses. Data 
analyzed by two-way ANOV A. 
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Figure 25. Phenylephrine (PE)-induced relaxation in the presence or absence of L
NAME in small mesenteric arteries from adult (16 weeks old) SS rats fed Teklad (A; 
N=7) or AIN (B; N=6) since weaning (3 weeks old). At 12 weeks old, weaning-diet 
groups were divided with a subset of rats undergoing a diet switch generating two 
additional diet groups: Teklad->A/N (C; N=9) and AIN->Teklad (D; N=5). *P<0.05 
for logEC5o in L-NAME-treated vs. untreated mesenteric artery segments. Data 
analyzed by t-test. 
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Figure 26. Densitometric analysis and representative Western blots of NOS3/fiactin 
(A, B), NOS3-pll77/NOS3 (C, D) protein expression in homogenates of mesenteric 
arteries and plasma nitrite (E) and nitrate (F) levels from Teklad-fed (T; N=5) and 
AIN-fed (A; N=4) adult (16 weeks old) SS rats. At 12 weeks old, weaning-diet groups 
were divided with a subset of rats undergoing a diet switch thereby generating two 
additional diet groups: Teklad-+AIN (T-+A; N=7) and AIN-+Teklad (A-+T; N=6). 
*P<0.05 vs. T; fP<0.05 vs. corresponding weaning group (Tor A). Data analyzed by 
two-way ANOVA. 
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Discussion 

The principal finding of this study is that changing standard chow diets in adult 

SS rats can lead to alterations in the NOS phenotype of small resistance arteries. 

Specifically, adult rats weaned on AIN-76A diet and switched to Teklad 8604 diet as 

adults had a loss of NOS-mediated vasorelaxation and NOS buffered PE-induced 

vasoconstriction in third-order mesenteric arteries. Interestingly, this loss of vascular 

NOS function was echoed by reduced expression ofNOS3 as well as reduced expression 

of phosphorylated NOS3. In contrast, the group of SS rats switched to AIN from the 

weaning Teklad diet demonstrated significantly enhanced phosphorylated NOS3 

expression and maintenance of vascular NOS function. Vascular NOS function was intact 

in SS rats weaned and maintained on Teklad or AIN standard diets with similar 

expression of phosphorylated NOS3. 

Our laboratory is interested in determining the mechanisms that predispose salt

sensitive humans to vascular risk by utilizing the SS rat model under normotensive 

(normal-salt diet) conditions. The major driving force behind the current study stems 

from the work in Dr. Mattson's laboratory, where they reported that maintaining SS rats 

at weaning on two different standard chow/normal salt diets differentially affected salt

dependent blood pressure and renal injury phenotypes as adults (Mattson et at., 2004). 

Specifically, their study demonstrated that the response to a high salt diet in adult SS rats 

maintained on AIN-76A diet developed salt-dependent hypertension and greater renal 

injury compared to counterparts weaned on Teklad diet. We did not observe a difference 

in blood pressure between our Teklad diet and AIN-76A-diet groups or a difference in 

proteinuria. However, it is very important to mention that the Teklad diet used in 
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Mattson's study was Teklad 3075S diet; this diet was custom-made for the Mattson study 

(Mattson et al., 2004). Whereas, our study exploited the widely available Teklad 8604 

diet that many institutions, including our own, use as normal rat chow. Our laboratory has 

a long-standing interest in examining vascular NOS function in cardiovascular disease 

states, thus prompting us to study arterial NOS function in SS rats. 

Using the non-specific NOS inhibitor, L-NAME, we showed a reduced sensitivity 

to ACh and increased sensitivity to PE in third-order mesenteric arteries from Teklad, 

AIN, and Teklad--+AIN groups. These data indicate that NOS function is intact in these 3 

diet groups; however, NOS function was lost in the AIN--+ Teklad group. Importantly, the 

vasorelaxation response to the exogenous NO-donor SNP was similar in all 4 diet groups, 

indicating the reduced NOS-mediated vasorelaxation in the AIN--+ Teklad group is not 

dependent on reduced vascular smooth muscle response to NO. When probing a 

mechanism for this loss in NOS function, it was observed that both total NOS3 and 

NOS3-phosphoserinell77 expression were reduced compared to AIN-fed rats. It has 

been demonstrated that reduced NOS3-p 1177 expression is associated with reduced 

NOS3 enzyme activity (Atochin and Huang, 2010). These data indicate that adaptation to 

the Teklad diet in adulthood from the AIN weaning diet results in dysfunctional vascular 

NOS signaling most likely due to reduced NOS3 and NOS3-p1177. Protein kinase B/Akt 

kinase phosphorylates NOS3 at ser-1177 to increase NOS3 activity (Schleicher et al., 

2009). We propose that switching adult SS rats to Teklad diet reduces small arterial Akt 

kinase function. Interestingly, the Teklad--+AIN SS rat group demonstrated reduced 

NOS3 expression whereas phosphorylated NOS3 was greatly enhanced suggesting that 

switching to AIN diet activates small arterial Akt kinase function. A greater activation 
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status of NOS in the Teklad--->AIN was corroborated by measuring metabolites of 

bioavailable NO; whereas plasma nitrite was similar in all diet groups, nitrate was 

increased in the Teklad--->AIN diet-switch group with no change in the AIN---> Teklad 

diet-switch group. These data suggest that the Teklad--->AIN diet switch but not the 

AIN--->Teklad diet switch increases bioavailable NO in SS rats. 

In adult SS rats, basal ACh-mediated vasorelaxation and PE-mediated 

vasoconstriction in small mesenteric artery segments was not altered by placing rats on . 

different standard chow diets (AIN or Teklad) at weaning or following a diet-switch 

protocol whereby the 'weaning diets' were switched as adults. Intriguingly, this was 

evident regardless of the loss of NOS function in the AIN---> Teklad diet-switch group. 

Importantly, small artery vascular reactivity is modulated by NOS-independent 

mechanisms including endothelium-derived hyperpolarizating factors (EDHF) (Brandes 

et a/., 2000; Doughty et a/., 1999; Scotland et a/., 2005). Scotland et a/ demonstrated in 

small mesenteric arteries that EDHF functions to maintain normal vascular reactivity in 

NOS3 knockout mice (Scotland eta/., 2001). Future experiments will examine the degree 

ofEDHF function in our SS rat diet-switch groups. 

Diet switch-induced changes in vascular NOS function and signaling in small 

arteries from adult SS rats occurred without changes in blood pressure and heart rate or 

the circadian rhythm of these parameters; rat growth; or body weight. These data suggest 

that the changes in vascular NOS phenotype detected in our study ares specific to the 

macronutrient composition and/or the source of each macronutrient in the Teklad versus 

AIN diet. Teklad 8604 is a proprietary diet containing 33% protein from soy, fish meal, 

wheat, com, yeast, molasses and whey; 53% carbohydrates from corn, wheat, soy 
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molasses, whey, and yeast; and 14% fat derived from soy, com, wheat and fish. Whereas, 

AIN-76A is a purified diet composed of 19% protein derived from casein; 69% 

carbohydrates from corn starch and sucrose; and 12% fat from corn oil and trace amounts 

from casein. Currently, it is unknown which component in the diet is responsible for the 

observed change in vascular NOS phenotype; however we speculate that, although the 

protein in the Teklad diet comes from many sources, the total protein content is higher 

than in the AIN diet. In SS rats, the consumption of a high-protein diet consisting of 33% 

protein and normal salt for 8 weeks induces greater vascular injury in the kidney 

compared to rats on a diet with normal (18%) protein content (De Miguel et at., 2011 ); 

however, vascular NOS function or expression was not examined in that study. Our 

present investigation revealed that switching rats weaned on AIN diet, which has a 

normal protein composition compared to the Teklad diet, to the Teklad diet resulted in 

loss of NOS function and loss ofNOS3 expression and signaling. 

In conclusion, our study demonstrated that changing standard chow diet in adult 

SS rats induces small arterial vascular NOS dysfunction and signaling. Specifically, SS 

rats placed on AIN diet at weaning and maintained on AIN until 12 weeks old but 

changed to Tekald at 12 weeks reduces NOS function and signaling when assessed at 16 

weeks old. These data are important to investigators who use the SS rat strain to study the 

interaction of diet or behavioral stress and the genetical backround of the SS rats on 

vascular NOS function. 

116 



III. CONCLUSIONS AND PERSPECTIVES 

Aim 1. To test the hypothesis that high-fat diet induces hypertension and renal 

injury in SS rats via an inflammation-dependent mechanism. In a rat model genetically 

predisposed to cardiovascular disease, the Dahl salt-sensitive (SS) rat, we showed that a 

. high-fat diet (HFD) has deleterious effects on renal-vascular health. Specifically, SS rats 

on a 4-week HFD were hypertensive and had greater glomerular injury compared to SS 

rats on normal diet (ND); this is contrast to SS-138
N genetic control rats. Although SS 

rats on HFD did not have greater T lymphocytes in renal cortex or renal medulla 

compared to SS rats on ND, immunosuppressive therapy with mycophenolate mofetil 

(MMF; 30 mg/kg/day, oral) for the duration of the HFD reduced renal cortical not 

medullary T lymphocyte numbers and prevented the increase in blood pressure and 

glomerular injury without altering medullary tubular cast area or albuminuria in SS rats 

on HFD. Intriguingly, our MMF study contrasts studies in other hypertensive models. In 

SS rats on high-salt diet, MMF not only reduced blood pressure and glomerular i~ury but 

also medullary tubular casts and albuminuria (De Miguel et a/., 2010). Additionally, 

MMF treatment significantly reduces these renal damage markers in other hypertensive 

models including angiotensin II-infusion (Rodriguez-Iturbe et a/., 2001); hypertension 

using DOCA-salt (Boesen et at., 2010); L-NAME-induced hypertension (Fujihara et al., 

2001 ); reduced renal mass by removing 5/6 of renal mass (Fujihara et a/., 1998); and 

pregnancy-induced hypertension (Tinsley et a/., 2009). In these hypertensive models, 
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albuminuria is thought to be a contributing factor in the development of renal injury. 

Mechanistic studies have shown that the proximal tubule (the first tubule segment of the 

nephron) is capable of proteosomally degrading albumin followed by release of albumin 

fragments into the tubulointerstitium (Macconi et a/., 2009). In the interstitium, sentinel 

dendritic cells process and present albumin antigens eliciting T lymphocyte infiltration 

and activation in the tubulointerstitial space (Macconi eta/., 2009; Sanchez-Lozada eta/., 

2003). Importantly, there is a correlation in T lymphocyte number and renal 

concentrations of pro-vasoconstrictive/pro-fibrotic Angii and 02·· concentrations and 

renal concentrations of Angii and ROS correlate with blood pressure (Rodriguez-Iturbe 

et a/., 2002). The Angii-ROS pathway mediates vasoconstriction in peritubular 

capillaries and results in tubular hypoxia and/or tubular sodium reabsorption 

(Ponnuchamy and Khalil, 2009). 

In our study, we found that SS rats on 4-week HFD were hypertensive with 

marked glomerular i!Uury but HFD did not alter outer medullary protein casts or 

albuminuria compared to SS rats on ND. MMF reduced blood pressure and glomerular 

injury in addition to reducing renal cortical T lymphocytes. In contrast, MMF did not 

alter renal tubular protein casts in SS rats on HFD suggesting that this injury is 

independent of the hypertension. Moreover, albuminuria was not altered with MMF 

treatment suggesting that glomerular permeability to a! bum in in SS rats on HFD is 

independent of mechanisms related to blood pressure or T lymphocytes. Intriguingly, 

endothelin-1 (ET-1) increases glomerular albumin permeability in a blood pressure

independent mechanism (Saleh et a/., 201 0). This is important because albumin directly 

induces profibrotic mechanisms in proximal tubule cells that can promote 
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tubulointerstitial fibrosis (Wolf et al., 2004). One study demonstrated that 30 weeks of 

HFD increases renal concentrations of ET-1 (Barton et al., 2000a). Unfortunately, the 

Barton study did not assess localization of ET -I expression in the kidney following the 

HFD feeding protocol. In Angii infusion hypertension in C57BL/6 mice, the endothelin

type A (ETA) receptor mediates blood pressure-independent infiltration of T 

lymphocytes to vascular structures in the kidney, in particular in the renal cortex (Boesen 

et al., 2011). We speculate that a short-term HFD in SS rats induces glomerulosclerosis 

via T lymphocyte-dependent mechanism whereas tubular injury is dependent on 

increased albumin deposition in renal tubules via ET -!-dependent mechanisms. 

In perspective, the risk of developing kidney disease is 4-fold greater in patients 

with concomitant hypertension and obesity. Presently, hypertensive kidney disease is the 

131
h leading cause of death in the United States. We propose that a genetic predisposition 

to salt-sensitive hypertension, as seen in a large number of African American 

hypertensive patients, predisposes to HFD mediated renal disease. Targeting 

immunosuppressive therapy to T lymphocytes in the kidney is an enticing mode of 

treating obesity-related kidney disease, in particular glomerular injury. 

Aim 2. To test tile llypotl!esis tllat lligll-fat enhances vasoconstriction in SS rats. 

In contrast to our hypothesis, SS rats maintained on a 4-week high-fat diet (HFD) 

presented with reduced Angii-mediated aortic vasoconstriction compared to SS rats 

maintained on a normal diet. Experiments using the non-specific NOS inhibitor, L

NAME, demonstrated that the reduced aortic reactivity to Angii in SS rats on HFD was 

mediated by increased aortic NOS function. Whereas, L-NAME did not alter Angii 
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reactivity in aortas for SS rats on normal diet (ND). Furthermore, we detected that aortic 

NOS3 activity and NOS3 protein expression were increased in SS rats on HFD compared 

to SS rats maintained on aND. In regards to reactive oxygen species, it was demonstrated 

that H20rmediated Angii vasoconstriction observed in SS rats on ND was absent in SS 

rats on HFD. In contrast, 0 2·- mediated Angii reactivity was observed in both SS rat diet 

groups. Because NOS mediates antioxidant properties of the vessel wall whereby dosing 

rats with L-NAME increases aortic ROS (Usui et al., 1999), our data indicate that a short

term HFD in SS rats induces an antioxidant environment in the aortic wall. 

Foremost, the reduced Angii response in aortas from SS rats on HFD was 

mediated by increased NOS function. In regards to specific NOS isoform activity, we 

observed increased NOS3 activity, whereas NOS2 activity was reduced in SS rats on 

HFD compared to ND. It is known that NOS2 competes for bioavai!able L-arginine 

substrate and results in reduced NOS3 activity; very interesting in humans, the functional 

consequence of this mechanism is reduced NOS-dependent vasorelaxation in cutaneous 

vessels (Smith eta/., 2011). It is unknown if reduced Angii signaling mediates increased 

NOS function in aortas from SS rats on HFD. It is possible that a reduction in ATlR 

signaling limits oxidant stress and induced a vasoprotective phenotype in aortas from SS 

rats on HFD. The literature suggests that the reduced Angii signaling in aortas from SS 

rats on HFD is a potential mechanism for reduced aortic NOS2 function. Angii infusion 

increases the transcription factor NF-KB in the aortic endothelium and vascular smooth 

muscle in rats (Ruiz-Ortega eta/., 2001). p65 subunit phosphorylation activates NF-KB 

and promotes NF-KB translocation to the nucleus and NOS2 expression in a mouse 

mammary cancer cell line (Chantome et a/., 2004). It is intriguing to postulate that 

120 



reduced NOS2 activity in aortas from SS rats on HFD results in reduced Angii signaling 

via increased NOS3 function, which blunts Angii vasconstriction in aortas from SS rats 

on HFD. In addition to reduced NOS2 activity in aortas from SS rats on HFD, we 

observed that HFD did not increase PRA in SS rats as detected in SS-138
N rats. This 

prevented increase in PRA is reminiscent of studies showing that the renin inhibitor 

aliskiren, which reduced PRA and increased NO production and NOS3 expression in 

aortas from atherosclerotic rabbits (Imanishi et a/., 2008). In humans, the combination of 

aliskiren and amlodipine versus amlodipine alone significantly reduced blood pressure in 

African Americans with concurrent hypertension and obesity compared to hypertensive, 

non-obese patients (Weinberger eta/., 2011); further analysis revealed that aliskiren had 

a greater affect in the more obese patients having a BMI2:35. It would have been 

interesting if the Weinberger study had assessed NO bioavailability. The amalgamation 

of these data from humans and rabbits and our data in SS rats suggest that individuals 

with a genetic predisposition to salt-sensitive hypertension are protected against short

term HFD-induced large artery disease via mechanisms dependent on reduced renin

angiotensin system activation and increased NOS3 activity. Potentially in full-onset 

obesity, as seen in patients with a lifetime of unhealthy diet choices, pharmacological 

therapies to reduce renin activity result in vasoprotection against the direct actions of 

Angii on large artery dysfunction. 

In addition to increased NOS3 activity, we observed increased NOS3 protein 

expression in aortas from SS rats on HFD versus ND. This molecular regulation ofNOS3 

is reminiscent of the effects of statins. In isolated endothelial cells, simvastatin and 

rosuvastatin each increased NOS3 activity (Kosmidou et a/., 2007; Laufs et a/., 1998). 
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Atorvastatin reduced endothelial cell expression of caveolin-1, which is an endogenous 

inhibitor ofNOS3 activity at the plasma membrane (Feron et al., 2001); this is important 

because greater localization of NOS3 to the plasma membrane is associated with a 

greater degree of endothelial-dependent vasorelaxation compared with perinuclear NOS3 

(Qian et al., 2010). Additionally, atorvastatin increased endothelial cell expression of 

heat shock protein (Hsp )90, a molecular chaperone that promotes NOS3 activity 

(Fujimura et al., 2011). Although statins do not alter NOS3 gene transcription, mevastatin 

increased endothelial cell NOS3 mRNA half-life (stability) from 14 to 27 h (Laufs and 

Liao, 1998). Mechanistically, statins decrease isoprenylation of the actin cytoskeleton 

organizer Rho GTPase, a reaction thought to stabilize NOS3 mRNA in the cytoskeleton 

(Laufs and Liao, 1998) via increased 3' polyadenylation ofNOS3 mRNA (Kosmidou et 

al., 2007). Together, these data suggest that HFD increases NOS3 protein activity at the 

plasma membrane and NOS3 mRNA stability in endothelial cells in SS rats. 

The transcription factor peroxisome proliferator-activated receptor PP AR-y 

promotes NOS3 transcription in endothelial cells (Calnek et al., 2003). Relevant to our 

study, endothelial overexpression of a dominate negative mutant of PPAR-y promoted 

endothelial dysfunction in response to a 12-week HFD in mice (Beyer et al., 2008). Thus, 

we propose PP AR-y is vasoprotective and elicits increased aortic NOS3 expression in SS 

rats in response to a short-term HFD. Whereas in obese humans, there was a lack of an 

increase in PPAR-y expression measured in peripheral blood mononuclear cells following 

a single high-fat meal compared to lean individuals (Garcia-Fuentes et al., 2010; Macias

Gonzalez et al., 2008). 8 weeks of the PP AR -y agonist rosiglitazone improved 

endothelial function in humans with visceral obesity (Wang et al., 2004). These human 
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data suggest that reduced PP AR-y is a biomarker for cardiovascular disease risk in 

obesity. Because current PPAR-y agonists including rosiglitazone are linked to fluid 

retention by the kidneys (Zhang et al., 2005b ), novel therapies that promote the beneficial 

properties ofPPAR-y in the blood vessel wall are warranted. 

It is important to mention that ATlR or AT2R are expressed in the endothelium 

(Loria et al., 2011). Angii signaling via ATlR or AT2R stimulates NO production by 

endothelial cells (Olson et al., 2004; Ramchandran et al., 2006). The AT2R protects 

against Angii-mediated atherosclerosis in aortas from ApoE deficient mice (Daugherty et 

al., 2001 ). Thus, experiments should address Angii reactivity in endothelium denuded 

aortic preparations from SS rats on HFD. 

Concerning ROS, HzOz promotes Angii vasoconstriction whereby catalase 

treatment of aortas from Wistar rats reduced Angii-mediated vasocontriction and reduced 

Angii-induced vascular smooth muscle cell Ca2
+ entry and myosin light chain 

phosphorylation (Torrecillas et al., 2001). Whereas HzOz mediates Angii 

vasoconstriction in aortas from SS rats on normal diet, the HzOz dependency of aortic 

reactivity to Angii was abolished in SS rats on HFD supporting the proposal that the 

antioxidant status of the vessel wall is increased in SS rats on HFD. It is established that 

HzOz mediates Angii-induced vascular hypertrophy (Zafari et al., 1998) and stifthess 

(Maiellaro-Rafferty et al., 2011 ). In humans, aortic stifthess predicts cardiovascular 

disease risk (Schillaci et al., 2011) and is an independent risk factor for heart attack and 

stroke (Mattace-Raso et al., 2006). We speculate that reduced function in the Angii-H20 2 

signaling pathway protects against HFD-induced aortic hypertrophy and stifthess in SS 

rats. 
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Our HFD study using the SS rat contrasts to studies in dogs (Zhang et al., 2005a), 

C57BL/6 mice (Mundy et al., 2007), and Sprague-Dawley rats (Ghatta and Ramarao, 

2004) whereby HFD increased aortic Angll reactivity. Moreover, a HFD reduces total 

NOS activity in aortas from Sprague-Dawley rats (Yang et al., 2007). We similarly found 

that HFD increased Angii reactivity and reduced NOS function in aortas from the control 

SS-138
N rat strain. In addition, H202-mediated Angii vasoconstriction was increased in 

SS-138
N rats on HFD. These data support that a 4-week HFD elicits pro-oxidant 

environment in the blood vessel wall in salt-resistant control rats, whereas a 4-week HFD 

elicits an antioxidant role in SS rats. 

In perspective of this study, it is important to take a step back and look at the 

whole story. First, under ND conditions our study confirmed that SS rats are more 

susceptible to cardiovascular disease compared to SS-138
N rats. Angii-mediated 

vasoconstriction was greater whereas NOS function during Angll vasoconstriction was 

undetectable in aortas from SS rats as opposed to SS-138
N rats on ND. Thus, it would be 

hypothesized that HFD would augment aortic disease in SS rats. Counterintuitively, our 

data support that a HFD induces vasoprotective mechanisms in SS rats. Whereas in 

genetic control SS-13 BN rats HFD induced aortic dysfunction. We speculate that this is a 

compensatory mechanism to protect against overt vascular dysfunction due to NOS 

dysfunction and oxidative stress in this genetic model of cardiovascular disease. It would 

be interesting to examine the oxidant status of aortas from SS-138
N rats and SS rats 

following a longer duration of HFD. 
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Aim 3. To test tile llypotllesis tllat perivascular adipose tissue is dysfunctional in 

SS rats. 4 weeks of high-fat diet (HFD) increased aortic PVAT mass in SS rats. However, 

in contrast to our hypothesis, HFD increased aortic PV AT function as displayed by 

reduced phenylephrine (PE)-mediated vasoconstriction in PV AT -intact aortas versus 

PVAT-removed aortas from SS rats. Endothelium denudation experiments demonstrated 

that the PVAT function in aortas from SS rats on HFD was not dependent on the 

endothelium. The data show direct PV AT buffering of vascular smooth muscle response 

to phenylephrine vasoconstriction. Therefore, we assessed if the increased PV AT 

function was dependent on PVAT-derived NOS. Whereas non-specific NOS inhibition 

with L-NAME had no effect, inhibition of the H2S-generating enzyme cystathionine y

lyase with DL-propylargylglycine enhanced PE response in PVAT-intact, endothelium

denuded aortic rings from in SS rats on HFD. 

In SS rats on normal diet (ND), PE-mediated vasoconstriction was reduced in 

PVAT-intact versus PVAT-removed aortic preparations. However, in contrast to what 

was observed with PVAT function in SS rats onHFD, endothelium denudation in PVAT

intact aortas increased the PE response to a similar level of PE vasoconstriction observed 

in PVAT-removed, endothelium-denuded aortic rings. These data demonstrate that 

PVAT function in SS rats on ND is dependent on the endothelium and does not directly 

modulate vascular smooth muscle response to PE. More specifically, PV AT function in 

SS rats on ND was dependent on endothelial NOS. Whereas the PVAT dysfunction in 

PVAT-intact, endothelium-denuded aortic rings, was dependent on NOS, most likely 

uncoupled, and NADPH oxidase. Our data in SS rats on ND contrasts with reports using 
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salt-resistant rat strains under ND conditions, PVAT function is displayed m an 

endothelium-independent fashion in Sprague-Dawley rats and WKY rats. 

In perspective, our study in SS rats on ND indicates that PV AT dysfunction is a 

potential cardiovascular risk factor promoting vascular dysfunction in patients with a 

genetic predisposition to salt-sensitive hypertension. By using endothelium-denuded 

aortic ring preparations, we showed that PV AT does not directly modulate vascular 

smooth muscle response to PE-mediated vasoconstriction in SS rats on ND. In contrast, 

H2S-dependent PVAT function was induced by a short-term HFD in SS rats. At this 

juncture, it is unknown what triggers activation of the PV AT H2S pathway but it is 

intriguing to speculate that increased PV AT function in SS rats protects against overt 

changes in vasoconstriction and aortic vascular disease with a short-term HFD. In 

reflection, although we did not measure circulating levels of H2S in SS rats on HFD, it 

has been shown that overweight humans (BMI<25 kg/m2) without confounding 

cardiovascular risk factors including previous stroke or myocardial infarction or having 

uncontrolled hypertension (> 160/90 mmHg) had reduced circulating levels of H2S 

(Whiteman et a!., 201 0). Thus, a reduction in H2S levels seen with 1ongterm consumption 

of an unhealthy diet in obese patients serves as a potential biomarker for PVAT 

dysfunction. Therapies to promote large artery H2S signaling may reduce cardiovascular 

disease risk in patients with concomitant salt-sensitivity of hypertension and obesity. 

In regards to small artery function, a HFD sensitizes small arteries from Sprague

Dawley rats to adrenergic vasoconstriction (Boustany-Kari et al., 2007). The available 

human literature has largely examined PV AT function ex vivo in small arteries. In small 

arteries isolated from subcutaneous gluteal fat biopsies, PV AT is dysfunctional in 
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buffering adrenergic vasoconstriction in gluteal arteries from obese compared to lean 

counterparts (Greenstein et al., 2009). In humans, large artery function studies have been 

performed in vivo (Pierce et a!., 2008). Intriguing are findings that brachial artery 

response to phenylephrine-mediated vasoconstriction is highly variable where responses 

range from increased vasoconstriction to an attenuated response. These data are 

intriguing because forearm blood vessels have adherent PV AT and suggest genetic 

differences in the function response of PVAT to obesity. Therefore, as an extension of 

our present study in aortic tissue, it should be examined whether HFD regulates small 

arterial function or HzS signaling in PVAT of small arteries from SS rats. 

Aim 4. To test tlze lzypotlzesis tlzat AIN and Teklad diet differentially regulate 

vascular NOS function in SS rats. We demonstrated that manipulating the standard 

chow/normal-salt diet in adult SS rats, which mimic cardiovascular disease progression in 

salt sensitive humans, differentially affects small artery NOS phenotype. Although the SS 

rat has been widely used to study mechanisms of high-salt diet-induced cardiovascular 

disease and NOS dysfunction (Barton et al., 2000b; Boegehold, 1993, 2002, 1992; 

Boulanger et al., 1994; Cosentino et al., 2002; D'Angelo et al., 2006; Drenjancevic-Peric 

et al., 2003; Duggan and Tabrizchi, 2002; Hayakawa et al., 1997; Hayakawa and Raij, 

1999; Hirawa et al., 1996; Johnson et al., 2003; Johnson et al., 2005; Kido et al., 2008; 

Mattson et al., 2004; Maude and Kao-Lo, 1982; Ni et al., 1999; Nishida et a!., 1998; 

Ozawa et al., 2004; Parai and Tabrizchi, 2005a, b; Quaschning et al., 2001; Raffai et al., 

2010; Rafi and Boegehold, 1993; Tabrizchi and Duggan, 2000; Zhou eta!., 2004), far 

fewer studies have examined vascular NOS function or signaling in SS rats maintained 
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on normal-salt diet. Our current data suggests that switching standard chow diets alone 

may result in enhanced sensitivity to additional cardiovascular insults such as behavioral 

stressors or a high-salt diet in this rat strain. Our study should encourage investigators to 

more carefully consider that additional environmental stressors from dietary paradigms 

may influence the vascular NOS phenotype and therefore the vascular injury risk. 

Overall perspectives. We demonstrated that SS rats on a 4-week high-fat diet 

(HFD) were hypertensive. However, a dichotomy developed in HFD-induced renal 

disease and large artery function in SS rats. These data are particularly intriguing 

considering that a large proportion of the United States population, even without frank 

hypertension, is defined as salt sensitive. In humans, salt-sensitivity is linked to reduced 

survival even when consuming a normal-salt diet. We showed using a HFD/normal-salt 

diet that SS rats are hypertensive and have renal disease, indicating that a genetic 

predisposition to hypertension can mediate increased susceptibility to renal disease in the 

face of unhealthy lifestyle choices. In contrast, we demonstrated that SS rats are protected 

from large artery disease with HFD. Large artery disease, most notably atherosclerosis, is 

a culprit in the pathogenesis of diseases like heart attack and stroke, which are the leading 

causes of death in the United States (Haffey, 2009). Studies in mice have shown that a 

vasoconstrictive phenotype develops prior to the onset of atherosclerotic lesion formation 

(Fransen et al., 2008), thus this change in vascular function could be used as a predictor 

of future cardiovascular disease events. Interestingly in our vasoconstriction studies, we 

found reduced Angii reactivity and increased NOS3 expression and activity in aortas 

from SS rats on HFD compared to rats on normal diet. This is of particular importance 
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because Angii is involved in the pathogenesis and maintenance of large artery diseases 

like atherosclerosis, which are largely independent of changes in blood pressure (Cassis 

et al., 2009). Because dysfunctional perivascular adipose tissue (PVAT) is implicated in 

the pathogenesis of atherosclerosis, we examined PV AT function as defined as PV AT

mediated blunting to vasconstrictive agonists; (Verhagen and Visseren, 2010). In 

constrast to what we hypothesized, HFD elicited an increase in PV AT mass and increased 

PV AT function displayed by reduced vasoconstrictive response to adrenergic 

vasoconstricton. Collectively, we conclude from these data that individuals with a genetic 

predisposition to salt-sensitive hypertension further predisposes to HFD-hypertension and 

renal disease, whereas such individuals are protected from large artery dysfunction. 

However, it is important to note that our studies utilized a short-term HFD feeding 

protocol in SS rats. It is important to speculate whether the mechanisms ofvasoprotection 

in SS rats on a 4-week HFD are steadfast in the face of a longer HFD protocol, 

mimicking a lifetime of unhealthy diet choices in overweight or obese humans. 

To interject here, it is worthy to note our findings from Aim 4 showing that the 

standard chow diet predicts small arterial NOS phenotype is adult SS rats. We speculate 

that the standard chow diet that SS rats are maintained plays a significant role in 

predisposing to HFD-induced small arterial vascular dysfunction. Especially in future 

studies, the standard chow diet protocol on which SS rats are maintained should be taken 

into consideration when examining HFD-induced changes in NOS function in small 

arteries and small arterial PV AT function. 
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Introduction 

Chronic renal failure (CRF) is associated with distinct changes in vascular 

function (Bolton et al., 2001). Endothelial dysfunction, classically detected as a blunted 

acetylcholine-induced vasodilatory response, is a consistent finding in patients 

progressing toward end-stage renal disease (Annuk et al., 2001). Furthermore, patients 

with kidney disease have an augmented vascular responsiveness to the n1-adrenoceptor 

agonist phenylephrine (PE) (Cruz-Dominguez et al., 2008). These changes in vascular 

function have been attributed to several risk factors, not the least of which is hypertension 

(Guerin et al., 2008). It is well established that hypertension is an independent risk factor 

for cardiovascular disease (Sowers et al., 200 I; Staessen et al., 20 I 0). Hypertension is 

closely linked to mechanisms leading to dysfunctional regulation of nitric oxide synthase 

(NOS) (Sasser et al., 2004). NOS, particularly the endothelial isoform (eNOS, NOS3), is 

a critical component for endothelial function and is anti-atherogenic (Landmesser eta/., 

2004). Atherosclerosis is the leading cause of death in patients with progressive kidney 

disease (Cooke, 2000; Vallance et al., 1992). 

The 5/6 nephrectomized (Nx) rat is an established model of CRF having a 

significant reduction in renal mass and concurrent hypertension (Pollock et al., 1993). 

Mechanistic studies assessing vascular function in this model have focused on aortic 

dysfunction in CRF, which is closely linked with NOS dysfunction (Vaziri, 2001). 

Moreover, there is a reduction in NOS3 expression and NO bioavailability in the thoracic 

aorta in 5/6 Nx rats (Hasdan et al., 2002; Vaziri, 2001). However, assessment of 

peripheral artery function can predict the onset of cardiovascular disease outcomes in 

patients with CRF (Brown and Hu, 200 I). Thus important is the easy and rapid detection 
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of vascular dysfunction is crucial. Interestingly, recent data suggest that changes in finger 

blood flow a surrogate marker of vascular dysfunction. Authors from this same study 

show vascular response to phenylephrine similar to that of rat tail artery. The rat tail 

artery has been utilized to assess arteriovenous fistula establishment in the setting of CRF 

(Beatty et al., 2009; Lin et al., 2008). Paradoxically, it has been demonstrated that the tail 

artery has a blunted response to PE-induced constriction in 5/6 Nx rats (Brymora et al., 

2007). This is in contrast to the increased sympathetic drive that is established in renal 

disease (Joles and Koomans, 2004). 

The mechanism explaining the blunted constrictive response in tail artery from 

5/6 Nx rats is unknown. It is important to note here that, in numerous models of 

hypertension, there is up-regulation of compensatory mechanisms to protect against loss 

of physiological modulators of vascular tone control (Kang et al., 2007). One such 

mechanism is increased NOS function. Thus, we hypothesized that the differential 

functional responses of aorta and tail artery from 5/6 Nx rats is dependent on reduced and 

increased NOS function, respectively, in this CRF model. Furthermore, we propose that 

NOS function in these arteries is dependent on the hypertension in this CRF model. In 

total, the aims of this paper are two-fold: (1) to determine the role of NOS in aortic and 

tail artery vascular function and (2) to elucidate whether blood pressure changes alter the 

role ofNOS in these arteries in this model ofCRF. 
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Methods 

Animals and 5/6 nephrectomy (Nx) protocol. 7-week old male Sprague-Dawley 

rats were purchased from Harlan Laboratories (Indianapolis, IN). All rats were provided 

with food and water ad libitum for the duration of all studies. Animal use protocols were 

pre-approved by the Institutional Animal Care and Use Committee at Georgia Health 

Sciences University. At 8 weeks, rats underwent 5/6 Nx as described previously (Pollock 

el a/., 1993). Briefly, rats were anesthetized with isoflurane (Aerrane; Baxter, Deerfield, 

IL) and a midline incision made to facilitate removal of the right kidney and ligation of 

two primary branches of the left renal artery. All rats were housed individually. 

Telemetry blood pressure measurements. On the day of 5/6 Nx, rats were 

implanted with telemetry transmitters (Data Sciences, Inc, St. Louis, MO) for 

determination of mean arterial blood pressure in conscious rats as described previously 

(D'Angelo et al., 2006). Telemetry measurements were collected every tenth minute and 

data expressed as 24h means. 

Antihypertensive treatment. Blood pressure was controlled with triple therapy 

(TTx) treatment for the duration of 5/6 Nx (8 weeks) as previously described by our 

laboratory (Kang et al., 2011). The TTx regimen consisted of hydralazine (30 

mg/kg/day), hydrochlorothiazide (1 0 mg/kg/day), and resperpine (0.5 mg/kg/day). All 

chemicals purchased from Sigma unless otherwise noted. TTx was provided in: drinking 

water ad libitum. Vehicle treatment consisted of tap water. Successful reduction of blood 

pressure with TTx in 5/6 Nx was monitored via telemetry. 
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Artery isolation and vascular reactivity protocol. Aortas and tail arteries were 

isolated and prepared for vascular function studies as previously described (Sasser et a/., 

2004). Nx and control rats were anesthetized with 50 mg/kg pentobarbital sodium 

(Nembutal: Abbott Laboratories, North Chicago, IL). Aortas were mounted on pins for 

large artery myography and tail arteries on chucks for small vessel wire myography 

(Danish Myo Technology A/S, Denmark). Cumulative-concentration response curves 

were generated to assess endothelial-dependent vasorelaxation with ACh (I x 10"9 to 3 x 

1 o·5 M) following constriction with a sub-maximal dose of phenylephrine (PE; 1 o·\ 

Endothelial-independent vasorelaxation with sodium nitroprusside (SNP; 1 x 10·10 to 3 x 

1 o·5 M) was assessed in the same vessel segment again constriction with PE. 

Vasoconstriction was assessed with PE (1 x 10"9 to 3 x 10·5 M) followed by KCl (8 to 100 

mM) in the same vessel segment. PE response was normalized against the maximum 

response to KCI. To assess NOS function, vessel segments were incubated ± L-NAME 

(non-specific NOS-inhibitor; 100 !J.M) for 15 minutes prior to ACh and PE. 

Statistical analyses. All data are expressed as mean ± standard error of the mean. 

% maximum response and sensitivity (logECso) to the vasoactive agonists utilized in 

vascular reactivity experiments were assessed with a student's t-test. Statistical 

significance of telemetry data was assessed with 2-way ANOV A for repeated measures 

(GraphPad Prism 5). Multiple comparisons consisted ofBonferroni post-hoc analysis. 
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Results 

Vascular reactivity in aorta and tail artery following 8 weeks of 5/6 Nx. Aortas 

isolated from 5/6 Nx rats displayed a reduced response to ACh compared to control rats 

(Figure AlA), indicating our model has endothelial dysfunction. ACh-induced relaxation 

was totally dependent on NOS function in control rats since L-NAME abolished 

relaxation to ACh (Figure AlE). 5/6 Nx did not change the dependency of ACh-induced 

relaxation on NOS (Figure AlF). In addition, no change was detected in aortic response 

to SNP (Figure A 1 B). As for the tail artery, no change was detected in the response to 

ACh following 5/6 Nx (Figure A2A). The response to SNP was not altered in tail arteries 

from 5/6 Nx rats compared to controls (Figure A2B). 

Vascular responsiveness to the u,-adrenergic agonist PE was assessed in 5/6 Nx 

and control rats. Aortas from 5/6 Nx rats had a slight but significant increase in 

sensitivity to PE (Figure Al C), with no change in maximum constriction to PE (Figure 

AI C). This increased aortic sensitivity toPE in 5/6 Nx rats is accompanied by increased 

sensitivity to KCl (Figure AID). In contrast, tail arteries from 5/6 Nx rats had blunted 

sensitivity to PE (Figure A2C). Reduced PE sensitivity of tail arteries from 5/6 Nx rats 

was not dependent on changes in KCl sensitivity (Figure A2D). 

NOS function in tail artery from 8-week 516 Nx rats. Treatment with L-NAME 

increased sensitivity to PE in aortas from control rats and 5/6 Nx rats (data not shown). 

L-NAME treatment did not alter sensitivity to PE in tail arteries from control rats (Figure 

A2E). In contrast, L-NAME reduced sensitivity to PE in tail arteries from 5/6 Nx rats 
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(Figure A2F), indicating enhanced NOS buffering capacity in tail arteries in rats with 

CRF. 

Antihypertensive treatment on NOS function in tail artery from 516 Nx rats. 

TTx was effective in reducing MAP for all 8 weeks of 5/6 Nx (Figure A3). TTx did not 

change % maximum response to ACh in tail arteries from Nx rats (Figure A4A) or SNP 

(Figure A4B). In contrast, TTx enhanced endothelial function in aortas from 5/6 Nx rats 

(Figure A5A) and SNP response (Figure A5B). The dependence of ACh-induced 

relaxation on NOS did not change with TTx treatment (Figure A5E). 

In regards to vasoconstriction, TTx enhanced sensitivity to PE in tail artery from 

Nx rats (Figure A4D) and PE (Figure A4C). In contrast, TTx treatment blunted aortic 

sensitivity to both PE (Figure A5C) and KCl (Figure A5D) in aortas isolated from 5/6 Nx 

rats. 

As shown in Figure A2F, NOS buffering was enhanced in tail arteries isolated 

from 5/6 Nx rats. In Figure A4E, non-selective blockade of NOS had no effect on PE

induced constriction in Nx rats on TTx, indicating that elevated MAP in 5/6 Nx rats 

upregulated NOS buffering in tail arteries to reduced sensitivity to PE-induced 

constriction. 
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Discussion 

We observed differential changes in vascular function of central versus peripheral 

arteries in the setting of CRF. Aortas isolated from 5/6 Nx rats displayed endothelial 

dysfunction and increased a 1-adrenergic contractility. In contrast, no change in 

endothelial function was detected in tail arteries from Nx rats but, had reduced sensitivity 

to PE. Mechanistically, these changes in vessel function were linked to corresponding 

changes in NOS function whereby Nx induced reduced and increased NOS function in 

aorta and tail artery, respectively. Furthermore, alterations in NOS function in both aorta 

and tail artery were linked to the increased blood pressure that accompanied Nx. 

Endothelial dysfunction corresponds with the development of cardiovascular 

diseases, such atherosclerosis, in patients with CRF (Cooke, 2000; Vallance et al., 1992). 

Atherosclerosis contributes to the exceptionally high morbidity and mortality in this 

patient population (Leskinen et a/., 2003). Routinely, endothelial function is assessed in 

peripheral arteries in humans (Brown and Hu, 2001). CRF patients present with 

endothelial dysfunction (Bolton et al., 2001 ). In animals, the aorta is commonly used in 

studies of the vasculature with limited numbers of studies on peripheral arteries. Our 

current study assessed both peripheral and central artery function in a model of CRF. We 

observed endothelial dysfunction in the aorta following 5/6 Nx, confirming previous 

literature (Hasdan et al., 2002). In contrast, peripheral tail arteries did not reveal 

endothelial dysfunction, even in the face of hypertension. 

Reports of differential function in tail artery and aorta in renal disease models are 

scattered throughout the literature (Brymora et a/., 2007; Vaziri, 2001), but the 

mechanisms remain unknown. We assessed the vascular NOS function. In the whole 
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animal, intravenous infusion of L-NAME, a non-specific NOS inhibitor, enhances blood 

pressure in healthy rats, which is not changed with CRF, indicating no net change in 

systemic NOS function (Choi et al., 1997). However, there is reduced NOS expression in 

aorta from Nx rats (Vaziri, 2001). In our study, L-NAME abolished ACh-mediated 

relaxation in aorta from control rats, indicating the dependency of endothelial function on 

NOS in this conduit artery. Concurrently, L-NAME enhanced aortic constriction to PE, 

but not in the setting of CRF. With the tail artery, L-NAME partially blocked ACh

induced relaxation, similar to the aorta. However, in contrast to the aorta, L-NAME 

abolished the blunted sensitivity to PE-mediated constriction. Thus, these data indicate 

that NOS function was enhanced in the tail artery in hypertensive Nx rats. 

Physiologically the rat tail serves as a heat-loss organ to aid in body temperature 

regulation (Gordon, 1990). This mechanism is dependent on changes in vascular tone in 

the tail. a adrenergic receptors play a major role in tail artery tonal responses to 

temperature (Filipeanu et al., 2011; Li and Triggle, 1993). Specifically, a receptors 

mediate constriction with reduced body temperature and increasing temperature reduces 

trafficking of this receptor to the plasma membrane to inhibit constriction and promote 

vasodilation to release heat (Filipeanu et al., 2011). Interestingly, a adrenergic receptor 

trafficking is dependent on heat shock protein (HSP)90 (Filipeanu et al., 2011), which is 

also critical in NOS protein folding and function (Chatterjee et al., 2008; Moleda et al., 

201 0). Therefore, vasoprotective mechanisms, namely increased NOS function, in tail 

arteries from hypertensive rats could buffer against increased constriction mechanisms to 

protect thermoregulatory role of the tail. It is important to understand how rat tail artery 

function relates to human artery function. Current human studies indicate that fingertip 
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digital thermal monitoring can predict the degree of CVD in patients (van der Wallet a!., 

2010) and that a adrenergic receptor mediate constriction in these arteries (Coffman and 

Cohen, 1988). Interestingly, pressure-induced diameter changes in human finger arteries 

and the rat tail artery are similar (Langewouters et a!., 1986). These data are compelling 

whereby ease-of-access arteries, such as the tail artery and finger vessels, provide a new 

model to assess cardiovascular risk in disease states such as CRF. 

Hypertension is a common complication in CKD patients, a predictor of mortality 

and a determinant for renal disease progression (Staessen et a!., 201 0). We have shown 

that in the setting of hypertension, mesenteric resistance vessels have increased NOS 

activity (Kang et a!., 2007). However, this activity does not correlate with increased NO 

production, but with increased H202 production. H202 is a vasoactive reactive oxygen 

species (ROS), preserving vascular function in hypertension (Kang et a!., 2007). 

However, it is established in CRF there is increased aortic superoxide, which can 

scavenge bioavailable NO (Hasdan eta!., 2002). We hypothesized that the accompanying 

hypertension may play a role in the changing NOS function in the face of CRF. We 

established that the hypertension accompanying 5/6 Nx in rats is responsible for 

differential changes in aortic and tail artery NOS function. Additionally, CRF is linked to 

increased circulating asymmetric dimethylarginine (ADMA) levels, an endogenous 

inhibitor of NOS. Matsuguma eta! demonstrated that 5/6 Nx rats have elevated ADMA 

levels, not due to increased renal clearance (Matsuguma et a!., 2006). This group found a 

significant correlation between plasma ADMA concentration and systolic blood pressure. 

Interestingly, they found decreased expression of the ADMA-degrading enzyme W,W

dimethylarginine dimethylaminohydrolase (DDAH) as well as increased expression of 
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the ADMA-synthesizing protein methytransferase (PRMT) in kidney cortex. Future 

studies will focus on the differential regulation ofDDAH/ADMA axis between aorta and 

tail artery in the context of CRF to elucidate the mechanism linking hypertension and 

differential changes in NOS function observed in these conduit arteries from Nx rats. 
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Figure A2. Response of tail artery isolated from control and 516 nephrectomized (Nx) 
rats to A: acetylcholine (ACh), B: sodium nitroprusside (SNP), C: phenylephrine (PE), 
and D: KCl. NOS buffering capacity toPE-induced constriction was assessed in the 
presence of the non-specific NOS inhibitor L-NAME in tail arteries from control (E) 
and 516 Nx (F) rats. Number of rats in parentheses. *p<O. 05 for logEC50 vs. control. 
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Figure A4. Response of tail artery isolated from 516 nephrectomized (Nx) rats treated 
with TTx or vehicle to A: acetylcholine (ACh), B: sodium nitroprusside (SNP), C: 
phenylephrine (PE), and D: KCl. TTx affect on NOS buffering capacity toPE-induced 
constriction in tail artery from 5/6 Nx rats was assessed in the presence of the non
specific NOS inhibitor L-NAME (E). Number or rats in parentheses. *p<O. 05 for 
logEC5o vs. non-TTx treated rats. 

178 

4 

100 



-20 --e-- 5/6 Nx (n=9) 
-Jr.- 5/6 Nx on TTx (n"'i) 

0 

c 20 c 
0 0 

+=l +=l 
m 40 m 
X X 
m 60 m 
Q) Q) 

0::: 80 A * 0::: 
#. #. 

100 

9 8 7 6 5 4 
-log [ACh, M] 

140 --e-- 5/6 Nx (n=9) 

120 -Jr.- 5/6 Nx on TTx (n=4) 

c 
0 100 c 
t5 0 
·c 80 15 -(/) 60 ·c 
c -0 (/) 

(.) 40 c 
0 

(.) 20 (.) 

:::.::: 0 ~ 0 

~ 0 -20 
9 8 7 6 5 4 

-log [PE, M] 
-Jr.- 5/6 Nx on TTx (n=4) 

-40 --l>--5/6 Nx on TTx + L-NAME (n=4) 

-20 

c 0 
0 

20 +=l 
m 
X 40 m 
Q) 60 

0::: 

E ~ 80 
0 

100 

9 8 7 6 5 4 
-log [ACh, M] 

-20 

0 

20 

40 

60 

80 

100 

100 

80 

60 

40 

20 

0 

--e-- 5/6 Nx (n=9) 
-Jr.- 5/6 Nx on TTx (n"'i) 

B 
10 9 8 7 6 5 4 

-log [SNP, M] 
-e- 5/6 Nx (n=9) 
-&-5/6 Nx on TTx (n=4) 

D 

10 100 

KCI [mM] 

Figure AS. Response of aorta isolated from 5/6 nephrectomized (Nx) rats treated with 
TTx or vehicle to A: acetylcholine (ACh), B: sodium nitroprusside (SNP), C: 
phenylephrine (PE), and D: KCl. TTx affect on dependency of ACh-induced relaxation 
on NOS in aorta from 5/6 Nx rats was assessed in the presence of the non-specific NOS 
inhibitor L-NAME (E). Number or rats in parentheses. *p<O. 05 for %maximum 
relaxation vs. non-TTx treated rats; **p<O. 05 for logECso vs. non-TTx treated rats. 
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Figure A6. 24h mean arterial blood pressure (MAP) in SS rats (generated at GHSU) 
maintained on Teklad 8604 diet from weaning at 3 weeks old. At 12 weeks old, rats 
were started on Bio-serv F6256 control diet. N=4. 
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Figure A9. Creatinine clearance (CCr) in SS-138
N rats (purchased from Charles 

River Laboratories, N=4) and SS rats (generated at GHSU, N=5). *P<0.05 vs. ND 
counterparts. Data analyzed by two-way ANOVA. 
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Figure AJO. Plasma lipoprotein fractions (A) and total cholesterol (B) determined by 
FPLC in 16-week-old SS-138

N rats (purchased from Charles River Laboratories) and 
Dahl salt-sensitive (SS) rats maintained on normal diet (ND, Teklad 8604) or high-fat 
diet (HFD)from 12 weeks old. *P<0.05 vs. SS-138

N on ND. Data analyzed by two
wayANOVA. 
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Figure All. Plasma epinephrine (A) and norepinephrine (B) in 16-week-old SS-138
N 

rats (purchased from Charles River Laboratories) and SS rats (generated at GHSU) 
maintained on normal diet (ND, Teklad 8604) or high-fat diet (HFD, Bio-serv F2685) 
from 12 weeks old. *P<O. 05 vs. ND counterparts. Data analyzed by two-way AN OVA. 
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Figure A12. Plasma 8-isoprostanes) in 16-week-old SS-138
N rats (purchased from 

Charles River Laboratories) ·and SS rats (generated at GHSU) maintained on normal 
diet (ND, Teklad 8604) or high-fat diet (HFD, Bio-serv F2685) from 12 weeks old 
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FigureA13. Plasma endothelin (ET)-1 in 16-week-old SS-138

N rats (purchased from 
Charles River Laboratories, N=4) and SS rats (generated at GHSU) maintained on 
normal diet (ND, Teklad 8604) or high-fat diet (HFD, Bio-serv F2685) from 12 weeks 
old. A subset ofSS ratiwas supplemented with mycophenolate mofetil (MMF, 
30mg/kg/day) for the duration of HFD. Data from SS rats analyzed by one-way 
ANOVA. 
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Figure A 14. Renal cortical ED- I + cells (macrophages) in 16-week-old SS-1381
' rats 

(purchased from Charles River Laboratories) and SS rats (generated at GHSU) fed 
Teklad 860-1 normal diet (ND: A: SS-13811

. N=5, C: SS N=/1). At 12 weeks old, a subset 
of each rat strain was started on high-fat diet (HF,· B: SS-13 13

N N=7, D: SS N=/1 ). 
Additionally. the HF was supplemented with mycophenolate mofetil (MMF; 30 
mg/kglday, oral) in a subset ofSS rats (F, N=5). E: Quantification of the renal cortical 
ED-I + cells. 
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Figure A15. Renal medullmy ED-! + cells (macrophages) in 16-week-old SS-138
N rats 

(purchased from Charles River Laboratories) and SS rats (generated at GHSU) fed 
Teklad 8604 normal diet (ND; A: SS-138

N N=5, C: SS N=/1). At 12 weeks old, a subset 
of each rat strain was started on high-fat diet (HF; B: SS- 138

N N = 7, D: SS N = 11 ). 
Additionally, the HF was supplemented with mycophenolate mofetil (MMF,· 30 
mg/kg/day, oral) in subset ofSS rats (F, N =5). E: Quantification of the renal medullary 
ED-1 + cells. 
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Figure Al6. Mononuclear cells in blood (A) and 2 kidneys (B) were isolated using 
Histopaque in 16-week-old SS-138

N rats (purchased from Charles River Laboratories) 
and SS rats (generated at GHSU) fed Teklad 8604 normal diet (ND). At 12 weeks old, a 
subset of each rat strain was started on high-fat diet (HFD). CD3+ cells (F 
lymphocytes) in blood (C) and 2 kidneys (D) were isolated from the total mononuclear 
cells via magnetic-cell separation. N=3 in all groups. 
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FigureA17. Plasma s/CAM-1 (,4, N=9) and MCP-1 (B, N=4) in 16-week-old SS-138
N 

rats (purchased from Charles River Laboratories) and SS rats (generated at GHSU) 
fed Teklad 8604 normal diet (ND) or high-fat diet (HFD) started at 12 weeks old. 
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Figure AlB. Renal cortical (A and B) and medullary (C and D) inflammatory markers 
from 16-week-old SS rats (generated at GHSU) fed Teklad 8604 normal diet (ND) or high
fat diet (HFD) started at 12 weeks old. 
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FigureA19. Mesenteric arterial expression ofsiCAM-1 (A) and MCP-1 (B) in 16-week-old 
SS-138

N rats (purchased from Charles River Laboratories) and SS rats (generated at 
GHSU) fed Teklad 8604 normal diet (ND) or high-fat diet (HFD) started at 12 weeks old. A 
subset ofSS rats was supplemented with MMF (30mglkglday) for the duration of HFD. 
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Figure A20. Thoracic aorta wall thickness in /6-week-old SS-1313
'\ rats (purchased 

from Charles River Laboratories) and SS rats (generated at GHSU similarly to rats in 
Figure A2) maintained on Teklad 860-1 normal diet (A , SS- /38

"' N=-1 and B, SS N=7} or 
started on high-fat diet at 12 weeks old (C, SS-1 38

N N=7 and D, SS rats N=8). Wall 
thickness quantified in E. Bar represents IOOJ1m. *?<0.05 vs. ND counterparts. Data 
analyzed by two-way ANOVA. 
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Figure A21. Mononuclear cells in perivascular adipose tissue from the thoracic aorta 
were isolated using Histopaque in 16-week-old SS rats (generated at GHSU) fed 
Teklad 8604 normal diet (ND, N=4) or a high-fat diet (HFD, N=4) started at 12 
weeks old. CD3+ cells (T lymphocytes) were isolated from the total mononuclear cells 
via magnetic-cell separation. *P<0.05 vs. ND counterpart. Data analyzed by t-test. 
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Figure A22. qPCR analyses in cleaned thoracic aortas (A, N=4-1 1), epididymal fat(B, 
N=3-4), and thoracic aorta perivascular adipose tissue (PVA1) (C, N=4-6) from 16-
week-old SS rats (generated at GHSU) maintained on normal diet (ND, Teklad 8604) 
or started on high-fat diet (HFD, Bio-serv F2685) at 12 weeks old. *P<O. 05 vs. ND 
counterparts. Data analyzed by t-test. 
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Figure A23. Phenylephrine (PE)-induced vasoconstriction in thoracic aortas with the 
perivascular adipose tissue intact (+PVA1) and the endothelium removed (-ENDO) 
isolated from 16-week-old SS rats (generated at GHSU) maintained on normal diet 
(ND, Teklad 8604) or started on high-fat diet (HFD, Bio-serv F2685) at 12 weeks old. 
A 779 = ACE2 inhibitor. N=5-6. 

198 



A-:;40 
"C -C'l 30 
E -e s 
U) 
Q) 

0 .c 
0 

Be 
~ 

20 

10 

0 

Q)-...J 
0-o .r::.-
(.)Cl 
cu E e-
ll) 1 

..!!! 
ll.. 

...... NDSS 

-lr HFDSS 

5 10 15 20 25 30 35 40 

Fraction No. (0.6 ml) 

NDSS 
HFDSS * 

Figure A24. Plasma cholesterollipoproteinfractions were separated by FPLC and 
fractions (A) and plasma total cholesterol (B) quantified by colorimetric assay from 
16-week-old SS rats (generated at GHSU) started on A1N-76A diet at weaning. At 12 
weeks old, rats were started on normal diet (ND, Teklad 8604, N=5) or started on 
high-fat diet (HFD, Bio-serv F2685, N=3). N=5-6. *P<0.05 vs. ND counterparts. 
Data analyzed by t-test. 
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Figure A25. Western blotting analyses in cleaned thoracic aortas isolated from 16-
week-old SS rats purchased from Charles River Laboratories where they were 
maintained on AIN-76A diet since weaning at 3 weeks old Upon arrival at GHSU at 
11 weeks old, rats placed on Teklad 8604. At 12 weeks old, rats maintained on normal 
diet (ND, Teklad 8604) or high-fat diet (HFD) started at 12 weeks old N=7-8. 
*P<0.05 vs. ND counterparts. Data analyzed by t-test. 
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Table Al. Body weight and plasma metabolic parameters in 16-week-old SS-138
N rats 

and Dahl salt-sensitive (SS) rats started on normal diet (ND, Teklad 8604) or high-fat 
diet (HFD) at 12 weeks old. All rats were purchased from Charles River Laboratories. 
Rats arrived at GHSU at 11 weeks old and fed ND. At Charles River, rats were 
maintained on AIN-76A diet starting at weaning at 3 weeks old. All plasma measures in 
non-fasted animals. Number of animals in parentheses. *P<O. 05 vs. SS-138

N rats on ND, 
fP<O. 05 vs. SS rats on ND. Data analyzed by two-way AN OVA. 

ND HFD ND HFD 
Parameter SS-138N SS-138N ss ss 

Body Weight at 
12 weeks old 333±13 (6) 331±11 (6) 330±5 (6) 344±11 (6) 

Body Weight at 
16 weeks old 368±16 (6) 393±12 (6)* 366±7 (6) 402±12 (6)t 

Total Cholesterol (mgldL) 127±2 (6) 171±6 (6)* 179±14 (5)* 168±8 (6) 

Interscapular Fat (g) 1.2±0.1 (6) 2.2±0.1 (6)* 1.0±0.04 (6) 1.1±0.1 (6) 

Water Intake (mL/24h) 24.1±1.0 (6) 15.3±1.0 (6)* 26.6±1.5 (6) 15.6±0.6 (6)t 

Food Intake (g/24h) 23.8±1.0 (6) 12.4±0.4 (6)* 22.8±0.8 (6) 12.2±0.5 (6)t 

LDL (mgldL) 56±2 (6) 88±7 (6)* 128±23 (5)* 102±8 (6) 

HDL(mgldL) 81±6 (6) 78±5 (6) 143±36 (5) 90±7 (6) 

Free Fatty Acids (J.lmoi/L) 15±1 (6) 42±17 (5)* 15±0.3 (5) 40±8 (5)t 

Triglycerides (mgldL) 120±12 (5) 210±27 (5)* 132±11 (5) 190±17 (5)t 

Insulin (nglmL) 3.7±0.7 (5) 8.2±0.6 (6)* 3.5±0.4 (6) 3.5±0.3 (6) 

Glucose (mgldL) 86±3 (4) 88±1 (6) 83±1 (6) 91±2 (6) 

PRA 4.8±0.6 (4) 9.7±2.7 (4)* 6.9±1.0 (5) 5.5±0.4 (6) 

Nitrite (J.lmoi/L) 0.66+0.04(3) 0.03+0.01(3)* 1.34+0.03{6)* 1.03+0.02{7)t 
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Figure A26. 24h MAP in Dahl salt-sensitive (SS) rats purchased from Charles River 
Laboratories. SS =rats maintained on AIN-76A standard diet since weaning at 3 
weeks old; PRE-SS= rats maintained on 5L79 (proprietary) since weaning at 3 weeks 
old; date of birth: 9/2008. Breeders maintained on 5L79. All rats were started on 
normal diet (l'eklad 8604) upon arrival at GHSU at 11 weeks old A subset ofSS and 
PRE-SS rats was started on high-fat diet (HF) at 12 weeks old. N=4. *P<0.05 for SS 
vs. PRE-SS at 16 weeks old Data analyzed by two-way ANOVA. 
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Table A2. Body weight and plasma metabolic parameters in I6-week-old SS-I38
N rats 

and Dahl salt-sensitive (SS) rats started on normal diet (ND, Teklad 8604) or high:fat 
diet (HFD) at I2 weeks old. All rats were purchased from Charles River Laboratories. 
Rats arrived at GHSU at II weeks old and fed ND. At Charles River, rats were 
maintained on a combination of AIN-76A and 5L79 diets. All plasma measures in non-
fasted animals. Number of animals in parentheses. *P<O. 05 vs. SS-I38

N rats on ND, 
fP<O. 05 vs. SS rats on ND. Data analyzed by two-way AN OVA. 

ND HFD ND HFD 
Parameter SS-138N SS-138N ss ss 

Body Weight (g) 395±16 (6) 437±14 (6)* 360±6 (15) 373±6 (11) 

Total Cholesterol (mgldL) 166±6 (7) 196±11 (8)* 408±41 (8) 448±48 (8) 

LDL(mgldL) 51±5 (7) 41±2 (8) 99±10 (8) 113±10 (8) 

HDL(mgldL) 80±3 (7) 95±2 (8)* 201±19 (8) 199±23 (8) 

Free Fatty Acids (JLMIL) 21±2 (8) 44±8 (8) 27±3 (10) 61±14 (10) 

Triglycerides (mgldL) 125±11 (9) 179±26 (8) 155±17 (11) 249±38 (11) 

Insulin (nglmL) 3.5±0.4 (12) 5.1±0.5 (12)* 2.4±0.3 (13) 3.5±0.4 (14)t 

Glucose (mgldL) 79±2 (6) 92±3 (6) 81±2 (5) 87±2 (6) 
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Figure A27. Acetylcholine (ACh)-induced vasorelaxation in third-order mesenteric 
arteries isolated from SS-138

N (A and C) maintained on normal diet (ND, N=13) or 
high-fat diet (HFD, N=12)from 12-16 weeks old. SS (Band D) were similarly 
maintained on ND (N=12) or HFD (N=10). All purchased from Charles River 
Laboratories. Concentration response curves were generated in the presence or 
absence of L-NAME. L-NAME similarly attenuated the A Ch response in all groups. 
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FigureA28. Phenylephrine (PE)-inducedvasoconstriction in third-order mesenteric 
arteries isolated from SS-138

N (A and C) maintained on normal diet (ND, N=6) or 
high-fat diet (HFD, N=6)from 12-16 weeks old. SS (Band D) were similarly 
maintained on ND (N=5) or HFD (N=6). All purchased from Charles River 
Laboratories. Concentration response curves were generated in the presence or 
absence of L-NAME. L-NAME similarly increased P E response in all groups. 
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Figure A29. Phenylephrine (PE)-induced vasoconstriction in thoracic aorta rings 
from SSrats maintained on normal diet (ND) or high-fat diet (HFD)from 12-16 weeks 
old. All purchased from Charles River Laboratories when animals maintained on AIN-
76A. PE concentration response curves were generated in the presence or absence of 
L-NAME (A), PEG-SOD (B), or catalase (C). KCl-induced vasoconstriction (D). I
NAME similarly increased whereas as PEG-SOD similarly reduced PE response in all 
groups. 
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Figure A30. Phenylephrine (PE)-induced vasoconstriction in thoracic aorta rings from 
SS-138

N rats maintained on normal diet (A and C) or high-fat diet (Band D) from 12-
16 weeks old. Rats were purchased from Charles River Laboratories. P E concentration 
response curves were generated in the presence or absence of adherent perivascular 
adipose tissue (PVAT; normal diet N=8, high-fat diet N=5) and catalase (N=5 in both 
groups). Thoracic aorta PVATweight normalized to aortic weight (E). 
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Figure A31. Phenylephrine (PE) (A) and KC/ (B)-induced vasoconstriction in 
thoracic aorta rings isolated from control and 5/6 nephrectomized (Nx) rats. PE
induced vasoconstriction was assessed in the presence or absence of L-NAME in 
aortic rings from control (C) and 5/6 Nx (D) rats. N=7-8. *P<0.05 vs. control for 
maximum vasoconstriction. Data analyzed by t-test. 
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Figure A32. Phenylephrine (PE) (A) and KCl (B)-induced vasoconstriction in tail 
artery rings isolated from control and 5/6 nephrectomized (Nx) rats. PE-induced 
vasoconstriction was assessed in the presence or absence of L-NAME in aortic rings 
from control (C) and 5/6 Nx (D) rats. N=8. 
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