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Margaret A. Zimmerman 
Title of Dissertation: Mechanisms of Ang ( 1-7) Mediated Control of Blood Pressure in 
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(Under the direction of JENNIFER C. SULLIVAN, PhD.) 

Angiotensin (Ang) ( 1-7) is a vasodilatory peptide of the renin angiotensin system 

(RAS). Ang ( 1-7) levels are greater in females, and Ang ( 1-7) blunts Ang ll-mediated 

increases in blood pressure (BP) in females compared to males. The molecular 

mechanism(s) by which Ang (1-7) mediates BP regulation remains largely unknown, 

although Ang ( 1-7) has been suggested to increase nitric oxide (NO) levels, suppress pro-

inflammatory markers, and contribute to the BP-Iowering effects of RAS-inhibitors. The 

central hypothesis of my thesis is that Ang ( 1-7) contributes more to the molecular 

mechanisms that mediate BP control in females than males. To test this hypothesis, four 

aims were addressed. 

Aim I tested the hypothesis that the BP in male spontaneously hypertensive rats 

(SHR) is less sensitive to increases in Ang (1-7) than females. Ang (1-7) levels were 

pharmacologically increased in male and female SIIR, and BP was assessed. However, 

Ang ( 1-7) infusion did not alter baseline BP in either sex. 

Aim 2 tested the hypothesis that Ang ( 1-7) contributes less to the BP-lowering 

effects of angiotensin receptor blockers (ARBs) in male than females SHR. To test this 

hypothesis, BP -was measured in male and female SHR in response to an ARB. Males 

had the greater decrease in basal BP to an ARB than females. although female SHR were 

more sensitive to ARB-mediated inhibition of Ang Il-induced increases in BP. 

Additional studies indicated that Ang ( 1-7) contributed to the BP-lowering effect of 

ARBs to a greater degree in females than in males. 
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Aim 3 tested the hypothesis that Ang ( 1-7) contributes less to NO bioavailability 

in male than female SHR under basal conditions and following Ang 11-hypertension. 

Ang ( 1-7) levels were pharmacologically increased or blocked in male and female SHR 

and the NO pathway was assessed. Renal cortical NO bioavailability was not affected by 

treatments in either sex. 

Finally, Aim 4 tested the hypothesis that Ang II infusion will increase renal T 

cell s in both sexes; however, greater Ang ( 1-7) in females will result in more T regulatory 

cells (Tregs) relative to male Sprague Dawley (SO) rats. Renal T cells were increased in 

both males and females following chronic Ang II infusion, however, females exhibited an 

increase in immune-suppressive Tregs not seen in males. In contrast, males exhibited a 

greater increase in pro-inflammator) Th 17 cells. Inhibition of Ang ( 1-7) did not alter the 

sex difTcrence in Trcgs, indicating that Ang ( 1-7) is not responsible for the greater 

increase in Tregs in females following Ang ll-h)pcrtension. In summary, this work 

examines the role of Ang (1-7) to mediate sex differences in BP regulation, where 

females arc more dependent on Ang ( 1-7) than males to correct perturbations in the RAS. 

INDEX WORDS: Renin-Angiotensin System, Sex DifTerences, Blood Pressure, Ang (1-

7) 
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I. INTRODUCTION (Chapter 1) 

A. tatement of the Problem 

In December 2013, the Eighth Joint National Committee on Prevention, 

Detection, Evaluation, and Treatment of High Blood Pressure (JNC8) released the newest 

set of treatment guidelines for hypertension1
• These new guidelines reflect our progress 

away from the "one-size-fits all" model to treat hypertension by now addressing such 

factors as the patient's age and race, or whether they have chronic kidney disease. 

llowever, while these new guidelines are a step in the right direction, they still do not 

take into consideration whether the patient is a man or woman, even when sex differences 

in blood pressure (BP) have been recognized since the 1940's
2

• In a recent cross

sectional survey of the National Health and Nutrition Examination Survey data from 

I 999 to 2004, Gu et al. reported that women with hypertension were more likely than 

men to be treated for hypertension and take their medication, yet only 45% of treated 

women achieved BP control vs. 5 I% of treated men3
. These statistics are in line with 

results from additional studies reporting that current treatment regimens are less effective 

in women than in men, and highlight the need to learn more about the mechanisms 

regulating BP, particularly in women4
·
5
. It should also be noted that all of these studies 

and treatment guidelines from the JNC8 are based on the presumption that the target BP 

to be achieved with anti-hypertensive therapies is the same for both sexes. To detennine 

if this presumption is appropriate, a recent prospective study determined the diagnostic 

thresholds for hypertension as they relate to cardiovascular disease outcomes in men and 

women scparatell. The authors found that in men with hypertension a threshold BP of 



135/85 mm Hg was optimal to reduce cardiovascular events, while in women the 

equivalent cutoff threshold was 125/80 mm Hg. This result corresponds to a report that 

women with hypertension exhibit a steeper relationship betv.een systolic BP and risk for 

cardiovascular events, and a 1 standard deviation decrease in BP in women was more 

effective in decreasing the risk tor future cardiovascular events than in men7
• These data 

suggest that target BP with anti-hypertensive therapy may need to be lower in women 

than in men to offer the same degree of cardiovascular protection, and raises the 

possibility that we need to reconsider what we define as controlled BP in women. 

Irrespective of sex, hypertension is a complex and multifactorial disease that 

involves numerous systems. One of the primary systems for the long-term regulation of 

BP is the kidney8 and the role of the kidney in BP regulation was confirmed using renal 

transplantation studies in male experimental animals where BP .. follows'' the kidney9
• 

Renal circulation and tubular function profoundly influence BP via regulation of volume 

homeostasis, and hypertension is typically associated with a rightward shift in the 

pressure-natriuresis curve9
-

11
• However, there are also sex differences in renal health and 

function. Male spontaneously hypertensive rats (SHR) have greater indices of renal 

injury 12 and a further rightward shift in their pressure-natriuresis curve compared to 

females13, however, sex differences in renal health and function in SHR are complicated 

by sex differences in BP. Yet even in hypertensive animal models where the sexes are 

BP-matchcd, males still have greater renal injury than females'"-16
, suggesting that factors 

other than BP account for sex differences in hypertension-induced renal injury. While the 

~idney is not cut ofT from systemic influences, the \-.ork in this thesis project focused on 

the kidney because of its important role in long-term BP regulation. In addition, the 
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kidney i'> critical in mediating Ang II hypertension: knockout of renal AT1 receptors 

abolishes increases in BP to exogenous Ang II infusion 17
• 

Sex differences in the molecular mechanisms regulating BP and renal function 

likely underlie the above observation . One potential mechanism responsible for sex 

difference in BP regulation is the renin angiotensin ystem (RAS). The RAS plays a 

critical role in BP regulation and over activation of the RAS contributes to the 

hypertensive condition 18
•
19

• Despite numerous reports showing sex di fferences in the 

expression levels of RAS components and in the functional responses to Ang II-

infusion16
·
20

•
21

, inhibitors of the RAS are among the most widely and effective drugs used 

for the treatment of hypertension~2 regardless of sex. Therefore, beuer understanding of 

the mechanisms by which the RAS mediates BP in both exes may provide critical 

in'iight into BP control in both exes, thereby, leading to more targeted therapies to 

improve overall BP control for both men and women. 

Ang I (1-10) Ang (1-9) 

ACEl ACEl 

~ / 
Increase Blood Decrease Blood Pressure 

Pressure 

Figure 1: Components of the classical RAS pathway arc shown in green, and the non
classical RAS pathway components are shown in purple. 
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The "classical RAS pathway" (composed of angiotensin (Ang) II, angiotensin type 1 

(AT,) receptors, angiotensin converting enzyme (ACE) I) mediates most of the well

kno\\n biological functions of RAS activation23
• AT1 receptors mediate the pro

hypertensive actions of Ang II, and renal AT, receptors are critical to the development of 

Ang 11-hypertension in male mice9
'
24

• In contrast, activation of the "non-classical RAS 

pathway" (ACE2, neprilysin, Ang ( l-7), angiotensin type 2 (AT 2) and mas receptors) 

opposes AT,-mediated effects leading to vasodilation, improved blood flow, and 

enhanced pressure-natriuresis23 . Urinary concentrations of Ang ( l-7) are inversely 

correlated with systolic, diastolic, and mean arterial pressures (MAP) in humans (r = -

0.48, P < 0.00 l )25, suggesting that in addition to Ang II, Ang ( l-7) may also play an 

essential role in BP regulation. Additional support for a role for Ang ( l-7) in BP control 

comes from studies in experimental animals. Chronic Ang ( l-7) infusion in male SHR 

causes a transient decrease in BP, although no alterations in BP were found in 

normotensive Sprague Da\\ley (SO) or Wister-Kyoto (WKY) rats
26

•
27

• These data raise 

the possibility that a role for Ang ( 1-7) in BP regulation is more pronounced under 

hypertensive conditions. 

Sex differences in BP responses to Ang II have been linked to sex differences in 

in the balance of the classical and non-classical RAS. We published that Ang (1-7) levels 

are greater in female SHR than males, and that Ang (1-7) plays a functional role in BP 

regulation in female SHR \\hen the RAS \\aS acti\ated by Ang II infusion
28

. These data 

suggest that females are more dependent on Ang ( l-7) to modulate BP than males. To 

further test this hypothesis, experiments in this thesis will determine whether BP in male 

SllR is less sensitive to increases in Ang ( 1-7) than females (Specific Aim l ). 
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Males also have greater AT 1 receptor expression than females in the renal 

12 28 • • d 19 cortex · , mesentenc artenes, an aorta· . llowever. there is controversy in the 

literature regarding the functional implications of sex differences in AT1 receptor 

expression in experimental models of hypertension on BP control. Male SHR have been 

reported to be either more, less, or equally sensitive to the BP-lowering effects of A T1 

receptor blockers (ARB) than femalcs30
'
31

, while male SO rats are either more or equally 

sensitive to ARB-mediated decreases in BP than fcmales31
·
32

. Interestingly, inhibition of 

Ang ( 1-7) in male SHR attenuates the effectiveness of RAS inhibitors to lower BP33
·
34

, 

supporting a role for Ang (I -7) in contributing to the BP-lowering effects of RAS 

inhibitors in male SHR. Although a potential role for Ang (I -7) to contribute to ARB-

mediated decreases in BP had not been examined in females. we recently published that 

female SliR have higher concentrations of renal cortical Ang ( 1-7) under basal 

conditions, as well as following chronic Ang II infusion when compared to males
28

• 

Based on numerous established sex differences in the expression of RAS components and 

in the physiological responses to perturbations of the RAS35
, understanding the role of 

Ang ( 1-7) on BP regulation when the RAS is perturbed may be critical to understanding 

how to effectively treat hypertension. Therefore, additional experiments were designed 

to I) expand our understanding of AT 1 receptor mediated control of basal BP in 

hypertensive males and females, and 2) determine the relative contribution of Ang ( 1-7) 

to ARB-mediated decreases in BP in males and females (Specific Aim 2). 

In addition to understanding the functional role of Ang ( 1-7) in regulating BP, we 

\\anted to further understand the molecular mechanism by \\hich Ang (1-7) may 

modulate cardiovascular and renal function. Two of the primary pathways that have been 
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linked to Ang II, Ang ( 1-7), and BP control arc I) the nitric oxide (NO) pathway, and 2) 

inflammation. Incubation of isolated canine coronary microvessels and cell nuclei from 

sheep kidney cortexes with Ang (1-7) increases NO bioavailability6
·
37 and Ang (1-7) 

stimulates NO production in Chinese hamster ovary cells through mas receptor activation 

of nitric oxide synthase (NOS)338
. In addition to increasing NO production, Ang (1-7) 

also blocks Ang 11-stimulated superoxide scavenging of NO in thoracic aortic rings from 

male SO rats39. These in vitro studies demonstrate that Ang ( 1-7) increases NO 

bioavailability, and studies from our group have reported that female SHR have greater 

levels of Ang ( 1-7) compared to males, as well as greater NO bioavailabilit/0
• Studies in 

this thesis were designed to address whether sex differences in Ang ( 1-7) contribute to 

sex differences in NO levels (Specific Aim 3). 

The RAS has recently been linked to inflammation; T cells are necessary for male 

experimental animals to fully deYelop Ang II-h}pertcnsion41
'
42

• Very little is known 

about the effect of chronic Ang II on T cells in females, although our lab recently 

published that BP in both male and female SIIR is sensitive to lymphocyte suppression 43 

and BP in SIIR is dependent on the RAS44
. In contrast to Ang II which is pro

inflammatory, Ang ( 1-7) has been shown to play an anti-inflammatory role in 

experimental animal models under various non-hypertension conditions, such as arthritis 

and allergy45-t9• Overexpression of Ang (1-7) has been shown to stimulate an anti

inflammatory response50, while male mice lacking ACE2, a key enzyme for the formation 

of Ang ( 1-7), exhibit an increase in renal T cells5 1
, further suggesting an anti

inflammatory role for Ang ( 1-7). Therefore, the final aim in this thesis was to determine 

I) if the effect of Ang II on the renal T cell profile was sex-specific, and 2) assess the 
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contribution of Ang (l-7) to the renal T cell profile in males and females under Ang II

hypertcnsion (Specific Aim 4). 

Understanding of the role of Ang ( l-7) on BP control has come a long way since 

it was first discovered; however, a majority of these studies were conducted only in male 

animals. Our lab has shown that females are more dependent on Ang ( l-7) than males to 

regulate BP when the RAS is activated; therefore, the research in this thesis will further 

expand on our current knowledge of the impact of Ang ( 1-7) on BP control in both sexes. 

In addition, studies will begin to investigate the molecular mechanisms by which Ang ( l-

7) may offer protection against increases in BP, and determine if these mechanisms are 

activated in a sex-specific manner. 
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Specific Aims 

Aim 1: Test the hypothesis that BP in male SHR is less sensitive to increases in Ang (1-

7) than females. 

Aim 2: Test the hypothesis that Ang ( 1-7) contributes less to the BP-lowering effects of 

ARBs in male than female SHR. 

Aim 3: Test the hypothesis that Ang ( 1-7) contributes less to NO bioavailability in male 

than female SHR under basal conditions and following Ang Il-hypertension. 

Aim 4: Test the hypothesis that Ang II infusion will increase renal T cells in both sexes; 

however, greater Ang (1-7) in females will result in more T regulatory cells (Tregs) 

relative to male Sprague Dawley (SO). 
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II. REVIEW OF LITERATURE 

A. Hypertension 

1. Hypertension facts and overview 

Hypertension is an independent risk factor for cardiovascular disease, the leading 

cause of death in the US. Approximately 65 million adults in the US are diagnosed with 

hypcrtension52, however, since many aren't even aware they have hypertension this 

number likely underestimates the extent of the problem. Unfortunately this condition is 

not solely isolated to adults since children and teenagers are among those commonly 

diagnosed. According to the CDC Vital Signs September 2012 NHANES 2003-2010 

report, despite the use of anti-hypertensive medications, less than 40% of hypertensive 

patients have controlled BP. The poor response to current treatments requires further 

interventions and understanding of the complex relationship between the numerous 

systems that regulate BP. 

As many as 95% of reported hypertension cases in the U.S. are classified as 

essential hypertension 53, meaning that the underlying cause of the hypertension cannot be 

determined. While the underlying cause of essential hypertension cannot be determined, 

progression into this disease state is greatly influenced by diet and lifestyle. The other 

5% of hypertension cases fall into the category of secondary hypertension, where the 

underlying cause of the high BP is known. Kidney disease is the most common type of 

secondary hypertension, but tumors or abnormalities that cause the adrenal glands to 

secrete excess amounts of aldosterone also contribute. 
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It is commonplace that many people are not even aware they have hypertension 

since it rarely creates noticeable outward symptoms. This causes the condition to be left 

untreated, inflicting serious injuries that could lead to vision problems, heart attack, 

stroke, and other potentially fatal conditions such as kidney failure. Everyone is at risk 

for hypertension; however, certain factors can increase a person risk. Such factors can be 

categorized into: 

Uncontrollable risk factors for developing hypertension: 

l) Family history of high BP, heart disease, or diabetes 

2) Ethnicity 

3) Over the age of 55 

4) The male sex 

Controllable risk factors for developing hypertension: 

5) Excessive weight accumulation 

6) Sedentary lifestyle 

7) 1 laving more than a recommended daily intake of alcohol 

8) Smoking 

9) J ligh exposure to foods rich in saturated fats or salt 

1 0) Frequent use of certain medications such as NSAIOs, decongestants, and illicit 

drugs 

10 



2. Sex differences in hypertension prevalence and absolute BP 

values 

Hypertension is a complex and multifactorial disease. and looking at the disease 

in regards to sex adds another layer of complexity. ex differences in BP were first 

reported in 1947, where healthy men had a significantly higher BP than age-matched 

women2. In the 1970's, the Centers for Disease Control conducted the National Health 

and Nutrition Examination Survey that showed that sex differences in BP, where males 

have a higher BP than age-matched females, begins in adolescence, between the ages of 

12 and 1754. Interestingly, children between the ages of 6 and 12 did not show sex 

differences in BP. These observations most likely pointed to the influence of sex 

hormones in mediating the divergence of BP. To reaffirm the influence of sex hormones, 

men bet\\een the ages of I8 and 45 ha\e a greater prevalence of h}pertension than 

women ~sr~6 . At - 50 years old, the age where women typically reach menopause, the 

incidence of hypertension begins to accelerate more rapidly in women, and by the 

seventh decade of life the risk of developing hypertension is comparable between the 

sexes 57. 

As mentioned before, women with hypertension arc more likely than men to be 

treated for their hypertension and take their medication, yet only 45% of treated women 

achieved BP control vs. 51% of treated men3
. Inhibition of the AT1 receptor is a common 

and widely prescribed treatment for hypertension among both sexes. however, survival is 

higher among \\Omen with heart failure treated with ARBs ~ 8 and women tend to have 

greater decreases in BP to ARBs compared to men59
-6

1
• More studies are needed to 

detem1inc whether this is based on sex differences in the efficacy of pharmacological 
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agents used to treat h) pertension, or the result of other factors. Sex differences in 

response to anti-h) pertension medication bring into question whether prescribing anti

hypertensive treatments on a methodology irrespective of sex is outdated. 

3. Experimenta l models of hypertension 

There arc numerous experimental animal models to study hypertension. An ideal 

animal model for any cardiovascular disease in humans should have five characteristics: 

(i) mimic the human disease, (ii) allow studies in chronic, stable disease, (iii) produce 

symptoms which are predictable and controllable, (iv) satisfy economical, technical, and 

animal welfare considerations, and (v) allow measurement of relevant cardiac, 

biochemical, and hemodynamic parameters62
. There are numerous rat animal models 

alone that exhibit a sexual dimorphism in BP including: HR 28
• Wistar Kyoto rats in the 

presence63 or absence64 of the NOS inhibitor Nw-nitro-L-arginine methyl ester, 

mRen2.Lewis rats65, New Zealand hypertensive rats66
, and homozygous ET-B receptor 

deficient rats on high salt diet67
• 

The projects in this thesis focused mainly on using SIIR as the animal model. 

SHR arc an established model of RAS-dependent essential hypertension that mimics the 

human condition where males have higher BP than age-matched females 13
•
44

• The SHR 

is also one of the most extensively studied models for hypertension. Prior to sexual 

maturity, 6-8 weeks old. SHR have a systolic BP of 100 120 mmHg68
• SHR reach sexual 

maturit} around 8-10 weeks of age, and it is around this time that SHR exhibit an age

related increase in BP with hypertension becoming established at - 12-14 weeks ofage12
, 

with males experiencing a steeper climb in BP than females. BP in male SHR usually 
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runs about l 0-l 5 mmHg greater than in female SHR following sexual maturity12·44
• Male 

SHR continue to have greater BP compared to females up to 9 months old, but by 12 

months females have similar BP to males69
. 

B. T he Role of the Renin Angiotensin System in BP Regulation 

I . T he classical and non-classical RAS pathways 

The RAS is critical in the regulation of BP, and imbalances in the RAS cause 

pathophysiological conditions that contribute to cardiovascular disease. While the kidney 

is not cut ofT from systemic influences, the work in this thesis project focused more on 

the kidney because of its important role in BP regulation, as knockout of renal A T1 

receptors cause a substantial decrease in BP17
• As mentioned above, the RAS is 

composed of two main pathways, the classical and non-classical pathway (Figure I). The 

"classical RAS pathway"' is composed of ACE l, Ang If and AT 1 receptors, while the 

"non-classical RAS pathway" is composed of ACE2, neprilysin, Ang (l-7), AT2, and mas 

receptors. 

The C lassical RAS Components: 

1) ACEl is an eruyme that was originally described to cleave two-amino acids from 

Ang l to form the octapeptide Ang II, however, it also hydrolyzes Ang (l-9) into Ang 

( 1-7). In the kidney, ACEl is primaril}' locali7ed to endothelial cells and the brush 

border membranes of tubular epithelial cells70
• 
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2) Ang II is an effector peptide of the RAS that is involved in numerous direct and 

indirect functions to regulate BP. Ang II is produced from the decapeptide Ang I by 

ACE l. Ang II mediates its effects by binding to either AT1 or AT2 receptors. 

3) AT 1 receptor activation by Ang II mediates most of the pro-hypertensive actions of 

the RAS. AT1 receptors regulate arterial BP, electrolyte and water balance, thirst, 

aldosterone secretion, and renal function 71
• AT 1 receptor localization plays an 

important role in determining the impact of Ang II on physiological and 

pathophysiological responses. AT 1 receptor expression in the kidney is the most 

dense in the vasculature of the renal cortex and the proximal tubules of the outer 

medulla72, and AT1 mRNA is found within afferent arteriole, arcuate artery, and outer 

medullary descending vasa recta, the glomeruli. and renal tubules (proximal tubules, 

thick ascending limb. and collecting ducts)72
• 

Non-Classical RAS Components: 

l ) ACE2 is a homologue of ACEl that is not blocked by conventional ACE inhibitors73
. 

ACE2 can directly synthesize the vasodilatory peptide Ang (l-7) by the removal of a 

carboxy-terminal amino acid from Ang II, or it can indirectly produce Ang ( l-7) by 

the conversion of Ang I into Ang ( l-9) that can later be hydrolyzed by ACE 1 into 

Ang (l-7)7-1-76. While both Ang I and Ang II can ser'<e as substrates for ACE2, in 

' 'ilro studies examining enzyme k.inctics have shov.n that ACE2 has greater catalytic 

efficiency when Ang II is the substrate73
• The highest levels of ACE2 in the kidne} 

are found in cortical proximal tubules77 78
, with ACE2 protein also detected in the 

outer medulla and inner medulla79
• 
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2) Neprilysin directly synthesizes Ang ( 1-7) using Ang I as the substrate80
. In kidneys, 

neprilysin is expressed in podocytes, renal proximal tubular epithelium, and in 

smooth muscles cells of the vascu1ature81
• 

3) Ang (1-7) has been shown to be generated in the vascular endothelium82 and brush

border of proximal tubule kidney cells79
• Ang ( 1-7) binds primarily to the mas 

rcccptor83
. 

4) AT2 receptor activation is thought to oppose the pro-hypertensive response of AT1 

activation. AT2 mRNA is found in all but two of the vascular and tubular segments 

of the kidney, the medullary thick ascending limbs of I lenle, and the glomeruli72
• 

5) The mas receptor contributes to the vasodilatory effects of Ang ( 1-7)
84

, which is 

thought to mediated by mas receptor stimulation of NOS-mediated NO 

production38•85·86. Mas mRNA is broad!} localized in the kidney to proximal tubule, 

afferent arteriole, collecting duct, and the thick ascending limb of Henle87
• 

2. Sex differences in the BP response to Ang (1-7) infusion 

W c have shown that female SHR are more dependent on Ang (1-7) to blunt Ang 

11-induced increases in BP compared to males28
. However, the effect of Ang (1-7) on BP 

when the RAS is not being perturbed by Ang II is unknown. In male SHR, chronic 

infusion of Ang ( 1-7) produces a significant increase in diuresis and natriuresis, and a 

decrease in BP, however, these effects \\ere absent in male SO and WKY rats26
. These 

results support a greater role for Ang ( l-7) to influence BP under hypertensive 

conditions. Unfortunately. it is unknO\\n if these effects of Ang (1-7) on renal 

hemod> namics and BP are the same in females, much less between hypertensive and 
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normotensive females. Therefore, studies in Aim I were focused on understanding 

whether there is a sex difference in the BP response to Ang (l-7) infusion m an 

experimental animal model of hypertension. 

3. Sex differences in the BP response to activation of the RAS with Aog II 

Sex differences have been reported in the expression levels of RAS components, 

and in the functional response to Ang IT-infusion, where males have a more robust 

increase in BP following Ang II infusion compared to females 16
·
20

•
21

. While the 

mechanism(s) that mediates the sex difference in BP in response to Ang II infusion is 

unknown, our lab has shown that inhibition of Ang ( 1-7) increases the initial BP-response 

to Ang II in females, but not in males, abolishing the sex difference in Ang II 

hypertension 28. These results show that Ang (1-7) plays a greater role in BP regulation 

in females than males by antagonizing Ang 11-mediated increases in BP exclusively in the 

female. 

4. Sex differences in the response to RAS inhibitors 

Therapeutic targeting to the classical RAS pathway is a common treatment for 

patients with hypertension88·89. Angiotensin converting enzyme inhibitors (ACEi) and 

ARBs, are the primary RAS inhibitors used in controlling BP22
• Sex differences have 

been reported in patients treated with an ARB, where women have a greater decrease in 

systolic60 and diastolic BP61, and greater stroke protection
90 

compared to men. This 

clinical data support that ARBs are more effective in women than men. However, there 

is less consistency in studies in experimental animals. BP responses to the ARB losartan 
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in experimental animal models have been reported to be greater in young SO rats32 and 

aged31 male SHR compared to females, comparable between the sexes in both SO rats 

and SI IR9
1.92

, or reduced in male SHR30
. Despite this lack of consistency in BP 

responses to A T1 receptor blockade, males are consistently reported to have greater AT1 

receptor expression in the renal cortex 12
•
28

, mesenteric arteries, and aorta29
, compared to 

females. Therefore, in order to resolve this inconsistency in whether there is a sex 

difference in response to ARB treatment between males and females, we monitored the 

BP response to ARB treatment in male and female SIIR (Aim 2). 

However, inhibitors of the RAS do not work solely by altering Ang II. The role 

of Ang (1-7) in mediated the BP-lowering effects of ARB/ACEi were first studied in 

male experimental animal models. Treatment of male SHR with either lisinopril (an 

ACEi) or losartan (an ARB) decreases BP with a concomitant increase in plasma Ang (1-

7) concentration34•93, and blockade of Ang ( 1-7) has been shown to reduce the 

effectiveness of combined administration of lisinopril and losartan to lower BP in male 

SIIR33 . The exact mechanism by which Ang (1-7) enhances the BP-lowering effects of 

RAS inhibitors is unknown, but combined ACEi/ARB treatment in male SHR 

demonstrated that it is through a non-AT 2 receptor mechanism34
, implicating a role for 

the mas receptor in mediating the effectiveness of RAS inhibitors. Ang ( 1-7) most likely 

contributes to the beneficial effects of RAS inhibitors by evoking the release of NO and 

prostacyclin 94, and through the potentiation of bradykinin 95
. Data regarding the impact of 

Ang ( 1-7) on ACEi and ARB mediated decreases in BP in female animal models is 

lacking and since females have greater Ang ( l-7) levels than males, we speculate that sex 
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influences the contribution of Ang ( 1-7) to mediate the effectiveness of RAS inhibitors 

(Aim 2). 

C. Influence of Ang (1-7) on NO Bioavailability and Inflammation. 

l. Impact of Ang (1-7) on nitric oxide synthase, nitric oxide, and pro

oxidants/anti-oxidants 

While Aims I and 2 focused on determining the role of Ang (1-7) in BP 

regulation, Aims 3 and 4 focus on the biochemical pathways by which Ang ( 1-7) invokes 

a response. Female SHR have been shown to have greater renal cortical Ang (1-7) and 

NO bioavailability compared to males. Therefore, we wanted to determine whether Ang 

(1-7) mediated this sex difference in NO bioa\ailability (Aim 3). NO bioavailability is 

defined as I) activity and expression of NOS. and 2) scavenging of NO via superoxide. 

Therefore, in order to determine the effect of Ang ( 1-7) on NO bioavailability, we will 

need to assess the balance between markers of NOS activation and pro-oxidants/anti

oxidants. 

NOS is the enzyme that catalyzes the conversion of L-arginine, NADPH, and 

oxygen into the free radical NO, citrulline, and NADP96
'
98

. The NOS enzyme is also 

associated with tightly-bound co factors, including (6R)-5,6, 7 ,8-tetrahydrobiopterin 

(8 11.~). FAD, FMN. and iron protoporphyrin IX (haem)96
'
98

• NO is an important cellular 

signal ing molecule that directly activates soluble guanylyl cyclase to produce cyclic 

GMP. There arc three isoforms ofNOS: NOS I, NOS2, and NOS3. that are produced by 

three difierent genes99
'

101
• and have different cellular localization pattems

102
·'

03
, 

regulation 10\ catalytic properties, and inhibitor sensitivity105
• NOS ! and NOS3 are 
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constitutively expressed enzymes regulated acutely through reversible calcium

calmodulin binding, while inducible NOS2 is calcium-insensitive due to a tight non

covalent interaction with calcium-calmodulin. Stabilization for all three isofonns is 

promoted by the presence of L-arginine, BII~ and haem106
• Depending on the availability 

of substrates and co-factors, NOS can also serve as a source of reactive oxygen species 

when the flow of electrons is uncoupled from NO synthesis and is instead diverted to 

molecular oxygen to produce superoxide107
"
109

• Loss of BH4 has been implicated as a 

primary cause ofNOS uncoupling, and oxidative stress can deplete BH4 levels107
•
109

• 

The NO/NOS pathway has been implicated in BP control. Chronic NOS 

inhibition causes hypertension in experimental animals while increasing NO levels 

decreases BP in hypertensive male rats110
. Therefore, pathways that modulate NO also 

have the potential to impact BP. The vasodilatory properties of Ang (l-7) have been 

closely associated with an increase in NO production. Ang ( 1-7) stimulates NO 

production in Chinese hamster ovary cells via mas receptor activation of NOS338
, and 

increases left ventricular NOS activity in male SIIR via the AT2 receptor86
. In 

catccholaminergic CATH.a neuronal cells, Ang (I 7) increases NO levels by activating a 

mas receptor-NOS 1 pathway111
. While Ang ( 1-7) docs not modify hypothalamic NOS 

activity in WKY rats, it does impair NOS activity in pre-hypertensive SHR and increases 

NOS activity in male SHR with established hypertension, suggesting that Ang (1-7) up 

regulates hypothalamic NOS in hypertension as a compensatory and protective 

mechanism to combat increases in BP112
• Overall, these results suggest that a mechanism 

by which Ang ( 1-7) acts as a vasodilatory and anti-hypertensive peptide is through NOS

stimulated NO production. 
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Sex differences have been reported in Ang ( 1-7) expression, NOS, and NO levels. 

Female Stroke-prone SHR ha\e greater OSl expression in the kidney compared to 

males113
, while we have reported that female SIIR have significantly more NOSl and 

NOS3 en7ymatic activity in the renal inner medulla than male SHR114
• Although renal 

cortical NOS activity and expression are comparable between male and female SHR, 

cGMP levels (which is an indirect index marker of NO production) are significantly 

lower in males indicating a lower level ofNO bioavailabi lity in males 114
. 

The mechanism that mediates the sex difference in the NOS/NO pathway in the 

renal cortex is unknown, but sex differences in oxidative stress is likely involved as 

increases in superoxide decrease NO bioavailability by scavenging NO to produce the 

toxic oxidant peroxynitrite115 and males ha\e greater oxidative stress than females 116
• 

Overall, sex differences in oxidati\e stress are likely related to males ha\ ing greater ROS 

production and females have greater anti-oxidant production116
• Basal superoxide levels 

in the renal cortex, isolated glomeruli40 and mesenteric arteries117 arc greater in male 

SIIR compared to females, and male SHR have greater hydrogen peroxide (H202) 

cxcrction40
. One possible mechanism contributing to sex differences in oxidant status 

could be sex di!Terences in Ang ( 1-7) levels. Ang ( 1-7) infusion in male SHR decreases 

renal cortical NADPH oxidase activity 118 and gp9l(phox) subunit expression in the 

brain 119
, and blocks Ang 11-stimulatcd superoxide sca\cnging of NO in thoracic aortic 

rings from male SD rats39
. Since these studies \\ere done solely in males it is unknown 

whether Ang ( 1-7) in females will also mitigate increases in oxidative stress or if greater 

Ang ( 1-7) le\cls in female SHR could account for the lower levels of oxidative stress 

relative to males. 
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Oxidative stress is the balance of pro-oxidants and anti-oxidants where anti

oxidants are a counter balance to prevent oxidative stress by donating or accepting extra 

electrons in order to neutralize unpaired electrons in free radicals 120
. Therefore, anti

oxidants protect tissues from free radical damage and deficiencies in anti-oxidant levels 

have been reported in hypertensive animals 121
• There arc multiple types of anti-oxidants: 

superoxidc dismutasc (SOD), catalase, glutathione peroxidase, heme oxygenase, 

thioredoxin, and paraoxonase. Sex differences have been reported in anti-oxidants. Our 

laboratory has shown that although male SI IR have greater inner medullary catalase and 

total SOD activity. consistent with higher levels of oxidative stress they also have less 

urinary anti-oxidant potential and plasma total SOD activity compared to females40
• In 

additional studies, female SHR have been shown to have less renal cortical protein 

expression of catalase, CuZn SOD, and glutathione peroxidase compared to males
122

. 

Howe.,er, the authors hypothesized that the greater expression levels of these anti-oxidant 

enzymes in male Sl IR most likely reflects the greater oxidative stress levels in the 

kidneys of males. Compared to the effect of Ang ( 1-7) on pro-oxidant markers, less is 

known about the effect of Ang (l-7) on anti-oxidants, however, the available data 

supports a role for Ang ( 1-7) to potentiate anti-oxidants and contribute to decreases in 

oxidative stress. Ang ( 1-7) infusion for 4 weeks has been shown to elevate total SOD 

acti.,ity in the brain of male SHR119
, and urinary Ang (l-7) is increased when the anti

oxidant catalase is overexpression in type l diabetic Akita male mice123
. 

Therefore, Ang (1-7) has been shO\.,.n to impact both determinants of NO 

bioavailabilit}, to both stimulate NOS and NO-production and inhibit increases in 

oxidative stress. We have shown that in the renal cortex females have greater Ang (l-7) 
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and NO, we wanted to determine whether greater Ang ( 1-7) in female SHR contributed to 

greater NO bioavailability compared to males by examining the impact of Ang (1-7) on 

NOS/NO, pro-oxidants, and anti-oxidants (Aim 3). 

2. Impact of Ang II and Ang (1-7) on inflammation 

T cells have two main purposes in immune defense: I) to direct and regulate 

immune responses, and 2) directly attack infected or cancerous cells. I Ieiper T cells work 

to coordinate the immune response by stimulating B cells to produce antibodies, 

recruiting phagocytes, or activating other T cells. While there are many subtypes of 

helper T cells. we are interested in T helper 17 (Th 17) and T regulatory cells (Tregs). 

Th 17 cells induce a pro-inflammatory response, and Tregs suppress effector T cell 

activation to limit pro-inflarnrnatol) responses. Ang II infusion has been shown to 

increase aortic T cell infiltration in male C57BL/6 mice 41
, and cardiac T cells in wild

type male miee124
• 

The impact of Ang II on T cells in females has only recently been examined. 

Female Rag C() mice, which Jack both B and T cells, receiving donor T cells from a male 

have an attenuated increase in BP in response to Ang II compared to male Rag ( -1-) mice 

receiving T cells from a male donor125
• Consistent with the notion that females are 

relatively protected from Ang II T cell-mediated increases in BP, male Ragl C[) mice 

rccei\ ing male donor T cells \erses female donor 1 cells have an exaggerated Ang 11-

induced increase in BP 126. More importantly, the sex difference in the BP response to 

Ang II in wild-t} pe mice was abolished in Rag ( -/-) mice. directly implicating T cells in 

mediating sex differences in Ang II hypertension. 
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While Ang II has been established to activate T cells, less is known regarding the 

impact of Ang ( 1-7) on T cells. Ang ( 1-7) has been shown to have anti-inflammatory 

actions45
-48, where overexpression of Ang (1-7) in monocrotaline-treated male SO rats 

has been shown to stimulate anti-inflammatory cytokines and attenuate pro-inflammatory 

cytokines50. Little is known in regards to Ang ( 1-7) to impact T cells, however, male 

mice lacking the Ang ( 1-7) production enzyme ACE2 exhibit an increase in inflammatory 

markers and total T cells compared to wild-type mice, implicating a role for Ang (1-7) in 

regulating T cells counts 127
• We have recently shown that there are sex differences in the 

renal T cell profile of SHR where males have more Th 17 cells and females have more 

Tregs43128• Since both Thl7 cells and Tregs have been implicated in BP control, sex 

differences in the T cell profile could contribute to sex differences in BP, although the 

mechanisms responsible for the sex differences in T cells remained unknown. We 

wanted to examine if Ang (1-7) could differentially regulate the T cell profile of males 

and females (Aim 4). To directly examine the impact of sex on Ang II activation ofT 

cells, male and female SO rats were infused with Ang II and we hypothesized that 

females would have fewer pro-inflammatory T cells following Ang II infusion due to 

greater levels of Ang ( 1-7) (Aim 4 ). 
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III. MATERIAL AND METHODS 

Animal Models 

12-14 week old male and female SHR and SO were used for all the studies in this 

thesis (I larlan Laboratories, Indianapolis, IN, and colony rats maintained at Georgia 

Regents University). All experiments were conducted in accordance with the National 

Institutes of I lealth Guide for the Care and Use of Laboratory Animals, and approved and 

monitored by the Georgia Regents University Institutional Animal Care and Use 

Committee. Animals were euthanized via exsanguination under ketan1ine/xylazine 

anesthesia (50 mg/kg/1 0 mglkg, IP). 

Treatment Overview 

Aim l: Male and female SHR either recei\ed minipumps to deliver l) Ang (l -7) 

peptide (24 ~glkglhr; Phoenix, Burlingame, CA) for 14 days; N- 9-11. or 2) untreated 

controls; N 3-4. A subset of male and female SHR (N 3-6 per group) were used to 

measure renal cortical and plasma Ang ( 1-7) peptide levels following treated with Ang 

( 1-7). 

Aim 2: Group A: Male and female SHR were treated for I week with candesartan 

(0.5 mglkg/day; N 7-8) before receiving a minipump to dcli\er Ang II (200 nglkg/min; 

Phoenix, Burlingame. CA) for an additional \veek of treatment. Group B: To assess the 

contribution of Ang ( 1-7)-mas receptor activation on candesartan-mediated decreases in 

BP, a separate group of male and female SIIR were implanted with osmotic minipumps 

to deliver the Ang (1-7)/mas receptor antagonist 0-alanine-[Ang (1-7)] (A-779) (48 
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~glkg/hr~ Sachem, Torrance, CA; N=4-5) 4 days prior to initiating the candesartan and 

Ang II treatment described above. 

Aim 3: Male and female SHR v.ere randomly assigned to the following groups 

and treated for 14 days with either l) Ang ( l-7) peptide (24 ~glkglhr; Phoenix, 

Burlingame, CA; N=12), 2) Ang (1-7) antagonist A-779 (48 ~glkg/hr; Bachem, Torrance, 

CA; N 12), or 3) untreated controls (N - 12). 

Aim 4: Study 1: male and female SO rats were randomized to receive either 

osmotic minipumps (Alzet, Cupertino, CA) implanted s.c. to deliver Ang II (200 

nglkg/min; Phoenix, Burlingame, CA; N= 11-12) for 14 days, or untreated control. An 

additional set of male and female SO rats were used for telemetry BP monitoring 

following 14 da} treatment with Ang II (n- 5-6). tudy 2: To determine the contribution 

of Ang (I -7) to Ang ll-mediated changes in the renal T cell profile. a second set of rats 

received osmotic mini-pumps to deliver either 1) Ang II alone (200 nglkg/min; Phoenix, 

Burlingame, CA; N-4-5), or 2) in combination with the Ang (1-7) antagonist A-779, (48 

~g/kg/hr; Sachem, Torrance, CA; N=4-5). Male and female SO rats were treated over 

the course of 14 days. Animals received mini pumps to deliver the Ang ( 1-7) antagonist 

A-779 2 days prior to initiating Ang II infusion for the remaining 12 days. Animals that 

didn't receive A-779 were undisturbed in the 2 days preceding the 12 days of Ang II 

treatment (N 6). 

BP Measurement 

Male and female SHR and SD rats were anestheti1ed with isoflurane (1.5%) and 

underwent surgery for the implantation of radiotelemetry transmitters (PA-C40, Data 
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Sciences, St. Paul. MN) into the abdominal aorta according to manufacturer 

specifications at I 0 weeks of age. Briefly, the transmitter was interested into the 

abdominal aorta and secured in place with tissue glue. The body of the transmitter was 

stitched to the abdominal wall and the incision was closed. Conscious BP was collected 

for I 0 seconds every 1 0 minutes. Rats were allowed I week to recover from surgery 

before being placed on telemetry receivers. Animals were individually housed while BP 

was measured continuously. Baseline BP was measured for I week prior to treatments 

and recorded as 24-hour MAP. 

Implantation of ubcutaneous Mioipumps 

Animals v.ere implanted \\ith subcutaneous osmotic minipumps (ALZET Model 

2002) \\hile anesthetized \>\ith isoflourane {2°/o b} inhalation). The surgical site was 

shaved and washed before a mid-scapular incision was made in the back of the animal. A 

hemostat was used to create a subcutaneous tissue pocket large enough to insert the 

minipump so it rested slightly below the incision site. The incision was closed using 

wound clips. Animals were continuously monitored and maintained on a warming 

blanket until recovery from the anesthesia, upon which they were returned to normal 

housing. 

Candesartan Dosing 

Rats \\ere indi\idually housed throughout the study. Water intake was measured 

daily, and body weights \\ere measured ever) other day. The dose of candesartan in the 

drinking water \>vas adjusted as needed to maintain consistent dosing of0.5 mg/kglday for 
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each sex. Drinking water containing candesartan was kept in the dark and prepared 

separately for each sex to account for sex differences in weight and daily water volume 

intake. Candesartan was prepared in Milli-Q water containing 0.0 l% Ethanol, 0.0 l% 1.5 

M Sodium Bicarbonate, and 0.0 l% of 0.1% polyethylene glycol. 

Real Time PCR 

RNA was isolated from 50 mg of renal cortex from control, candesartan and 

candesartan plus Ang II-treated male and female SHR (N=4-6) using RNeasy Plus Mini 

kit according to manufacturer's protocol (Qiagen, Valencia, CA). Primers were designed 

by Qiagen Company and used to measure ACEl, ACE2, and neprilysin enzymes, and 

AT1 and AT2 receptor transcript levels (Qiagen, Valencia, CA). GAPDH was the internal 

standard and RNA levels were expressed relative to control in each sex. 

Mas Receptor Western Blot Analysis 

Renal cortical samples (N=4-6/group) were homogenized in buffer (pH 7.5) 

containing the following: 50 mM Tris, 107 11M EDT A, 85 11M EGTA, 0.1% Beta

Mercaptoethanol, and 10% Glycerol. Inhibitors added to homogenization buffer: 2 mM 

Leupeptin, 0.1% Aprotinin, 2 mM Pepstatin, 0.1 M Phenylmethyl Sulfonyl Fluoride, 

0.1% Beta-Mercaptoethanol. Protein concentrations were determined via standard 

Bradford assay (Biorad, Hercules, CA) using bovine serum albumin as the standard. 

Two-color immunoblots were performed using a polyclonal primary antibody to the mas 

receptor (Aiomone Labs, Jerusalem, Israel). Specific bands were detected using the 

Odyssey Infrared Imager in conjunction with the appropriate lRDye secondary antibody 
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(LI-COR Biosciences, Lincoln, NE). Actin (monoclonal, Sigma, St. Louis, MO) was used 

to verify equal protein loading, and all of the densitometric results were nonnalized to 

actin and reported as the fold change from control. 

Urinary Biochemical Measurements 

Rats were placed in metabolic cages for 24-hour urine collection prior to any 

change in drug treatments, and at the end of the study. All urine samples were spun at 

3000 rpm for I 0 minutes to remove particulate matter prior to assay. Urinary protein 

concentration was determined by Bradford assay (Bio-Rad, Hercules, CA) with bovine 

serum albumin as the standard. Enzyme immunoassays (EIA) measured kidney injury 

molecule-1 (KIM-I~ R&D Systems, St. PauL MN), and ncphrin (Exocell, Philadelphi~ 

P A) via manufacturer's protocols. Urinary protein excretion was expressed as 

1-!g/day/gram body wt, KIM-I as pg/mUday, and nephrin as 11g/mUday. H202 levels 

(Invitrogen Amplex Red, Eugene, OR) and thiobarbituric acid-reactive substances 

(TB/\RS; Cayman Chemicals, Ann Arbor, MI) were also measured via manufacturer's 

protocols, and levels were expressed as nmols/day. 

Renal Cortical Lucigen in Chemiluminescence Assay 

Renal cortexes were homogenized in buffer as described above (Mas Receptor 

Western Blot Analysis). Basal superoxide detection experiments were conducted using 

50 11L of cortex homogenate or buffer control (physiological saline solution (PSS) 

containing: 130 mM Sodium Chloride, 4.7 11M Potassium Chloride, 2.4 mM Magnesium 

Sulfate, 918 11M Potassium Diphosphate, 14.9 mM Sodium Bicarbonate, 5.6 mM 
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Dextrose, 1.1 mM Calcium Chloride. 27 JiM EDTA) was added to sample or background 

\veils, respectively, in 96-well microplates (OptiPlatc-96, PerkinElmer Inc., Waltham, 

Massachusetts) and incubated at 37°C for 30 minutes in the presence of lucigenin (5 

Jimol/L). After a 30-minute dark-adapt period, luminescence was quantified using a 

TopCount Microplate Scintillation and Luminescence Counter (PcrkinElmer) set to 

single-photon counting mode. We have found that by increasing the amount of renal 

homogenate that goes into the assay, we are reliably able to measure superoxide 

production in the renal cortex of the hypertensive animals. There is 500 to 600 Jig of 

renal cortical homogenate in the assa)' for the basal measurements of superoxide, and 

activit) is abolished b) the inclusion of the SOD mimetic tempo I (I 0 mmol/L; Biomol 

International LP. PI) mouth Meeting, Penns)hania). NADPII oxidase enz}matic activity 

\-.as measured similarly using lucigenin chemiluminescence (5 J..lmol 'L) in the presence of 

l 00 ~1moi/L NADPII (Alexis Biochemicals, La Jolla, California) using 35 Jig of cortical 

homogenate. Enzyme activity was normalized to the an1ount of protein such that the 

level of supcroxide generated was expressed as cpm/J..lg protein. In addition, a linear 

relationship was observed between NADPI [ oxidase activity and the an1ount of protein in 

the assa) at the dose that we used to measure NADPII oxidase activity. Total protein 

v .. as measured b) standard Bradford assa) using bovine serum albumin as the standard. 

peci licit) of the assa) for superoxide was confirmed b) the inclusion of tempo I. 

Ti sue Preparation for cGMP Measurement. 

Renal cortical tissues were isolated and snap frozen in liquid nitrogen. Samples 

were homogenized in icc-cold l 0% trichloroacetic acid ( igma, St. Louis, MO) and 
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centrifuged at 15000 g for 15 minutes at 4°C. The supernant was collected, and 

trichloroacetic acid was extracted from the sample using water-saturated ether. The 

supernant was lyophilized and later reconstituted for EIA assay. The sample pellet was 

reconstituted in I N sodium hydroxide, and protein concentration was determined via 

Bradford assay (Bio-Rad, Hercules, CA) with bovine serum albumin as the standard and 

used to normalize cGMP tissue concentrations. 

Renal Cortical NOx Measurement. 

Kidneys were homogenized in buffer as described above (Mas Receptor Western 

Blot Analysis). 35 J .. tl of kidney homogenate was incubated in 90 Jll ice-cold ethanol for 

I hour at -20°C. Samples were then centrifuged for 15 minutes at 14000 gat 0°C. The 

solvent layer was used for NOx measurements. 

Samples were analyzed using Sievers Nitric Oxide Analyzer Model 280 (General 

Electrics, Boulder, CO) with an ozone generator using 95% oxygen and 5% C02. 50 Jll 

of sample liquid was added to solution contain 7 mL acetic acid and l mL of 200 mM 

sodium iodide. The sample's signal peak generated by Sievers NOA was integrated to 

determine the area under the curve. Sample peak areas were compared against the 

standard curve peak areas that were generated using sodium nitrite. Final NOx 

concentrations ""ere measured as pmol/mL and norn1alized to the kidney homogenate 

protein concentration. 
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T issue Homogenization for Anti-oxidant Activity and SOD Western Blot Analysis 

Renal cortical samples were homogenized in buffer containing 22 mM Na

HEPES pH 7.2, I mM EGTA, 23 mM mannitol, and 78 mM sucrose. Homogenate for 

SOD activity was centrifuge at 1500 g for 5 minutes at 4°C, and for catalase activity, 

samples were centrifuge for 10000 g for 15 minutes at 4°C. I lomogenate was also used 

for Western blot analysis. Western blot analysis was performed as described above (Mas 

Receptor Western Blot Analysis), and primary antibodies were used for Copper/Zinc 

(CuZn) SOD (Stressgen, Victoria, British Columbia Canada), Manganese (Mn) SOD 

(Enzo Life Sciences, Inc, Farmingdale, New York), Extracellular (EC) SOD (Abnova, 

Walnut, CA) and catalase (Abeam, Cambridge, MA). 

Renal Cortica l NOS Activity and Western Blot Analysis. 

Renal cortical homogenates were used to measure NOS enzymatic activity and 

protein expression. The renal cortex was homogenized in bufier as described above (Mas 

Receptor Western Blot Analysis), and incubated with 20 mM CHAPS (3-[3-

cholamidopropyl)dimethylammonio-1-propane sulfonate) at 4°C for 20 minutes, and 

centrifuged at 20000 g for 30 minutes. Total NOS protein was partially purified from the 

supernatant fraction using 2'5" ADP Sepharose 48 (GEllealthcare, Piscataway, New 

JcrSC} ). Total NOS activity was determined in aliquots or purified protein based on the 

rate of L-ell]citrulline formation from L-eH]argininc and defined as eH]arginine to e 
I !]citrulline conversion inhibited by the nonselective NOS inhibitor omega-N-nitro-L

arginine (I mmol/L) (Sigma-Aldrich Co., St. Louis, Missouri). Total NOS activity was 

normali7ed to milligrams of protein (pmol/30 min/mg protein). In each assay, we 
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included rat cerebellum as a positive control for the NOS 1 inhibitor. Western blots were 

performed as described above (Mas Receptor Western Blot Analysis), using primary 

antibodies for NOS! and NOS3 (BD Biosciences, San Jose, CA). 

Kits and Assays. 

All EIA assays were perfo rmed according to the manufacturer's instructions. 

Plasma 8-isoprostane levels were measured at a wavelength of 410 nm, and data were 

expressed as pg/mL plasma. Tissue samples for 8-isoprostane levels were homogenized 

in buffer containing: 0.1 M phosphate (pH 7.4), 1 mM EDTA and 10 !J.M, indomethacin, 

and expressed as pg/mL of plasma (Cayman Chemicals, Ann Arbor, MI). Catalase and 

SOD activities were measured directly in plasma, and renal cortical samples were 

homogenized as described above (SOD Western Blot Analysis). Protein concentrations 

were measured via Bradford Assay, and all catalase and SOD activity data were 

expressed as units/mL/mg protein (Cayman Chemicals, Ann Arbor, MI). Renal cortical 

cGMP levels were processed as described above and data were expressed as pmol/mg 

protein (Cayman Chemicals, Ann Arbor, MI). 

Ang ( 1-7) concentrations were measured by EIA via manufacturer's protocol III 

afler methanol extraction of the renal cortex (n 7-1 0; Bachem, Torrance, CA). 

According to the kit manufacturer, cross reactivity for this EIA is I 00% for Angiotensin 

1/II (I -7), and 0% for Angiotensin I, II. III, and A. 
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Analytical Flow Cytometry 

Whole kidneys were strained through a l 00 ~M meshed filter (BD Biosciences, 

San Diego, CA) and suspended in phosphate buffer saline (PBS) solution. The PBS-

kidney mix was centrifuged at 1500 rpm for 10 minutes at 23°C. The supemant was 

discarded and the pellet was re-suspended and washed with PBS before being centrifuged 

again under the same conditions. Approximately l million kidney cells were incubated 

for 15 minutes on ice in the dark with cell surface staining antibodies (BD Biosciences, 

San Diego, CA). Surface marker antibodies are outlined in Table 1. Following 

incubation, kidney suspensions were centrifuged at 1500 rpm for l 0 minutes at 23°C, and 

once again the kidney supernant was discarded. For intracellular staining, kidney pellets 

were washed in PBS contain 0.5% BSA and 0.05% sodium azide before being fixed and 

permeabilized using fix/perm concentrate (eBioScience, San Diego. CA). Kidney cells 

were then incubated with antibodies against the intracellular markers Foxp3 and RORy 

(BD Biosciences, San Diego, CA). Cells were then washed again in PBS containing 

0.5% BSA and 0.05% sodium azide before being fixed with l% paraformaldehyde in 

PBS. 

Cell Type \larl•tr 

CD4 CD3 CD4 

CDS CDJ CDR 

Treg CD3 CD4 · foxp3 ' 

T h l7 CD3 CD.J RORy 

CD69 and CD44 CD3 CD4 

Table 1: T Cell Markers 
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Cells were then ran through a four-color flow cytometer (F ACS Cali bur, BD 

Biosciences, San Diego, CA), and data were collected using CellQuestTM software. 

Samples were double-stained with control IgG and single color cell markers were used to 

assess any spillover signal of fluorochromes. Cells were gated using a forward and side 

scatter plot to exclude dead cells and debris. Specificity of primary antibodies were 

confirmed using isotype controls matched to each primary antibody's host species, 

isotype, and conjugation format as a negative control. 
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IV. RESULTS 

Specific Aim 1: Test the hypothesis that BP in male SHR is less sensitive to 

increases in Ang (1- -) than females. 

Ratio11ale: Chronic Ang (1-7) infusion in male SIIR and Zucker diabetic fatty rats 

decreases BP, although BP in normotensive male Sprague Dawley and Wister-Kyoto rats 

is not sensitive to Ang (1-7) infusion26
'
27

. These data support a role for Ang (1-7) in BP 

regulation in cardiovascular pathologies in males129
• We have previously published that 

female SliR have greater levels of Ang (1-7) than males, and Ang (1-7) antagonizes Ang 

11-induced increases in BP only in the female28
.65. However, whether there are sex 

differences in BP responses to exogenous Ang (1-7) in a hypertensive animal model 

remains unknown. Therefore, the goals of Aim I were to determine whether Ang (1-7) 

mediated a decrease in BP in male and female SHR, and if so, if the vasodepressor effect 

was greater in females. 

Statistical A11alysis: All data are presented as mean ± SEM. BP data within each sex 

were analyzed using repeated measures ANOY A. Student's t-test was used to compare 

data between sexes. Differences were considered statistically significant with p<0.05. 

Analyses were performed using GraphPad Prism version 4.0 software (GraphPad 

Software Inc, La Jolla, CA). 

Effect of Ang (1-7) on blood pressure and protein excretion. 

To assess the effect of exogenous Ang ( 1-7) on MAP, animals were treated with 

Ang ( 1-7) and BP was monitored continuously over a 14 day period. Baseline BP was 

35 



not significantly altered in male SIIR (140±1 vs 142±1 mmHg; respectively; ns), or in 

females (135± I vs 143±3 mmHg; respectively; ns) following the 14 day treatment with 

Ang (1-7) (Figure 2). There was no sex difference in BP at baseline or the end of the 

study. 

Urinary protein excretion \\aS measured prior to initiating treatment and following 

Ang ( l-7) infusion (Figure 3). Baseline protein excretion was significantly decreased in 

males following 14 days of treatment (p 0.027). In contrast to the results in males, 

protein excretion was significantly increased from baseline in females following 

treatment (p 0.004 ). Regardless, protein excretion remained significantly greater in 

males compared to females at all-time points (p<O.OO I). 

160· Start Ang ( 1-7) 
24ug/kg/hr - ~ 0') 

:J: 
E ;a;a!!e~~!~!~•§~~·~ E 140· -a. 
< 
:E 
'-
::::s 120· 0 
:J: • Males 
~ 

0 Female N 

100 • ' • • • • • ' • ' -6 -4 -2 0 2 4 6 8 10 12 14 
Days 

Figure 2: Effect of 14 da) treatment of Ang (l-7) infusion on 24-hour mean 
arterial pressure (MAP) as measured by telcmetr) in male and female SHR. 
Ang ( 1-7) infusion started on Oa) 0. N 5-6. 
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Figure 3: Effect of chronic Ang (1-7) infusion on protein excretion in male and female
SHR. # indicates significant difference from males and * indicates significant difference
from baseline in the same sex, p<0.05 for all comparisons. N=S.

Ang (1-7) peptide expression in plasma and renal cortex following Ang (1-7)

infusion.

To confirm whether the Ang (1-7) infusion was effective, plasma and renal

cortical levels of Ang (1-7) were measured in a separate set of male and female SHR

under control conditions and following a 14 day Ang (1-7)-treatment. Ang (1-7) infusion

did not alter plasma (219+94 vs 229+69 pg/ml; respectively; ns; N=3-5) or renal cortical

Ang (1-7) levels in male SHR (769+432 vs 7734345 pg/ml; respectively; ns; N=4-5). In

contrast, plasma levels of Ang (1-7) in females were significantly increased from controls

following treatment (39.346.8 vs 222+65 pg/ml; respectively; p=0.036; N=3-4), but renal

cortical levels were unaltered (250+44 vs 400+91 pg/ml; respectively; ns; N=3-6).
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DISCUSSION 

Although the impact of Ang ( 1-7) infusion on BP has not previously been 

examined in females, our lab published that females are more dependent on the non

classical RA to antagonize Ang ll-mediated increases in BP. Therefore, the goal of Aim 

1 was to determine ifBP in male SHR was less sensitive to increases in Ang (1-7) than 

females. I Iowever, the main finding in Aim 1 is that subcutaneous infusion of Ang ( 1-7) 

for 14 days does not alter BP in either male or female StiR. 

In contrast to our findings, chronic Ang ( 1-7) infusion through intravenous 

infusion for 7 days was shown to cause a transient decrease in BP on day 4 and 5 of 

treatment in male SHR 130
. In a separate stud}, acute intravenous infusion of Ang ( 1-7) in 

male IIR at a rate of 5 pmol min significantl) decreased BP within 30 minutes of 

infusion 131
• However, a limitation to this study is that the authors did not show the BP 

from 0 to 30 minutes, just the significant drop in BP at the 30 minute time-point, 

therefore any potentially transient alteration in BP was not examined. The current study 

administered Ang ( 1-7) via a subcutaneous mini-pump, which differs from other studies 

using a direct vascular route for peptide infusion26
'
130

. It remains a possibility that in 

order for Ang ( 1-7) to impact BP. the route of delivery is critical; this could be related to 

the stability of the peptide in the mini pump, the half-life of the peptide (- 20 seconds)132
, 

or further processing metabolizing of Ang ( 1-7) once in the body. To assess these 

possibilities, \>ve con finned that infusion of Ang ( 1-7) via minipump did result in an 

increase in circulating Ang ( 1-7) in the current stud} . While \\C did note an increase in 

female I !R follo\ving chronic Ang ( 1-7) infusion, this was not noted in the males and 

there was not an increase in the kidneys of females. As a result, the lack of a BP effect in 

38 



the males at a minimum may reflect that fact that \\e did not increase circulating levels of 

the peptide. In addition, since renal cortical Ang ( l-7) levels were not increased, it is 

possible that either increasing the amount of Ang ( l-7) infused or changing the route of 

administration in the current study may have resulted in an alteration in BP. It should be 

pointed out that two of the five renal cortical Ang ( 1-7) infusion samples were too high 

on the standard curve to be read, and therefore, it is possible that the low replicates is the 

reason for the lack of significance. A limitation of the current study is that we cannot 

confirm whether this Jack of increase in renal cortical levels is the result of a higher 

metabolism rate in the kidney, or if the reason behind the increase in plasma Ang ( l-7) 

levels in the females is due to a lower metabolism rate for circulating peptides. 

In some respects, our results may not be surprising considering the fact that it has 

prc\iousl} been shov.n by both our group and others that inhibition of endogenous Ang 

( l-7)-mas receptor activation does not alter basal BP male or female SIIR28 or in male 

diabetic SHR, WKY, and 2K1C Goldblatt hypertensive rats130
·
133

•
134

. Although there was 

not an cfTcct of Ang ( l-7) on BP, Ang ( 1-7) infusion resulted in a reduction in protein 

excretion in males, and an increase in protein excretion in females. The reduction in 

proteinuria in male IIR was independent of alterations in BP or renal cortical Ang ( l-7) 

expression. rhis suggests that exogenous Ang ( 1-7) may be beneficial for renal health in 

males. \\hich is consistent \\ith reports showing that Ang ( l-7) infusion improves renal 

health in S month-old male diabetic nephropathy in db db mice135
. In contrast and 

opposite to our hypothesis. female HR exhibited an increase in proteinuria. What is 

mediating this increase remains unknov. n. hov.cver, it should be noted that a limitation of 
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the current study is the lack of a time control. The increase in proteinuria in female SHR 

may be more related to an age-related increase as opposed to Ang ( 1-7) infusion. 

Based on our pre\ ious work establishing a role for Ang ( 1-7) to attenuate Ang 11-

induced increases in BP in female SHR, we had hypothesized that BP in male SHR was 

less sensitive to increases in Ang ( 1-7) than females. However, this was clearly not 

supported by the current study. Therefore, we suggest that the vasodi latory peptide Ang 

( 1-7) may play a greater role in BP control when the RAS is perturbed. As a result, 

additional studies will determine the contribution of Ang ( 1-7) in BP regulation during 

inhibition of the RAS (Aim 2). 
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RESULTS 

Specific A im 2: Test the hypothesis that Ang (1- 7) contributes less to the BP

lowering effects of ARBs in male than female S HR 

Rationale: Studies in Aim 1 were focused on understanding the effect of Ang (1-7) on 

BP control under baseline conditions when the RAS was not perturbed. Therefore, 

studies in Aim 2 will determine the contribution of Ang (1-7) on regulating BP during 

A T1 receptor blockade alone and in the presence of an Ang II challenge. There is 

controversy in the literature regarding the functional implications of sex differences in 

A r1 receptor expression on BP control in experimental models of hypertension. Male 

I IR ha\'e been reported to be either more. less. or equally sensitive to the BP-lowering 

effects of ARBs than females30
•
31

• while male SO rats are either more or equally sensitive 

to ARB-mediated decreases in BP than females3u 2
• In addition to sex differences in AT1 

receptor expression, inhibition of Ang ( 1-7) in male SI IR attenuates the effectiveness of 

RA inhibitors to lower BP33
·
34

, and plasma Ang (1-7) levels increase following chronic 

treatment with combined administration of ARB and ACEi in male SHR34
• These data 

support a role for Ang ( 1-7) in contributing to the BP-Iowering effects of RAS inhibitors 

in male HR. Although our lab has published that renal cortical Ang ( 1-7) levels are 

greater in female SHR compared to males28
, it is unknov.n \\hether Ang (1-7) has a 

functional role in mediating the BP lowering effect of ARBs in females. The goal of this 

aim was to detennine if there is a sex ditTerencc in the Ang (1-7) contribution to the BP

Iowcring effects of ARBs. 
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Statistical A11alysis: All data are presented as mean ± SEM. BP, protein, KIM-1, and 

nephrin excretion data within each sex were analyzed using repeated measures ANOV A. 

All between sex comparisons were made using a Student's t-test. Ang ( l-7) peptide data 

in treated males and females were compared using a 2-way ANOV A, factor 1 was sex of 

the animal, and factor 2 was treatment. Mas receptor protein expression and mRNA 

expression of AT1, AT2, ACEl, ACE2 and neprilysin within each sex were compared 

usmg a 1-way ANOV A. Differences were considered statistically significant with 

p<0.05. Analyses were performed using GraphPad Prism version 4.0 software 

(GraphPad Software Inc, La Jolla, CA). 

Effect of ARB on BP in Male and Female HR 

Baseline BP was significantly greater in males compared to females (142±1 vs. 

130± 1 mm I lg~ respectively~ p=0.005) (Figure 4A). Candesartan rapidly decreased BP in 

both sexes: however, the decrease in BP was greater in males, as evidenced by the loss of 

the sex difference in BP (122±3 vs. 115±1 mm Ilg; male vs. female respectively; ns). 

Ang II infusion in the presence of candesartan resulted in a steady increase in BP in male 

Sl IR ( 150±3 mm I lg~ p<O.OO I vs. candesartan: figure 48); candesartan blocked Ang 11-

induced increases in BP in female SHR ( 116± I mm l lg: ns vs. candcsartan; p<0.05 vs. 

males~ Figure 4C). As a result, BP in male SHR \\aS significantly greater than in females 

at the end of the study. 

Urinary protein excretion was also measured. Baseline protein excretion was 

greater in males compared to females ( 61 ± I vs. I I ±2 j..tg/day/gram body weight; 

respectively~ p 0.002). Protein excretion was unchanged in males following treatment 
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with either candesartan (50±6 J.lg/day/gram body weight; ns) or Ang II (52±5 

J.lglday gram bod} weight; ns). Similarly, treatment \\ ith candesartan did not alter 

protein excretion in female SHR ( 13± I J.lg/da}/gram body weight; ns), however, Ang II 

increased protein excretion from baseline levels ( 19:~:2 J.lg/day/gram body weight; 

p 0.028). Regardless, protein excretion remained significantly greater in males 

compared to females under all treatment conditions (p<0.05). 
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Figure 4: I:.ffect of candesartan and Ang II infusion on 24-hour mean arterial pressure 
(MAP) as measured by telemetr) in male and female HR {panel A). Delta change in 
24-hour MAP from baseline in response to candesartan and Ang II in males (panel B) and 
females (panel C). Candesartan v.as initiated on da} 0, follov.ed h) Ang II infusion on 
day 7. # indicates significant difference in BP from males; * indicates significant 
difference from baseline in the same sex, p<0.05 for all comparisons. N=7-8. 
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Effect of ARB on Ang (1-7) Peptide Concentrations and Mas Receptor Expression 

To gain mechanistic insight into sex differences in BP responses and proteinuria 

following treatment with candesartan and Ang II, renal cortical Ang ( 1-7) peptide levels 

were measured in male and female SHR under basal conditions, following treatment with 

candesartan alone, and follov.ing candesartan and Ang II (Figure 5). Male SHR had 

lower basal renal cortical Ang (1-7) concentrations compared to females (102±7 vs 

161 ± 13 pg/gram cortex) although this did not reach statistical significance when 

compared using a 2-way ANOV A. Ang ( 1-7) concentrations were not altered in male 

SIIR by treatment with candesartan alone: however, Ang (1-7) concentrations were 

increased following Ang II infusion (p<O.O l ). In females, renal cortical Ang ( l -7) 

concentrations significantly increased follov.ing treatment with candesartan alone 

(p<O.O I); Ang II infusion did not result in a further significant increase. Female SHR 

maintained higher concentrations of Ang ( 1-7) following candesartan alone (p<O.OO 1 ), 

and with Ang II infusion (p<O.OOJ) when compared to males. 

Mas receptor expression was also measured in the renal cortex under control, 

candesartan alone, and candesartan plus Ang II treatments (Figure 6). Mas receptor 

expression was comparable between the sexes regardless of treatment. In addition, 

candesartan alone did not alter RNA expression of other critical RAS components in the 

renal cortex of male or female HR (Table 2). The addition of Ang II to candesartan

treated males decreased AT1 receptor mR A levels, \.\hile AT2 receptor, ACEl. ACE2 

and nepril)sin expression were unaltered. In contrast, AT2 receptor expression was 

increased, while ncprilysin levels decreased following Ang II infusion in candesartan

trcatcd females: AT1, ACE I and ACE2 were unaltered. 
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and candesartan plus Ang Il-infused male and female HR. N 7-10. 
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RNA Levels for RAS Components in Vehicle and Treated Male and Female SHR. 

Gene Expression (~~Ct) 

Neprilysln I Treatment 
AT1R AT2R ACE1 ACE2 

Male Control 1.0±0 1 

Male Cand 0.9±0.2 

Male Cand+Ang II 0.5±0.1 * 

Female Control 1.0±0.1 

Female Cand 1 2±0.3 

Female Cand+Ang II 1.2±0 1 

1 1±0 3 

1.4±0.3 

2.2±0.7 

1.1±02 

4 8±1 7 

6.2±1 .7 * 

1.1±02 

1.3±0.2 

1.3±0.2 

1.2±0.2 

0.6±0 2 

0.8±0 2 

1 1±0.2 

1 6±0.2 

1.7±0.2 

1 0±0.1 

0.6±0.2 

0.6±0.2 

1.1±0.2 

1.1±0.1 

1.0±0.1 

1.1±0.4 

0.6±0.2 

0.5±0.1 * 

Table 2: * indicates p<0.05 vs. same-sex baseline. Candesartan is abbreviated as "Cand". 
N==4-6. 
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Effect of Ang (1-7) blockade on ARB-mediated dccrea es in BP 

Additional studies assessed the contribution of Ang ( 1-7) to candesartan-mediated 

decreases in BP. Consistent with previous publications, A-779 alone did not alter 

baseline BP in either male or female SHR28
·
130

•
133

•
134

. Candesartan significantly 

decreased BP from baseline in male SHR in the presence of A-779 (Figure 7 A; p<0.05), 

however, treatment with A-779 blocked candcsartan-mediated decreases in BP from 

baseline in female SI IR (Figure 78). When BP responses to candesartan in the presence 

of A-779 were directly compared to BP responses in the absence of A-779, we found that 

the BP responses were comparable in male SHR regardless of Ang ( 1-7)/mas receptor 

blockade (Figure 7C). In contrast, inclusion of A-779 significantly attenuated 

candcsartan-mediated decreases in MAP in females (Figure 70). Infusion of Ang II 

increased BP in male SHR treated v.ith A-779 in the presence of candesartan, although 

Ang II infusion had no effect on BP in female SIIR. 
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Figure 7: Effect of A-779 during candesartan and Ang II treatment on 24-hour mean 
arterial pressure (MAP) as measured by telemetry in male (panel A) and female (panel B) 
SI IR. Delta change in 24-hour MAP from baseline in response to candesartan and Ang II 
in the presence and absence of A-779 in males (panel C) and females (panel D). A-779 
infusion began 4 days prior to candesartan treatment. candesartan was initiated on day 0 
and Ang li infusion was started on Day 7. # indicates p<0.05 vs. BP in males; * 
indicates p<0.05 vs. same-sex baseline BP. N 4-7. 

Effect of Ang ( l -7) on Proteinuria, Nephrinuria, and KIM-l excretion. 

Urinar)' excretion of protein. KIM-I. and nephrin were assessed in animals pre-

treated with A-779 during treatments v.ith candesartan alone and following Ang II 

infusion. Males had greater proteinuria compared to females at baseline. Protein 

excretion in males was not altered by any of the treatments (Figure 8A). Neither A-779 
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alone, or in combination with candesartan, altered proteinuria in female SHR. However, 

inclusion of Ang II increased proteinuria in females treated with A-779 and candesartan, 

abolishing the sex difference (p=0.004). Baseline excretion of KIM-I was greater in 

males compared to females (p=0.029; Figure 88). A-779 did not alter excretion of KIM

I during treatment with candesartan alone or in the presence of Ang ll in either sex. 

Nephrin excretion was also greater in males compared to females at baseline (p=0.029; 

Figure 8C), and pre-treatment with A-779 had no effect on nephrinuria in male SHR 

under any conditions. However, the addition of Ang II significantly increased 

nephrinuria in females. 
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DISCUSSION 

The primary novel finding of Aim 2 is that while males are more sensitive to 

candesartan-mediated decreases in basal BP, females are more sensitive to candesartan

mcdiated blockade of Ang 11-induced increases in BP. Greater sensitivity of ARB

mediated blockade of Ang II hypertension in females was associated with greater 

increases in renal cortical Ang ( l-7) levels. Moreover, blocking Ang ( l-7) exacerbated 

proteinuria and nephrinuria only in candesartan-treated females following Ang II. 

Collectively. these data suggest that Ang ( l-7) plays a greater role in modulating BP in 

females compared to males only when the RAS is blocked by an ARB. 

Despite consistent reports that AT, receptor expression is greater in males 12
·
28

·
29

, 

the impact of sex on BP responses to ARBs remains unclear. BP responses in 

experimental animal models to losartan have been reported to be greater in young male 

SO rats.u and aged31 male SHR, comparable between the sexes in both SD rats and 

SIIRQ1 n, or reduced in male SHR30
. In the current study, BP was continuously measured 

using telemetry, and we used a lower dose of an ARB compared with other studies which 

allowed us to detect subtle changes in BP. Our results confirm that AT, receptors are 

critical in maintaining elevated basal blood pressure in both sexes. However, AT 1 

receptors contribute more to the maintenance of hypertension in male SHR, as evidenced 

by the greater decrease from baseline BP in male IIR during ARB-treatment. To assess 

the eflicac} of AT 1 receptor blockade \\ ith can<.lcsartan in male and female SHR. studies 

challenged the blod,ade with Ang II infusion. A higher dose of the ARB losartan ( 15 

mg/kg/day), was previously sho\\ n to abolish Ang 11-induced increases in 

vasoconstrictionq2 and BP in male and female SHR31
• ex difTerences in BP sensitivity to 
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candesartan likely reflect sex differences in A T1 receptor expression28
·
29

; females have 

fewer AT, receptors than males. Alternatively, sex differences in the pharmacokinetics 

of candesartan could explain sex differences in BP responses to candesartan. However, 

the published half-lite and metabolism of candesartan are comparable between men and 

women136
•
137 and personal communications with lead scientists Drs. Peter Marsing and 

I lans Ericsson at AstraZeneca verified no differences in the metabolism of candesartan 

between male and female experimental animals. Therefore, sex differences in the BP 

response to candesartan are independent of sex differences in pharmacokinetics. 

Ang ( 1-7) contributes to the BP-Iowering effects of RAS inhibitors m male 

SIIR33 34
, and female SHR have higher concentrations of Ang (1-7) than males28

. We 

pre\ iously published that chronic Ang II infusion in the absence of candesartan increased 

Ang ( 1-7) concentrations in the renal cortex of male SHR, and the values were 

comparable to those found in the current study in male Sl IR treated with Ang II plus 

candesartan, further supporting the inability of lov., dose candesartan to increase Ang (l-

7) in male SIIR. It should be noted that renal cortical Ang ( 1-7) localization was not 

examined; therefore, it is plausible that differences in localization may contribute to our 

observed functional differences. To our knowledge there are no reports of sex 

differences in Ang (1-7) localization, although Ang-(1-7) immunostaining has been 

reported in renal tubules of the inner cortex of virgin and pregnant rats 138
• Candesartan 

alone did not increase Ang (1-7) in male HR, although the inclusion of Ang II resulted 

in a significant increase. suggesting that Ang II acts as a substrate for ACE2 to increase 

Ang (1-7) in male SHR. Higher doses of RAS inhibitors than those used in the current 
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study increase Ang ( 1-7) concentrations in male rats34 139
"

141
• Therefore, a higher dose of 

candesartan rna)' increase Ang (1-7) concentrations in male HR141. 

Consistent v.ith our previous!)' published results in SHR28
, and reports in male 

diabetic SHR, WKY, and 2KlC Goldblatt hypertensive rats130" 33·134, A-779 had no effect 

on basal BP in either sex, although blocking Ang ( 1-7) abolished candesartan-mediated 

decreases in BP in female SHR. It should be noted that consistent with our previous 

publication a role for Ang (1-7) in BP control in the current study was not uncovered 

until the RAS had been perturbed by AT, receptor blockade and Ang II infusion. Our 

results are in agreement with studies indicating that female Dahl salt-sensitive rats have a 

prolonged decrease in BP to Ang (1-7) compared to males 143
• We hypothesize that Ang 

( 1-7) has less impact on BP in males relative to females. As a result, even a greater 

increase in Ang ( 1-7) in the males following Ang lJ infusion was not able to overcome 

Ang Il-AT1-mcdiated increases in BP. 

Inhibition of Ang ( 1-7) during treatment also had greater effects on proteinuria 

and nephrinuria in female SHR compared to males. None of the treatments altered 

protein, KIM-I, or nephrin excretion in males, which is likely related to the fact that 

although there \\>as an increase in BP in male StiR with Ang II following candesartan 

trl!atment. BP did not significantly increase abo"e baseline BP \alues at the beginning of 

the stud)'. IIO\\·e"er, A-779 treatment signiftcantl) increased protein and nephrin 

e\cretion in female SIIR abolishing the sex difTerences in both parameters. Increases in 

protein and nephrin excretion in female HR occurred in the absence of an increase in 

BP. supporting our conclusion that Ang (1-7) plays a role in maintaining the integrity of 

renal barrier function in female SHR. 
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The mechanisms responsible for sex differences in BP responses to candesartan 

and Ang ( 1-7) remain unknown. In addition, we measured mas receptor expression and 

found that total protein expression \\aS unaltered by treatments and comparable between 

the sexes. llowever, sex differences in the functional contribution of Ang ( l-7) to ARB

mediated decreases in BP may also be the result of sex difTerences in cellular or sub

cellular localilation of mas, post-translational modification of the receptor, or differences 

in signaling pathways downstream of receptor activation that would not be reflected by 

measurement of total protein alone. For example, females are known to have greater 

levels of nitric oxide (NO) compared to males114
'
144

, and NO is a key signaling molecule 

downstream of Ang ( l-7)-mediated receptor activation36
. Aims 3 and 4 will begin to 

assess this by examining the contribution of Ang ( l-7) on NO bioavailability and 

inflammation. respectively. in the renal cortex of males and females. 

Ang ( 1-7) can be produced directly or indirectly via the enzymes ACE l, ACE2 or 

neprilysin, however. neither male nor female SIIR exhibited significant changes in 

mRNA expression of any of the enzymes that would account for an increase in Ang (1-7) 

production. Additional studies measured mRNA levels of the Ang receptors AT 1 and 

AT2• Of interest, female SHR exhibited an increase in AT2 mRNA expression following 

treatment with candesartan that was not seen in males and this increase reached 

significance foJiowing Ang II infusion. These results further support a sex difference in 

the compensatory mechanisms by \\hich tcmales respond to perturbations of the RAS to 

limit Ang 11-mediated increases in BP. '1 he increase in A I 2 mR A in females is in line 

"'ith studies shov.ing that females are more dependent on A l2 in regulating BP than 

males. Moreover, losartan up-regulates AT2 mRNA in mesenteric arteries from female 
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SIIR, but not males92
. Additionally, A T2 receptor activation has been suggested to 

enhance the anti-hypertensive effects of ARBs 145 and A T2 receptor activation contributes 

more to BP control in female Sprague Dawle) rats 20
. Therefore, enhanced AT2 receptor 

activation may contribute to the lack of a BP response to Ang II in the presence of 

candesartan in female SHR. Future studies will be designed to further examine the 

molecular mechanisms responsible for sex differences in BP responses to ARBs. 

In conclusion, there are sex differences in the response of hypertensive 

experimental animals to AT1 receptor blockade. A low dose ARB results in a greater 

decrease in baseline BP in males compared to females, but was sufficient in females to 

antagonize Ang 11-induced increases in BP. In addition, Ang (1-7) has a greater 

contribution to ARB-mediated decreases in BP, protein and nephrin excretion in females 

relative to males. At this point, we ha\e established that there are sex differences in the 

abilit} of Ang ( 1-7) to modulate BP and indices of renal health in males and females both 

during Ang fl infusion and during AT, receptor blockade. I lo\vever, less is known 

regarding the impact of sex on biochemical pathways activated by Ang (1-7). The 

remaining two Aims will examine the downstream mediators of Ang (1-7), and molecular 

mechanisms by which Ang ( l-7) can impact BP and renal health. 
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RESULTS 

Specific Aim 3: Test the hypothesis that Ang (1- 7) contributes less to NO 

bioavailahility in male than female S/IR under basal conditions and 

following Ang If-hypertension. 

Rationale: Previous studies in the laboratory demonstrated that Ang ( l-7) mitigates Ang 

11-induced increases in BP in female SHR. Experiments in Aim I and 2 extend our 

knowledge to show that while Ang ( l-7) infusion does not alter basal BP in SHR of either 

sex, Ang ( 1-7) contributes more to BP control in females when the RAS is perturbed by 

an ARB. Therefore, additional studies began to assess if there are also sex differences in 

the acti\'ation of biochemical pathv .. ays downstream of Ang (1-7). Ang (1 -7) has been 

shov.n to both stimulate NO production and decrease the scavenging of NO by 

superoxide, and females SHR have greater Ang ( 1-7) and NO compared to males. 

Therefore, the goal of Aim 3 was to determine whether sex differences in Ang (1-7) 

contribute to sex differences in NO bioavailability in the renal cortex (Aim 3). 

Statistical Analysis: All data are presented as mean ± SEM. H202 and lipid peroxidation 

excretion data within each group were analy7ed using repeated measures ANOV A. 

When indicated b} a significant interaction, 1 ukey post-hoc analysis was performed. All 

other data were compared using a one-wa} ANOY A. DifTerences were considered 

statisticall} significant with p<0.05. Analyses \\ere performed using GraphPad Prism 

version 4.0 software (GraphPad Software Inc, La Jolla, CA). 
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Effect of Ang (I -7) on renal cortical NO activity and expression. 

NO bioavailability is determined by l) the activity and expression of NOS to 

produce NO and 2) scavenging of 0 b) free radicals. Initial experiments assessed renal 

cortical total NOS enzymatic activit)', NO I and NO 3 protein expression following 

treatment with either Ang (1-7) infusion or A-779 in male and female SHR. Total NOS 

activity was not altered in either males or females following treatment with either Ang ( 1-

7) infusion or A-779 (Figure 9). Renal cortical total NOS activity was also comparable 

between male and female under all treatment conditions. Consistent with this finding, 

renal cortical NOS I and NOS3 protein expression were also not altered following 

treatment with either Ang ( 1-7) infusion or A-779 in either sex (Figure l 0). 
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Figure 9: NO enzymatic activit) in partially purified renal cortex homogenate of male 
(Panel A) and female (Panel B) SHR under control conditions and following 2 week 
treatment with either Ang ( 1-7) infusion or A-779. N=4-6. 
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(panels A and C, respectively) female (panels B and 0, respectively) SHR under basal 
conditions and following 2 week treatment with either Ang ( 1-7) infusion or A-779. 
Protein expression normalized to total ~g protein loaded. N 5. 

Effect of Ang (1-7) on oxidant status. 

cavcnging of 0 by supero:-..ide is another J..ey determinant of NO 

bioa\ailability; pro-oxidants and anti-oxidant pathv.ays were measured in male and 

female llR under control conditions and foliO\\ ing treatment \\ith either Ang ( 1-7) 

infusion. or inhibition of endogenous Ang ( 1-7)-mas receptor activation using A-779. 

Plasma 8-isoprostane levels were unaltered due to treatment with either Ang (l-7) or A-
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779 in both males and females (Figure ll A and B). Plasma cortical 8-isoprostane levels 

were also comparable between males and females under all treatment conditions. Renal 

cortical 8-isoprostane levels in males were not altered following either treatment with 

Ang (l-7) or A-779 (Figure llC). However, renal cortical 8-isoprostane levels were 

significantly increased following treatment with A-779 in females (p 0.050) (Figure 

ll 0), with no alteration following Ang ( l-7) infusion. Renal cortical 8-isoprostane 

levels were comparable between males and females under all treatment conditions. 
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Figure 11 : 8-isoprostane levels in the plasma of male and female SIIR (Panel A and B, 
respective!}) and in the renal cortex (Panel C and D) under control conditions and 
following 2 \a.eck treatment v.ith either Ang ( 1-7) infusion or A-779. • indicates p<0.05 
vs. same-se\. at controls. N=S-9. 
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Urinary oxidative stress parameters were assessed in male and female SHR under 

control conditions, and following treatment with either Ang ( 1-7) infusion or A-779. For 

oxidative stress markers in the urine, metabolic cages were used for the collection of a 

24-hour urine sample allowing for the measurement of pre-and post-treatment levels in 

male and female SHR following Ang ( 1-7) infusion or A-779. Metabolic parameters are 

outlined in Table 3. Lipid peroxide excretion was greater in males than females under 

baseline conditions in both Ang ( 1-7) (p=0.02; Figure 12) and A-779 (p-0.0 1; Figure 13) 

treatment groups. Ang ( 1-7) infusion did not significantly alter lipid peroxide excretion 

in either sex; however, the sex difference was not maintained over the course of the 

treatment period. A-779 did not alter lipid excretion in either sex. 

H20 2 \\as also measured in the urine. H202 excretion was greater in males than 

females under baseline conditions in both Ang (1-7) (p 0.004; Figure 14) and A-779 

(p<O.OO I; Figure 15) treatment groups. Ang ( 1-7) infusion did not significantly alter 

H20 2 excretion in either sex. Treatment with A-779 did not alter li202 excretion in 

males. however, in females there was a significant increase in 1 h02 excretion over the 2 

week treatment period (p=O.O 12). After two weeks of treatment with either Ang ( 1-7) or 

A-779, males maintained significantly greater II101 excretion compared to females 

(p 0.009 and p 0.003; respectively). 
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Metabolic Characteristics in Vehicle and Treated Male and Female SHR. 

II 
Urine Output Food Intake Water Intake 

---
Body Weight 

(ml/day) (grams/day) (ml/day) (gra ms) 

II Male Female Male Female Male Female Male Female 

Baseline 13±0.8 9.4±0.8 15±0.8 17±2.6 22±1 .3 19±1 .7 280±42 156±2 8 

Ang (1-7) 15±1.5 9 2±0.7 16±3.2 15±1.8 30±3.7" 23±2.5 291±6.7 163±4.3. 

1: 

Baseline 13±0 8 7 6±1 3 22±2 8 13±0 9 27±1 5 20±0 4 254±3.3 160±1.0 

A-779 12±0 5 13±1.0 * 17±2.7 14±2.7 26±2.9 23±4.2 288±6.6. 183±4.6 * 

Table 3: * indicates significant increase from baseline in the same sex; p<O.OS for all 
comparisons. N=6. 
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Figure 12: LfTect of Ang (1-7) infusion for 2 weeks on lipid pcroxidation excretion in 
male and female IIR. # indicates p<O.OS vs. males. 6. 
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female SHR. # indicates p<0.05 vs. males. N=8-10.
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Renal cortical superoxide and NADPH oxidase enzymatic activity were also 

assessed in male and female SHR under control conditions and following treatment with 

either Ang ( 1-7) infusion or A-779. Neither treatment with Ang ( l-7) nor A-779 altered 

superoxide levels in either male or female SI IR (Figure 16A and B; respectively). Renal 

cortical superoxide levels were also comparable between males and females. Renal 

cortical NADPII oxidase enzymatic activity was not altered by any treatment conditions 

in male or female SliR (Figure l6C and 0; respectively). However, NADPH oxidase 

acti\it} was significantly less in males than female under control conditions (p=0.027). 

IIO\\Cver. this se.\ difference \\as no longer seen after treatment with either Ang (1-7) or 

A-779, as renal cortical ADPH oxidase acti\it} ""as nom1alized bet\veen males and 

females. 
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Figure 16: Renal cortical supero\ide le\eiS in male and female HR (Panel A and B, 
respective!}) and NADPH oxidase acti\it> (Panel C and D, respccti' el>) under control 
conditions and foiiO\\tng 2 week treatment '"-ith either Ang (l-7) infusion or A-779. 
N=7-l0. 

Effect of Ang (1-7) on SOD and catalase activity and expression. 

Acti\ ity and expression of the primary anti-oxidant systems. SOD and catalase 

were measured in the plasma and renal corte:x of male and female IIR under control 

conditions and following treatments \\ith Ang ( l-7) infusion or A-779. Treatment with 

neither Ang ( 1-7) or A-779 did not altered plasma total SOD activity in males or females 

(Figure 17 A and B: rcspccti\el} ). Total SOD acti\ ity in the plasma v.as also comparable 

between males and females under all treatment conditions. Treatment \\ith Ang (1-7) or 

A-779 did not alter renal cortical total OD acti\ it} in males (figure l7C). However. 
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there \\-as a significant decrease in renal cortical total SOD activity in females following 

treatment with A-779 (Figure 17D); with no effect following Ang ( 1-7) infusion. In 

addition, renal cortical total SOD activit) v.as comparable between the sexes under 

control conditions and following treatment with Ang ( 1-7), although, males had 

significantly greater levels following treatment with A-779 compared to females 

(p 0.002). 

To determine the SOD isoform responsible for the decrease in renal cortical total 

SOD activity, we measured protein expression of MnSOD, CuZnSOD, and ECSOD in 

males and females under the same treatment conditions. Neither Ang (1-7) nor A-779 

treatment altered renal cortical protein expression of any of the SOD isoforrns in male 

(Figure 18). In females, Ang ( 1-7) infusion resulted in a significant increase in renal 

cortical EC OD expression (p=O.OO I) (figure 19), although treatment with A-779 did not 

alter any SOD isoforrns from controls. 
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protein expression in female SHR under control conditions and following 2 week 
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Catalase activity was also assessed in both plasma and the renaJ cortex. 

Treatments with Ang ( 1-7) infusion or A-779 did not alter plasma catalase activity in 

either males or females (Figure 20A and B~ respectively). I lowever, males had 

significant!) less plasma catalase acti..,it) under control conditions (p 0.008) and 
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following Ang ( 1-7) infusion (p=0.004) compared to females, although this sex 

di fTerence was absent following treatment with A-779. 

Inhibition of Ang ( 1-7) with A-779 increased renal cortical catalase activity in 

male IIR, although Ang ( 1-7) infusion had no effect (Figure 200). Neither treatment 

altered catalase activity in female SHR (Figure 200). Renal cortical catalase activity was 

also significantly greater in male SIIR than females under control conditions and 

following treatment with A-779 (p=0.002 for both comparisons), however, not in Ang (1-

7)-trcated male and female SHR. 

To determine whether the changes in renal cortical catalase activity in males 

could be attributed to changes in protein, we assessed renal cortical catalase expression in 

male and female SIIR. However. neither Ang (1-7) or A-779 treatments altered renal 

cortical catalase protein expression in either sex (Figure 21 A and B). 
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Figure 21: Renal cortical catalase expression in male (panel A) and female (panel B) 
SHR under control conditions and following 2 week treatment \\ith either Ang ( 1-7) 
infusion or A-779. N 6. 

Effect of Ang ( l -7) on renal cortical NO bioavailability. 

Renal cortical NO bioavailability was assessed indirectly through measurements 

of cGMP and nitrate nitrite metabolites (NOx) foliO\\ing treatment with Ang (1-7) 

infusion or A-779. In males, A-779 significantly increased cGMP levels (p=O.O 15), with 

no alterations following Ang (l-7) infusion (Figure 22A). In females, neither treatment 

altered cGMP levels (Figure 228). Renal cortical cGMP levels were comparable 

between control male and female IIR under all treatment conditions. 

Ang ( 1-7) infusion significant!} decreased renal cortical NOx in males (p=O.O 19), 

while treatment with A-779 had no effect on NOx (Figure 22C). Similar to the effect 

seen in males, Ang ( 1-7) infusion decreased renal cortical NOx in females (p=O.O II), 

with no alterations following A-779 treatment. Male and female IIR had comparable 

renal cortical NO'\ under control conditions and follO\\ing Ang ( 1-7) infusion. Although 

A-779 did not significantly alter NOx in either sex, levels in females were increased, 
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resulting in A-779-treated females having significantly greater NOx levels compared to 

A-779-treated males (p=0.045). 
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Figure 22: Renal cortical cGMP levels in male and female SI IR (Panel A and B, 
respectively) and NOx (Panel C and D, respectively) under control conditions and 
following 2 week treatment with either Ang (I -7) infusion or A-779. * indicates p<O.OS 
vs. same-sex controls. N- 5- I 2. 

Effect of Ang ( 1-7) on renal cortical on NO bioavailability following Ang II 

hypertension. 

Ang II infusion has been shown to stimulate NO production in the renal cortex 146
, 

therefore, additional studies were designed to determine whether Ang 11-stimulated NO 

production \vas mediated by Ang (I -7). In a separate set of animals treated for 2 weeks 
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with Ang II in the presence and absence of A-779 we measured renal cortical cGMP and 

NOx. Results showed that renal cortical cGMP (Figure 23A and B) and NOx (Figure 

23C and D) levels in males and females were not significantly altered following Ang II 

infusion with or without co-administration of A-779. Additionally, cGMP and NOx were 

comparable between male and female SIIR under all treatment conditions. 
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Figure 23: Renal cortical cGMP le\els in male and female SIIR (Panel A and B) and 
NOx (Panel C and D) under control conditions and following 2 week treatment with Ang 
II in the presence and absence of A-779. N 5- 12. 
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DISCUSSION 

Experiments in Aim 1 focused on the functional role of Ang ( l-7) on basal BP 

control. while Aim 2 focused on the role of Ang ( l-7) \\-hen the RAS was perturbed by an 

ARB. Ang ( 1-7) has been shown to contribute to NO bioavailabilit) by either stimulating 

NOS to produce NO, or inhibiting NADPH oxidase to decrease superoxide production-

thereby, reducing superoxide scavenging of NO. Our lab published that females have 

greater renal cortical Ang ( 1-7)28 and NO 
114 

levels than males, therefore, the goal of Aim 

3 was to provide evidence on whether sex differences in Ang ( 1-7) was a potential 

mechanism that mediated sex differences in NO bioavailability. We hypothesized that 1) 

Ang ( 1-7) infusion would increase NO bioavailability by stimulating NOS-mediated NO 

production and reducing superoxide production, 2) inhibition of endogenous Ang ( l-7) 

would decrease NO bioavailability, b) reducing NOS-mediated NO production and 

increasing superoxide production, and 3) females would be more sensitive to Ang {l-7) 

modulation of NO. However, the primary findings of this study are l) Ang ( 1-7) infusion 

docs not increase NO bioavailability, and 2) inhibition of endogenous Ang ( 1-7) does not 

decrease NO bioavailability in the renal cortex of either male or female SHR. 

Since a primary determinant of NO bioavailability is NOS activity and 

expression, we assessed these parameters following treatment with either exogenous Ang 

(1-7) or inhibition of endogenous Ang (l-7) using A-779. Results in the current study 

sho\\-ed that chronic Ang ( 1-7) infusion docs not alter NO activity in the renal cortex in 

either sex. This is in contrast to published reports in male SHR where isolated 

hypothalami incubated in the presence of Ang (I 7) ( 1.0 J.lmol/L) increases NOS 

activity112, and a bolus dose of Ang ( l-7) (30 nmol/kg) increases NOS activity in left 
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ventricular myocytes86
. Our laboratory previously published that male and female SHR 

have comparable basal NOS activity and protein expression in the renal cortex114, 

howe'ver, we have pilot data indicating a sex diOcrence in NOS expression in renal 

microvessels (data not shown). All data in the current study was generated using whole 

renal homogenates, therefore there may be sex and treatment effects in particular cell 

types that are obscured at the whole homogenate level. 

The second factor determining NO bioavailability 1s scavenging of NO via 

superoxide. llowever, we did not find any alterations in either NADPH oxidase activity 

or superoxide production with exogenous Ang ( 1-7) infusion or endogenous Ang (1-7) 

inhibition. Additional markers of oxidative stress were also measured. Neither Ang (l-

7) infusion or inhibition altered lipid peroxide excretion, nor circulating 8-isoprostane 

levels~ hO\\ever, endogenous Ang ( l-7) was important in females to blunt renal cortical 

8-isoprostane levels, and females showed an increase in H202 excretion when 

endogenous Ang ( 1-7) was inhibited. Therefore, the abi lity of Ang (l-7) to counteract 

ROS production may play a greater role in females and explain why the current study 

saw an increase in 1120 2 excretion and renal cortical 8-isoprostanc when Ang ( l-7) was 

inhibited in females. Consistent with our results, others have shown in male apoE (-/-) 

mice fed with a lipid-rich diet that Ang ( l-7) (82 ~g/kglhr) administered via a 

subcutaneous osmotic mini pump reduces urinary excretion of 8-isoprostane and H20 2
147

• 

In contrast to our findings. Ang ( 1-7) infusion has been reported to decrease whole renal 

NAPOli oxidase enz}matic activit). as measured 'via Jucigcnin chemiluminescence, in 

male StiR 118•
148

. While the doses in those studies arc identical to the ones used in our 

study, the method of Ang (1-7) delivery (intraperitoneal) differed from those used in the 
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current study (subcutaneous minipumps)~ however. we showed in Aim I that the dose 

and route of administration in the current study is not sufficient to increase renal cortical 

Ang ( 1-7) levels. Therefore, it may not be surprising that we did not see an Ang (1-7)

mediated increase in NOS activity and expression, or a decrease in NADPH oxidase

stimulated supcroxide production. 

Anti-oxidants may also play an important role in NO bioavailability since they 

regulate the levels of oxidants present. Since this study focused on superoxide levels 

decreasing NO bioavailability, we looked at anti-oxidants SOD and catalase. SOD 

catalyzes the conversion of superoxide into H202 which is then converted to water and 

oxygen via the enzyme catalase. llowever. the increase in ll202 excretion in females 

could not be accounted for by changes in 00 or catalase activity or expression. A 

limitation of the current study is the lack of age-match vehicle controls for our urinary 

measurements. We cannot determine \\hethcr the increase in H202 excretion with A-779 

was due to an age-related increase as opposed to a treatment-mediated effect. However, 

the same age-related increase was not noted in rats receiving the Ang ( 1-7) infusion. 

Therefore, Ang ( 1-7) would either play a role in inhibiting H202 excretion or inhibiting an 

age-related increase in H20 2 excretion. Since we did not show changes in SOD activity 

and expression that could account for the increase in H202 excretion in females, our next 

step was to assess the anti-oxidant catalase as a potential mechanism. While alterations in 

catalase could also not explain our results, our finding is consistent with another report in 

male SHR where a single dose Ang (I 7) (576 ~g/kg/day i.p.) for 4 weeks did not alter 

renal cortical catalase acti\ ity148
• However. we have yet to determine why inhibiting Ang 
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( l-7) increases renal cortical catalase in males. as these results would suggest that Ang 

( 1-7) suppresses catalase in males. 

Since Ang ( 1-7) was not found to significantly impact either NOS or oxidative 

stress levels, it was not surprising that Ang ( 1-7) was not found to increase NO 

bioavailabilit}. llowever, Seyedi et al. has reported that Ang ( 1-7) can stimulate NO 

production in the coronary microvessels via bradykinin B2 receptors and AT1 receptors37
• 

Indeed, in contrast to our hypothesis, inhibition of Ang (1-7) increased cGMP levels in 

male SHR, and Ang ( l-7) infusion decreased NOx in both sexes. However, none of the 

biochemical pathways that were assessed at the whole kidney levels can account for all of 

the findings in Aim 3. One possible explanation could be a shifi in the balance of the 

RAS peptides. Ang II has been shown to play a major role in mediating oxidant status; 

therefore, manipulation of Ang ( 1-7) peptides in the current study could result in an 

imbalance in the normal molecular response of Ang (1-7)/ Ang II. For example, inhibition 

of Ang ( 1-7) may result in a physiological shift of Ang II into Ang ( 1-7) to restore normal 

Ang ( 1-7) levels and compensate for the pharmacological inhibition. While exogenous 

Ang ( l-7) for extended periods may work as a negative feedback for NO production. 

Following Ang II infusion, endogenous Ang ( 1-7) inhibition still did not alter renal 

cortical NOx in either sex. One possible explanation could be in the compensation of 

other NO-mediated pathways such as AT2. AT1• or bradykinin in males. However, since 

neither of these pathways were studied in this Aim, the exact mechanism remains 

unknown. 

In conclusion, the work in this aim C:\cludes a role of Ang ( 1-7) to impact NO 

bioavailability at the le\el of the \\hole renal cortical. Our results showed that exogenous 
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Ang ( 1-7) does not increase, nor does inhibition of endogenous Ang ( 1-7) reduce, NOS

mediated NO production in the renal cortex. While exogenous Ang (1-7) does not reduce, 

nor docs inhibition of endogenous Ang ( 1-7) increase, superoxide production in the renal 

cortex. Even though inhibition of Ang ( 1-7) resulted in changes in the production of 

reactive oxygen species, these factors did not alter renal cortical NO bioavailability. 

79 



RESULTS 

Specific Aim 4: Test/he hypothesis that Ang II infusion will increase renal T cells in 

both sexes: however. greater Ang (1-7) in females will result in more T regulatory cells 

([regs) relath•e to male Sprague Dawley (SD) rats. 

Rationale: Aim 4 was designed to detenninc the impact of Ang ( 1-7) on Ang 11-induced 

increases in T cells 149
. Ang II is known to increase T cel l expression and activation in 

male experimental animals~ however, whether this effect is comparable in females is 

unknown. In contrast to Ang II, Ang ( 1-7) has been suggested to be anti-inflammatory45
' 

49
, although the impact of Ang ( 1-7) on T cells has not been examined. While the impact 

of Ang II per se, on the T cell profile of females remains unknown, our laboratory has 

previously published that male SHR have greater renal pro-inflammatory Th 17 cells and 

females have greater anti-inflammatory Tregs43
•
128

. llypertension in SHR is RAS

dcpcndcnt and as we have established, female SIIR have more renal Ang (1 -7) than 

males. Therefore, the goal of the current study was to determine I) the effect of Ang ll

hypertension on the renal T cell profile in males and females, and 2) determine the 

contribution of Ang ( l-7) to the T cell profile in both sexes. We hypothesized that 

chronic Ang II infusion would increase renal T cell counts in both males and females. 

11ov .. evcr, based on evidence suggesting that Ang ( 1-7) is anti-inflammatory, we further 

hypothcsi1ed that greater Ang ( 1-7) in females would promote enhanced Tregs fonnation 

relative to males. 
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Statistical Aualysis: All data are presented as mean ± SEM. BP and protein excretion 

date within each sex were analyzed using repeated measures ANOV A. All between sex 

comparisons \vere made using a Student's t-test. Flow C) tometry data in control and Ang 

11-treated rats and in Ang II and A-779-treated rats were compared using two-way 

ANOY A, factor l was effect of sex and factor 2 was etTect of treatment. For all 

comparisons. differences were considered statistically significant with p<0.05. Analyses 

were performed using GraphPad Prism Version 5.0 software (GraphPad Software Inc, La 

Jolla, CA) and SAS 9.3 (SAS Institute Inc, Cary, NC). 

Effect of Ang II on BP and protein excretion in male and female SO rats. 

BP was measured in male and female SO rats by telemetr}. Baseline BP was 

significant!} greater in males compared to females (mean arterial pressure: 114±1 vs. 

I 00±3 mm 11g, respectively~ p=0.008~ Figure 24). Ang II resulted in a significant increase 

in BP in both males and females (164±7 vs. 141 ±7 mm llg, respectively~ p<O.OOl), 

however, the degree of increase was comparable between sexes (percent increase: 30% vs 

29%, respectively, ns). Similarly, urinary protein excretion was greater in male SD rats 

at baseline than in females (6±1 vs. 1±1 mg/day, respectively; effect of sex: p<O.OO I). 

Ang II significantly increased protein excretion in both male (48± I mg/day) and female 

0 rats (9±2 mg/day: effect of treatment: p<O.OO l ), however, protein excretion remained 

greater in males (effect of interaction: p<O.OO I). 
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Figure 24: Effect of Ang II treatment on 24-hour mean arterial pressure (MAP) as 
measured by telemetry in male and female SO rats. Ang II infusion was initiated on day 0 
and Ang II infusion was started on Day 7. # indicates p<0.05 vs. BP in males;* indicates 
p<0.05 vs. same-sex baseline BP. N=4-6. 

Ang II infusion on renal cortical Ang (1-7) and Ang II peptide expression. 

Renal cortical Ang II and Ang ( 1-7) peptide levels were measured in control and 

Ang It-treated male and female SO rats (Figure 25). Renal cortical Ang II levels were 

comparable between control male and female SO rats (effect of sex: p 0.421 ), and Ang II 

infusion significantly increased peptide levels to a similar degree in both sexes (effect of 

treatment: p<O.OO I: interaction: p=O. 756). Renal cortical Ang ( l-7) levels were 

significant!) less in control males compared to females (effect of sex: p<O.OOl). While 

Ang II infusion did not significantly alter Ang (l-7) levels in either sex, Ang (1-7) levels 

remained greater in females compared to males (effect of treatment: p,-0.413; interaction: 

p 0.878). 
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Figure 25: Renal cortical Ang (I -7) concentrations in control (SD), and Ang 11-infused 
(Ang) male and female IIR. # indicates p<0.05 vs. BP in males; * indicates p<0.05 vs. 
same-sex controls. N- 5-14. 

Effect of Ang II infusion on T cells in tbe kidney of SD rats. 

The renal T cell profile was measured by Oow cytometric analysis in control male 

and female SO and following chronic Ang II infusion. The percent of total kidney cells 

that were C03 .. T cells was greater in control males than females (effect of sex: p<O.OO l; 

Figure 26A). Ang II infusion increased CD3 .. T cells in both sexes; however, CD3+ T 

cells remain significantly lower in females compared to males (effect of treatment: 

p<O.OO I, interaction p 0.623). Renal C04+ T cells were comparable between control 

male and female SO rats (n.s.; Figure 268). Ang II infusion also increased C04+ T cells 

in both males and females; however, this increase was greater in males (effect of 

treatment: p<O.OO I, interaction p- 0.023). 

T cell activation was further measured through analysis of the early activation T 

cell markers C044 and CD69+. Renal C044 .. T cells were greater in control males 

compared to females, while CD69• T cells was less in control males relative to females 

(Figure 26C and 260; respectively; effect of sex: p<O.OO I for both). Ang II infusion 
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increased CD44+ T cells in both sexes; however, males maintained more CD44+ T cells 

than females (effect of treatment: p<O.OO I, interaction p- 0.022). Ang II infusion did not 

alter CD69 T cell counts in either sex (effect of treatment: p=O.l66, interaction 

p 0.897). 
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Figure 26: T cell profiles in the kidneys of vehicle-control (Cont) and Ang Il-treated 
(Ang) male (M) and female (F) SO rats. Panel A is the percent of total kidney CD3+ T 
cell. Panel B is the percent of CD4+ T cells expressed as a percent of total CD3+ T cells. 
Panels C and D are the percent of CD44 .. and CD69 • cells expressed as a percent of total 
CD3+CD4 T cells, respectively. # indicates p<0.05 vs. BP in males~ * indicates p<0.05 
vs. same-sex controls. N=6. 
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Effect of Ang II infusion on the pro-inflammatory and anti-inflammatory renal 

profile of male and female SD. 

The renal T cell profile in male and female SO rats was further characterized by 

measuring pro-inflammatory Th 17 cells and IL-17+ T cells. Th 17 cell counts were 

signilicantly greater in kidneys of control males compared to females (effect of sex 

p<O.OO I; Figure 27 A). Ang II infusion signilicantly increased Th 17 count only in males, 

with no effect in females (effect of treatment: p<O.OO I, interaction p=O.O 16). Consistent 

to the results seen with Th 17 cells, control male SO rats had greater IL-17+ T cells in 

their kidneys compared to females (effect of sex p<O.OO 1; Figure 278). Ang II infusion 

increased IL-17+ T cell counts in both males and females, although the increase was 

greater in males (effect of treatment: p=0.004, interaction p'-0.033). 

Anti-inflammatory Tregs and IL-l 0 T cells were also measured in the renal 

cortex of male and female SO rats. Renal Tregs were comparable between control male 

SO rats compared to females (n.s.; Figure 27C). Ang II infusion did not alter renal Tregs 

in male SO rats, however, there was a signilicant increase in Tregs in females (effect of 

treatment: p 0.004, interaction p=0.033). Male SD rats had signilicantly fewer renal IL

l 0 • T cells compared to females (Figure 270). Ang 11 infusion did not alter renal IL-l o+ 

T cells in either sex, therefore females maintained more IL-l 0 cells than males (effect 

of treatment: p- 0.256, interaction p=0.025). 
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Figure 27: T cell profiles in the kidney of vehicle-control (Cont) and Ang 11-treated 
(An g) male (M) and female (F) SO. Panel A is the percent of ROR-gamma + Th 17 cells 
expressed as a percent of C03+C04 .. 1 cells. Panel B is the percent of IL17+ expressed 
as a percent of total CDJ T cells. Panel C is the percent of FoxpJ+ Tregs cells expressed 
as a percent of CD3 .. CD41 T cells. Panel D is the percent of IL-l o+ cells expressed as a 
percent of total CDJ T cells. # indicates p<0.05 vs. BP in males~ * indicates p<0.05 vs. 
same-sex controls. N 6. 

Effect of Aog (1-7) to modulate the impact of Ang II on the renal immune profile of 

female~ D ra ts. 

Additional studies were conducted to determine the contribution of Ang ( l-7)/mas 

receptor activation to sex ditTerenccs in the renal immune profi le in male and female SO 

rats during Ang II infusion. Consistent with the data presented above, renal C03+ T 

cells, CD4 T cells, CD44 T cells. Th 17 cells and IL-17 T cells were greater in Ang II-

treated males, while CD69+ T cells, rregs. and IL-l o· T cells were greater in females 

(Figure 28 and 29). A-779 did not significantly alter CD3 ~ T cells following Ang II-

treatment, although. A-779 resulted in significant!) fewer CD3 ~ T cells in Ang 11-treated 
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females compared to males (effect of treatment: p 0.128, interaction p=0.040). A-779 

also did not significantly alter CD4 , CD44 , or CD69 T cell counts in Ang 11-treated 

males or females (CD4 T cell effect of treatment: p 0.075, interaction p= 0.683) (CD44+ 

T cell effect of treatment: p=0.1277, interaction p 0.250) (CD69+ T cell effect of 

treatment: p 0.651, interaction p=0.468). 

Furthermore, A-779 has no impact on Ang Il-induced increases in Th 17 cells and 

IL-17 1 renal T cells in male SD rats or in Ang ll-induccd increases in Tregs and IL-10+ 

renal T cells in female SD rats. (Th 17 effect of treatment: p 0.423, interaction p=0.347) 

(I L-17+ effect of treatment: p=0.488, interaction p 0.092) (Tregs effect of treatment: 

p 0.730, interaction p 0.135) (IL-10+ eflcct of treatment: p 0.423, interaction p=0.347). 

87 



A. B. 
80 

M Ang M Ang F Ang F Ang 
+ A779 + A779 

c. D. 

Figure 28: T cell profiles in the kidneys of Ang II and Ang II + the Ang ( 1-7)-mas 
receptor blocker A-779 in male (M) and female (F) D. Panels A is the percent of total 
kidney CDJ. T cel l. Panels 8 is the percent of CD4 T cells expressed as a percent of 
total CD3+ T cells, respectively. Panels C and D arc the percent of CD44+ and CD69+ 
cells expressed as a percent of total C03+C04 • T cells. respectively. # indicates p<0.05 
vs. BP in males. N 4-5. 
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Figure 29: T cell profiles in the kidneys of Ang II and Ang II + the Ang ( l-7)-mas 
receptor blocker A-779 in male (M) and female (F) SO. Panel A is the percent of ROR
gamma + Th 17 cells expressed as a percent of CD3+CD4 + T cells. Panel B is the percent 
of IL 17 expressed as a percent of total CD3 T cells. Panel C is the percent of Foxp3+ 
Trcgs cells expressed as a percent of C03 C04• T cells. Panel D is the percent of IL-l o+ 
cells expressed as a percent of total C03+ T cells. # indicates p<0.05 vs. BP in males. 
N 4-5. 
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DISCUSSION 

Ang II plays a crucial role in stimulating inflammatory responses
150

, and Ang II 

infusion has been shown to increase T cells in the aorta in male C57BLI6 mice
41

, kidney 

in 129/ vEv mice151 • and heart in wild-type male mice124
. ex differences in the ability 

of Ang II to modulate the T cell profiles have been reported in Rag ( ) mice, a mouse 

model deficient in B and T cells. Adoptive transfer of male T cells into male Rag r'-) 
restores the pro-hypertensive effects of Ang II, while female Rag ( ,_) receiving donor 

male T cells resist Ang 11-mediated increase in BP 1 2~. In addition, our lab published that 

there are sex differences in the immune profile of SIIR, where female SHR have more 

Trcgs. and males have more Th 17 cells in their kidneys43
•
128

. ln contrast to Ang II, Ang 

(1-7) has been suggested to be anti-inflammatOI)-tiA5
•
124152

, and females have more renal 

Ang ( 1-7) than males. I lypertension in the SHR hovvcvcr, is not solely mediated by Ang 

I I, therefore to determine the contribution of Ang ( 1-7) in modulating the T cell response 

to Ang II we studies male and female SO rats infused with Ang ll. The primary novel 

findings of the current study are l) Ang 11 results in greater increases in pro-inflammatory 

Th 17 cells and lL-17+ T cells in males than in females, 2) Ang II results in greater 

increases in anti-inflammatory Tregs and IL-l 0-+ T cells in females than in males, and 3) 

Ang ( 1-7) docs not drive sex differences in the renal T cell profile during Ang II infusion. 

Ang II infusion increased BP in both males and females: however. the degree of 

increase was comparable between sexes. This is consistent with the result that showed 

Ang II infusion in 0 rats at a dose of I 00 nglkg/min results in a similar increase in BP 

between males and females 153 . Although our results arc opposite to those found in SD 

rats treated at higher doses of Ang 11 (400ng/kg/min), where males have a greater 
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increase m BP to Ang II compared to females 154
• Therefore, sex differences in BP 

responses to Ang II are dose-dependent. 

T cells ha\e been established to be critical in mediating Ang 11-induced alterations 

in cardiovascular physiology; however. the majorit) of the studies to date have focused 

exclusively on males. The impact of Ang II on T cells in females has been largely 

ignored, although recently. there have been reports showing the importance ofT cells in 

mediating sex differences in Ang 11-hypertension. Female Rag Cn adoptively transferred 

with T cells from a male donor have an attenuated increase in BP to Ang II compared to 

male Rag C.) mice receiving T cells from a male donor125
. Moreover, male Ragl Cn 

mice receiving male donor T cells verses female donor T cells result in an exaggerated 

Ang It-induced increase in BP126
, suggesting that the immune system plays a critical role 

in mediating sex differences in the susceptibility of hypertension. This is further 

underscored by the finding that sex differences in Ang II h> pcrtension noted in wild-type 

mice is abolished in Rag(") mice, indicating that T cells are critical in mediating the sex 

difference in the BP response to Ang II. Our group has published that there are sex 

differences in the renal T cell profile of SIIR43
•
155

, and hypertension in SIIR is sensitive 

to inhibition of the RAS44
• While literature looking at sex dillerences in CD4+ T cells in 

response to Ang II are limited, our results are consistent to others that show that Ang II 

infusion increases cardiac CD4 • T cells in male D rats 1 ~6, and CD4 T cells kidney 

infiltration in male 129/SvEv mice 151
• Overall, these data shows that there are sex 

difTerences in the immune profile under normotensive conditions and following Ang 11-

hypcrtension, and that there is a sex-specific modulation of the immune system to 

response to Ang IJ-hypertension. Therefore, in order to determine why females are better 
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able to resist the pro-hypertensive actions of Ang II, the goal of this thesis project was to 

provide a better understanding of the relationship between the components of the RAS 

and the immune system. 

In addition toT cell levels, we assessed T cell activation by measuring CD44+ and 

C069+ T cells. These are early activation markers of T cells, and CD44 facilitates 

binding and adhesion to the extracellular matrix to initiate an inflammatory 

response157•158, and acts as a regulator in the recruitment of effector T cells to sites of 

infection159• Our current study is consistent with literature that shows that Ang II infusion 

in male Rag I ("() mice increases circulating C044+ T cells41
• Although it is interesting to 

note that while both sexes exhibited increases in C044 ~ counts, the levels were greater in 

males relative to females, suggesting a sex difference in Ang II to mediate T cell 

activation. C069 is a C-type lectin that negatively regulates inflammation by acting as 

the brake on T cells differentiation into Th 17 cells 160
. In the current study, we did not 

observe an alteration in renal C069T T cells in either sex in response to Ang II treatment 

which is in contrast to studies showing that Ang II treatment in male SO rats increases 

cardiac CD69' T cells 156; however, since our measurements were in different tissues, it 

might explain why the results are not consistent. 

CD4+ T cells can differentiate into either pro- and anti-inflammatory cells, 

therefore, we further characterized our T cells into Trcgs and Th 17; the balance between 

Tregs and Th 17 at the site of inflammation is critical in determining the immune 

response 161.162• The results in the current study found that male SO rats had greater renal 

Th 17 counts compared to females under basal conditions and Ang II-hypertension. Our 

results are consistent to the greater counts reported in splenic Th 17 cells and Th 17-
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associated cytokines (IL-6, IL-21, and IL-23) in males with CVB3-induced myocarditis 

compared to femalcs 163, and with greater Thl7 cells in male HR compared to female 

SIIR.n. Despite sex differences in Th 17 cells and Tregs, BP responses to Ang II were 

not ditTerent between the sexes. This was surprising since Th 17 cells have been linked to 

Ang 11-induced increases in BP164 and Tregs have been shown to attenuate Ang 11-

induced increases in BP165
. This may suggest that in contrast to what is observed in mice, 

BP in rats is less dependent on T cells, however Rag! en and CD247 en Dahl rats 

would argue against this possibility1<'6•
167

• Alternatively, in the absence of a high-salt 

diet, Ang II resulted in a modest increase in BP in SO rats and higher doses of Ang II are 

required to induce a sex difference in BP in SO rats. A sex difference may have been 

uncovered in the BP response if the increase in BP had been more extreme. In addition, 

we did not measure renal or vascular function to determine if there were sex differences 

in other cardio\aseular pathologies that ma} have exhibited sex-specific effects. 

Cytokines are the primary modulators in mediating the response of T cell 

activation. The pro-intlammatory cytokine IL-17 has been suggested to be required for 

male mice to develop and maintain Ang ll-hypertension164
, and we have published that 

renal IL-17 are greater in male SllR compared to femalcs 168
. IL-17 can be released from 

Th 17 cells, macrophages, dendritic cells, natural killer cells, natural killer T cells, and yo 

T cells in response to immune system activation 16
Q. Therefore, even though our IL-17 

results mirrored the increase in Th 17 cells during Ang 11-hypertension, we could not 

determine v.hether our IL-17 counts were solei) produced by fh 17. On the other side of 

the spectrum, IL-10 is an anti-inflammatory cytokine and can be either produced by or 

induce Tregs 170. While Ang 11 did not alter IL-l 0 renal cells, females exhibited greater 
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levels compared to males under control and Ang 11-treatment. This is inconsistent to 

plasma IL-l 0 levels that were found to be comparable between control male and female 

SO rats 171 • It is interesting to point out that for the current study. the greater IL-l o+ renal 

cells in the females following Ang 11-treatment did mirror greater levels of Tregs in 

females following Ang II. although a limitation would be that we cannot confirm whether 

our I L-1 o• renal cells are specific to Tregs. Regardless. our results showed a sex 

dincrence in the renal T cell profile following Ang 11-treatmcnt. where males exhibited a 

greater increase in pro-inflan1matory markers (Th 17 and I L-17) and females exhibited a 

greater increase in anti-inflan1111atory markers (Tregs and IL-l 0), despite a comparable 

increase in BP following Ang II infusion. These results reaffinn other studies that show 

that the response of the immune system to Ang II is sex specificm.t26
, and that while the 

degree of increase in BP to Ang II v.as comparable betv.een sexes. the mechanism that 

mediates the effect may differ between sexes. 

Our results assessing Ang peptide expression showed that even though Ang (1-7) 

levels were not altered following Ang 11 infusion. the Ang III Ang (l-7) peptide ratio 

differed between sexes. Following Ang II infusion, males had four times more Ang II 

than Ang ( l-7). compared to females having only two times more Ang II compared to 

Ang ( l-7). While the impact of the Ang III Ang ( 1-7) ratio in modulating the effects of 

Ang II in general are not fully understood, we speculate that sex differences in Ang 

II Ang ( 1-7) ratio could contribute to the sex-specific alterations in the renal T cell 

profile. Therefore additional studies v.cre designed to determine whether Ang ( 1-7) 

contributed to the sex ditTerences in the renal T cell profile following Ang Il

hypertcnsion. Ang ( 1-7) has been shown to play a role in the inflammatory pathway, 
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where overexpression of Ang ( 1-7) in monocrotaline-treated male Sprague Dawley rats 

stimulates the production of IL-l 0 and attenuates pro-inflammatory cytokine release 

(TN Fa, 1 L-1 p, I L-6)50. Male mice lacking ACE2, a key enzyme for the formation of Ang 

( 1-7), exhibit an increase in total T cells inliltrating the renal tubulointerstitium
51 

further 

suggesting an anti-inflammatory role for Ang ( 1-7). These studies show that Ang ( 1-7) 

can impact the T cell profile and cytokine formation, and since females have greater Ang 

( l -7) expression, we wanted to determine whether Ang ( 1-7) mediated the sex difference 

in the T cell counts in response to Ang H infusion. llowever, inhibition of endogenous 

Ang ( l-7) did not alter the renal immune profile following Ang 11-hypertension, therefore 

sex differences in the renal T cell profile following Ang It -hypertension in SO rats are 

unlikely to be mediated by Ang ( 1-7). 

In conclusion, Ang II infusion mediates a sex-specific effect on the renal T cell 

profile where males have an increase in Th 17 and females have an increase in Tregs. In 

addition, while Ang ( l-7) has been shown to be an important anti-inflammatory mediator, 

our results show that that the increase in Tregs in Ang 11-treated females is not mediated 

by Ang ( 1-7). Females typically have a greater cell-mediated and humoral immune 

responses to antigenic challenges relative to malcs172
"
174, and sex ditTercnces have been 

reported in the innate immune system where males have greater basal renal 

macrophages12, peritoneal mast cells175
. I hercfore, it is conceivable that the sex 

ditlercncc in the r cell profile seen during Ang ll-h}pertension may be through the 

indirect influence of sex differences in the innate system to modulate the adaptive 

1mmunc response. 
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V. SUMMARY 

rhe main findings of these studies examining the mechanisms of Ang (1-7) 

mediated control of BP in male and female SHR arc I) chronic Ang ( 1-7) infusion does 

not alter baseline BP in male or female SHR, 2) male St iR are more sensitive to ARB

mediated decreases in basal BP, 3) female SIIR are more sensitive to ARB-mediated 

blockade of Ang 11-induced increases in BP, 4) greater sensi tivity of ARB-mediated 

blockade of Ang II hypertension in female SHR was associated with greater increases in 

renal cortical Ang ( 1-7) levels, 5) blocking Ang ( 1-7) exacerbated proteinuria and 

nephrinuria only in ARB-treated female SHR following Ang II infusion, 6) Ang (1-7) 

does not increase renal cortical NO bioavailabilit)', 7) Ang II results in greater increases 

in pro-intlammatory Th 17 cells and IL-1 7 T cells in male SO rats than in females, 8) 

Ang II results in greater increases in anti-inflammatof} Tregs and IL-l 0-+ T cells in 

female SO than in males, and 9) Ang ( 1-7) does not drive sex diiTerences in the renal T 

cell profile during Ang II infusion. 

Ang ( 1-7) is a vasodilatory peptide of the RA , and females have greater levels 

compared to malcs28. The functional implications of this sex diflerence in Ang (1-7) on 

regulating BP are unknown. Ang (1-7) infusion has been shown to decrease basal BP in 

males. although less was known about the eiTect of Ang ( 1-7) on BP in females. We 

showed that in SIIR. chronic infusion of Ang ( l-7) did not alter baseline BP in either sex. 

Based on our pre\ ious work establishing a role for Ang ( 1-7) to attenuate Ang II-induced 

increases in BP in female SJ IR. we had hypothesi1cd that basal BP control in females 

would be more dependent on Ang ( 1-7). llowcvcr, this was clearly not supported by the 
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current study. Therefore, we suggest that the vasodilatory peptide Ang (1-7) may play a 

greater role in BP control when the RAS is perturbed, either by Ang 1l infusion or AT1 

receptor inhibitor. 

RA inhibitors are common and widely used for the treatment of hypertension. 

BP responses in experimental animal models to losartan have been reported to be greater 

in young, male 0 rats32 and aged31 male SllR, comparable between the sexes in both SO 

rats and SIIR<>1.n, or reduced in male Sl IR compared to females30
. These inconsistencies 

arc interesting when on the molecular level, males are consistently reported across 

multiple species, strains and tissues have greater AT1 receptor expression compared to 

females 12 21u 9, and AT1 receptors mediate most of the pro-hypertensive response to Ang 

II. To better define the role of the AT1 receptor in BP control in male and female SHR, 

rats were first treated with a low dose of candesartan and showed that not only do you 

abolish the sex difTerence in baseline BP in IIR, but males had a greater decrease in BP. 

The importance of this data shows that A T1 receptors play a greater role in mediating the 

hypertension in males than females, since a low dose of an ARB caused a greater 

decrease in BP in males than females. In addition, the decrease in AT1 receptors during 

ARB and Ang II treatment in males provide further evidence of a sex difference in the 

contribution of the classical and non-classical RA pathways in regulating BP during 

RA perturbations. \.,here males rei) more on the classical pathway. Additional studies 

determined the erticacy of the AT 1 receptor blockade by determining how effectively the 

chosen dose of candesartan blocked Ang If-mediated increases in BP. Data in our study 

showed that when you challenge the blocJ..ade with Ang ll, females are able to resist the 

Ang 11-induced pressure response. These data show that while hypertension in both male 
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and female IIR is highly dependent on AT1 receptor activation, even a low dose ARB in 

females was able to block the pressor efTects of Ang II. These observations are likely 

related to the fact that males haYe more AT1 receptors than females. These findings also 

suggest that males may need higher doses of candesartan than females to oppose the BP 

compensatory mechanisms and resist the "escape effecf' of anti-hypertensive 

medications. In addition, since our data showed that the AT2 receptor was up-regulated 

in ARB-treated females during Ang II infusion, Ang ll/AT2 receptor activation in females 

may also be actively antagonizing Ang II/AT1 mediated hypertension. This provides 

additional C\idence that the non-classical RAS pathway compensates for classical RAS 

activation during RAS perturbation exclusi"·ely in females, and may explain why women 

have been reported to exhibit greater decreases in diastolic BP in response to ARBs 

compared to men W-6
1
• 

While sex ditTcrences in AT1 receptors most likely account for sex differences in 

the BP responses to ARBs and Ang IL was this the only mechanism involved in 

mediating sex dilTerences in BP responses to an ARB? Treatment of male SHR with 

either lisinopril (an ACEi) or losartan (an ARB) decreases BP with a concomitant 

increase in plasma Ang (1-7) concentration34
·
93

, and blockade of Ang ( 1-7) has been 

shown to reduce the effectiveness of combined administration of lisinopril and losartan to 

lower BP in male IIR33 • The exact mechanism by which Ang (1-7) enhances the BP 

IO\\ering ciTccts of RA inhibitors is unknown, but combined ACEi/ARB treatment in 

male II R demonstrated that it is through a non-AT 2 receptor manner
34

, implicating a 

role for the mas receptor in RA inhibitor eficcti\cness. Data in female animal models 

was lacking and since females ha\e greater Ang ( 1-7) levels than males, we determined 
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whether sex influences the contribution of Ang ( 1-7) to mediate the effectiveness of 

ARBs. Data in our study showed that blockade of the mas receptor decreases the efficacy 

of ARBs only in female SHR, with no effect in males. These results support that females 

are more dependent on Ang ( 1-7) to regulate BP when the RAS is perturbed. Overall 

data in Aim 2 suggests that anti-hypertensive treatments that target inhibition of the 

classical RA pathway may be more beneficial in males, while females may benefit more 

from medication that stimulate non-classical RAS components. Surprisingly, we also 

found increases in protein and nephrin excretion in female Sl IR absence of an increase in 

BP, supporting that Ang (1-7) plays a critical role in maintaining the integrity of renal 

barrier function in female SHR. Moreover, Ang ( 1-7) plays a critical role in renal 

damage by protecting female SHR from Ang 11-induccd injury. These results provide 

evidence that treatments that target up-regulation of Ang ( 1-7) could be beneficial in 

females that have renal injury. 

Additional studies were designed to begin to gain mechanistic insight into the 

downstream biochemical pathways that mediate the effects of Ang ( 1-7). The 

mechanism(s) by which Ang ( 1-7) induces vasodilation is still being elucidated, but an 

increase in NO bioavailability has been implicated. NO bioavailability is determined by 

1. the expression and activity of NOS, and 2. scavenging of NO by superoxide. 

Incubation of isolated canine coronar} microvessels, cell nuclei from sheep kidney 

cortexes, and Chinese hamster o"ary cells with Ang (I -7) increases NO 

bioavailability16
·
37

. Moreover, Ang ( 1-7) stimulation of NO production in Chinese 

hamster o'>af} cells \"as via mas receptor activation of NO 3
18

. Ang (I -7) also blocks 

Ang 11-stimulated superoxide scavenging of NO in thoracic aortic rings from male 
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Sprague-Dawley rats39. These in virro studies demonstrate that Ang ( 1-7) impacts NO 

bioavailability. and our laboratory has previously shown that female SHR have greater 

NO bioavailability and Ang (1-7) in the renal cortex than male SHR176
. Despite evidence 

supporting that Ang (l-7) plays a role in mediating NO bioa\ailability, neither Ang (1-7) 

infusion or inhibition of endogenous Ang ( l-7) alerted NO bioavailability in either male 

or female Sll R. It should be noted that while we did not observe an effect of Ang ( 1-7) 

to influence renal cortical NO bioavailability, Ang ( l-7) has also been shown to impact 

other organs that play a vital role in BP regulation. In particular, central inhibition of 

Ang ( 1-7) in female 0 rats exacerbates Ang II hypertension 177
• Therefore, it would be 

intriguing to determine the impact of systemic Ang ( 1-7) infusion and inhibition on 

sympathetic outflow in males and females. 

ex differences in immune profile markers have been widely documented in 

multiple models of disease179
-
182

. Our lab published that there are sex differences in the 

renal immune profile of SUR where females have more Tregs. and males have more 

Th 17 cells 43 128 . While others have shown that following adoptive transfer of donor male 

T cells, renal CD3+, CD4+, and Tregs arc greater in male Rag ( 1 
) mice compared to 

females, despite a lack of a sex difference in BP 183
. Female Rag en mice, which Jack 

both B and T cells, receiving donor T cells from a male have an attenuated increase in BP 

in response to Ang II compared to male Rag C-) mice receiving T cells from a male 

donorm. Consistent \vith the notion that females arc relative)) protected from Ang 11/T 

cell-mediated increases in BP. male Rag! Cn mice recei\ing male donor T cells verses 

female donor T cells have an exaggerated Ang JI-induced increase in BP
126

. More 

importantly, the sex difTerence in the BP response to Ang II in wild-type mice was 
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abolished in Rag C ·) mice, directly implicating T cells in mediating sex differences in 

Ang II hypertension. Therefore we assessed whether Ang II modulates the T cell profile 

dillcrently between male and female SO rats. Initial studies sho"" that Ang II results in 

female D rats having greater renal counts of immuno-suppressive Tregs and IL-l 0 while 

males have more pro-inflammatory Th 17 cells and IL-17, although Ang 11-indueed 

increases in BP were comparable between the sexes. Further studies in this project were 

designed to identify a molecular mechanism responsible for this sex difference in the T 

cell profi le to Ang II infusion. While Ang 11 has been shown to be a pro-inflammatory T 

cell activator, Ang ( 1-7) has been shown to be anti-inflammatory45
.4

6
• Studies in this 

project were designed to determine the effect of Ang ( 1-7) on the renal T cell profile in 

males and females during Ang Il-hypertension, with a primal) focus on Tregs and Thl 7. 

Howe\ler, our results shO\\ed that inhibiting Ang ( 1-7) does not mediate the sex 

difTerence in Tregs and Th 17 in SO rats during Ang II infusion. Since we treated our 

animal with Ang II, a concern was that we were making an abundance of Ang (l -7) 

through the conversion of Ang If into Ang ( 1-7) and exceeding the capacity of 

endogenous Ang (1-7) inhibitor. However, when we assessed Ang (1-7) peptide levels, 

we found that Ang II infusion did not increase Ang ( 1-7) in either male or female SO rats, 

but that males had a much greater Ang II to Ang ( 1-7) ratio compared to females. 

Regardless. these results confirm other studies that show that the response of the immune 

S) stem to Ang II is sex specific125
•
126

, and that while the degree of increase in BP to Ang 

II was comparable between sexes. the mechanism that mediates the effect may differ 

between sexes. Females typically ha\e a greater cell-mediated and humoral immune 

responses to antigenic challenges relati"e to males172
"

174
, and sex differences have been 
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reported in the innate immune system where males have greater basal renal 

macrophages 12, peritoneal mast cells175
• Therefore, it is conceivable that the sex 

difTcrence in the T cell profile seen during Ang 11-hypertension may be through an 

indirect influence of sex differences in the innate system to modulate the adaptive 

immune response. Overall, the results Aim 4 further underscores the importance of 

including both males and females in studies focused on the immune system in order to 

develop novel pathways on which to target and treat hypertension. 

From the data presented in Specific Aims 1, 2, 3, and 4 we conclude that Ang (1-

7) contributes to BP control in female SIIR when the RA is perturbed- either by Ang II 

infusion or inhibition. Also that Ang ( 1-7) is critical in mediating the observed sex 

differences in renal damage by protecting females from Ang 11-induced injury. However, 

the molecular mechanisms that mediate the effects of Ang ( 1-7) in the renal cortex are 

not \ ia alterations in NO bioavailability or modulation of the T cell profile. Regardless, 

this project represents a major shift in the approach to understanding BP regulation 

because it considers sex of the animal as an important determinant of the underlying 

mechanisms controlling BP. 
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VI. APPENDIX 

PROJECT 1 (linked to Aim 1) 

Hypothesis: Greater Ang ( 1-7) m female Sl lR compared to males is sex hormone-

dependent. 

Methods: As listed under kits and assays section. 

Statistical Analysis: Peptide data are presented as mean ± SEM. Ang ( 1-7) peptide data 

was analyzed using 1-way ANOY A. Differences were considered statistically significant 

with p<O.OS. Analyses '"ere performed using GraphPad Prism version 4.0 software 

(GraphPad Software Inc, La Jolla, CA). 

A. Male SHR B. Female SHR 
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Figure lA: Effect of ovarectomy and orchiectomy at 5 and I 0 week old male and female 
SHR renal cortical Ang ( l-7) levels. * indicates p<O.OS vs. same-sex controls. N=8-13. 

103 



PROJECT 2 (linked to Aim 1) 

Hypothesis: Female HR have greater renal outer medullary Ang ( 1-7) levels compared 

to males. 

Methods: As listed under kits and assays section. 

Statistical Analysis: Peptide data are presented as mean ± SEM. 
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Figure 1 B: Renal outer medulla Ang ( 1-7) levels in control male and females SHR. 

N 8-9. 
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PROJECT 3 (linked to Aim 1) 

Hypothesis: Early life exposure (age 6 weeks to 10 weeks) to endogenous Ang (1-7) 

blockade v.ill increase BP sensitivity to chronic Ang 11-hypertension in young, adult (12 

week old) male and female SHR. 

Additional methods: Systolic blood pressure was measured by tail-cuff 

plethsomyography in male and female SHR starting at 5 weeks of age to 14 weeks of age. 

BP was measured weekly with two days of acclimation prior to the collection reading. 

During recordings, animals were acclimated and warmed in a restraining chamber. 

Pneumatic pulse transducers with occluding cuffs were placed on the rat's tails. A 

programmed electro-sphygmomanometer automatically inflated and deflated the tail cuff 

while signals from the transducer were automatically collected using MacLab software 

(ADlnstruments, Milford, CT) connected to a Macintosh Power PC. Six readings were 

taken for each rat and then averaged to determine systolic arterial pressure. 

Statistical Analysis: BP is presented as mean ± SEM. BP data was analyzed using 1-way 

ANOV A. Ang ( 1-7) peptide data was analyzed using 1-way ANOV A. Differences were 

considered statistically significant with p<O.OS. Analyses were performed using 

GraphPad Prism version 4.0 software (GraphPad oftware Inc, La Jolla, CA). 
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Figure I C: Effect of 4 week treatment with A-779 during age 6 to I 0 weeks in male 
(Panel A) and female (Panel B) SI IR. * indicates p<0.05 vs. same-sex controls. N=4-5. 
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PROJECT 4 (linked to Aim 2) 

Hypothesis: 1) Male SHR will have a greater sensitivity to ACEi-mediated decreases in 

BP compared to females. 2) Treatment ~ ith enalapril will cause a greater decrease in 

renal cortical Ang ( 1-7) levels in females than males. 

Additional methods: 

Rats were individually housed throughout the study. Treatment regimen for 

enalapril dosing followed the outline described above for candesartan. Animals were 

randomized to receive one of two doses of enalapril, a low dose to match the candesartan 

treatment (0.5 mglkglday), and a high dose to correspond to our lab's previously 

published dose that abolished the hypertension (I 0 mg/kglday). Enalapril was dissolved 

in Milli-Q water. BP was measured via telemetry was described above in methods (BP 

measurement). Ang ( 1-7) peptide expression was measured as described above (kits and 

assays) in the methods. 

Statistical Analysis: All data was presented as mean ± SEM. BP data were analyzed 

using repeated-measures ANOV A. Ang ( 1-7) peptide data were analyzed using 1-way 

ANOYA. Differences were considered statistically significant with p<O.OS. Analyses 

were performed using GraphPad Prism version 4.0 sol1ware (GraphPad Software Inc, La 

Jolla, CA). 
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Figure 2A: Effect of 14 day treatment of the ACEi enalapril on 24-hour mean arterial 
pressure (MAP) as measured by telemetry in male and female SHR (n=4-8). Animals 
were treated with two eparate doses of enalapril. I 0 mglkg/day and 0.5 mglkg/day. 
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Figure 2B: Renal cortical Ang (I -7) level in male and female SHR. Animals were 
treated for I 4 da> \\ ith either vehicle control (Cont). 0.5 mglk.g/da) enalapriL or 10 
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