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ABSTRACT 

 

The rate and severity of hypertension are much lower in women than men of a 

similar age. However, the incidence of hypertension and its complications increase 

dramatically after menopause, matching and then surpassing that of age-matched males. 

While current anti-hypertensive therapeutics can improve blood pressure in males, they 

have proven to be less effective in postmenopausal women. Clinical trials in menopausal 

women utilizing hormone replacement therapy have also produced controversial results, 

thus other approaches are necessary to control blood pressure in women after menopause. 

Targeting the endothelin system can attenuate hypertension in male mice, and 

components of this system are known to be upregulated in females after menopause. 

Recent evidence in male mice also demonstrates that T lymphocytes promote the 

development of hypertension. However, research into the role of the endothelin and 

immune systems during hypertension in females is lacking, and is necessary to better 

understand how blood pressure regulation changes after menopause and identify novel 

targets for anti-hypertensive drug development. Therefore, we sought to determine how 

the progression to menopause in the novel VCD mouse model of menopause impacts the 

degree of angiotensin II (Ang II) hypertension and whether antagonizing the ET-1 system 

could attenuate hypertension in menopausal animals. We also hypothesized that 

prevention of T cell-mediated responses contributes to sex differences in hypertension 

and that the increased degree of hypertension after menopause requires T cells. 

To determine how the gradual progression to menopause in VCD-treated mice 

impacts hypertension, we infused Ang II into premenopausal and VCD-treated peri- and 

26



 

postmenopausal animals. Compared to premenopausal mice, Ang II-induced hypertensive 

responses were significantly increased after menopause, but were unchanged during the 

perimenopause transition. 17-estradiol replacement during perimenopause prevented the 

increased hypertensive response in menopausal animals, demonstrating that upregulation 

of hypertension in this model is driven by the loss of estrogen-induced protective actions.  

To test the hypothesis that ETA receptor-mediated signaling promotes 

postmenopausal hypertension, VCD-treated menopausal mice were administered either 

the ETA receptor antagonist ABT-627, 17-estradiol replacement, or vehicle. The 

increased hypertensive response in menopausal mice was equally prevented by either 

ETA receptor antagonism or 17-estradiol replacement, supporting the notion that ET-1-

targetted drugs may improve blood pressure control in postmenopausal women. 

To address the hypothesis that prevention of T cell-mediated responses 

contributes to sex differences in hypertension, Ang II was infused into T cell-deficient 

male and premenopausal or VCD-treated menopausal female Rag-1
-/-

 mice with or 

without CD3
+
 T cell adoptive transfer. The results support this hypothesis, demonstrating 

that T cells promote the increased hypertensive response in males, and that the T cell-

dependent response is prevented in premenopausal females, establishing sex differences 

in hypertension. After menopause, T cells are required for the increase in hypertension. 

To test the hypothesis that anti-inflammatory regulatory T cells are required for 

resistance against hypertension in premenopausal females, PC-61 was administered to 

deplete regulatory T cells during 14 days of Ang II infusion. We found that regulatory T 

cell depletion significantly increased the degree of Ang II hypertension, supporting a 

critical anti-hypertensive role for regulatory T cells in premenopausal female mice. 
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CHAPTER 1:  INTRODUCTION 

 

Hypertension 

 Hypertension is defined as a systolic blood pressure (SBP) of ≥140mmHg or a 

diastolic blood pressure (DBP) of ≥90mmHg. It is the most common condition presented 

to primary care physicians, and is the leading risk factor for cardiovascular disease 

(CVD), the number one cause of death in the United States (87). When uncontrolled, 

hypertension can lead to chronic kidney disease, peripheral artery disease, stroke, 

myocardial infarction, and death (206). There has been an upward trend in the prevalence 

of hypertension over the past several decades, as changes in diet and lifestyle have 

occurred, and average life expectancy continues to rise. Currently, approximately 1/3 of 

adults in the United States are diagnosed with hypertension, afflicting nearly 70 million 

people. However, less than half of these individuals are able to adequately control their 

blood pressure (BP) with current anti-hypertensive treatment regimens (68). 

Unfortunately, approximately 90% of cases of hypertension are termed essential, arising 

from unknown causes, and are notoriously difficult to treat (136). The efficacy of current 

treatments and the development of new approaches are greatly hindered by our less than 

complete understanding of the underlying mechanisms promoting the increase in blood 

pressure, and the extent to which these mechanisms are conserved across the sexes and 

across the lifespan. Therefore there is an urgent need to identify and characterize the 

mechanisms which regulate blood pressure, and to develop new therapeutic options to 

help control blood pressure in hypertensive individuals. 
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Sex differences in hypertension 

Sex differences in the prevalence, symptoms and severity of a number of chronic 

diseases, including hypertension, have been well documented in humans (180) (126). Life 

expectancy is longer in women than in men, and the prevalence of hypertension and 

cardiovascular events typically occur at a lower rate in women (89) (2). Indeed, 

epidemiological data from the National Health and Nutrition Examination Survey 

(NHANES) demonstrates that in early adulthood, females have a lower risk of 

hypertension compared to age-matched males (169). However, this difference is 

eliminated around age 50, and subsequently reverses, such that the prevalence of 

hypertension in older females is greater than that of males of the same age.  

These sex differences in blood pressure and hypertensive responses observed in 

humans have also been well-documented in a number of animals models, including both 

genetic and inducible rodent model of hypertension (180) (228) (126). For instance, 

several researchers have shown that female spontaneously hypertensive rats (SHR) have 

lower blood pressures and an attenuated progression of hypertension than male 

counterparts (65) (129) (200). Similar differences have been demonstrated in the Dahl 

salt-sensitive (Dahl S) rat and angiotensin II (Ang II)-infused mice (54) (86). Pioneering 

renal transplantation studies convincingly demonstrated the existence of sex differences 

in mechanisms of renal regulation of hypertension (39). Blood pressure increased in 

recipient normotensive Wistar Kyoto (WKY) male rats when kidneys were transplanted 

from hypertensive SHR donors, while BP could be normalized in male SHR by the 

transplantation of normotensive WKY kidneys (94). Interestingly, transplantation of 

kidneys from male SHR into females does not increase BP (72), and suggests sex 

29



 

differences in circulating extra-renal factors may also influence renal function and blood 

pressure responses.  

The renin-angiotensin system (RAS) is known to play a critical role in blood 

pressure control, and thus RAS-targeted drugs are widely used to treat hypertension. Data 

suggests that significant sexual dimorphisms exists in the production and activity of the 

systemic and intra-renal RAS resulting from modifications in the expression of major 

enzymes and receptors involved in this system (160). The ratios of these important RAS 

components, including ACE:ACE2 and AT1R:AT2R are shifted in premenopausal 

females to favor the latter (196) (144; 147) (170), and contribute to the resistance against 

hypertension in female rodents, potentially explaining the differential effect of RAS-

targeted anti-hypertensive drugs in humans. Importantly, sex differences are not limited 

to changes in blood pressure alone, but also extend to hypertension-induced target organ 

damage (147) (85). The kidneys are of particular interest in this regard because they not 

only have a major regulatory role in long-term blood volume and blood pressure 

homeostasis through the fine tuning of salt and water retention, but are also prone to 

significant hypertension-induced damage and a subsequent decline in renal function (84). 

Male SHRs develop pressure-dependent progressive renal disease, involving vascular 

damage, glomerular hypertrophy, loss of renal autoregulation, nephron loss, proteinuria 

and glomerulosclerosis (84). This hypertension-induced progressive decline in renal 

function is attenuated in female SHR (162).  

Several hypotheses have been proposed that seek to explain the 

pathophysiological mechanisms underlying the disparity in the prevalence of 

hypertension between men and women. Fundamental to these hypotheses is the emphasis 
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on the differential hormonal environment that exists between males and females, with 

estrogen implicated as an anti-hypertensive sex hormone and androgens, including 

testosterone, promoting the experimental induction of hypertension (161) (7). These 

hormonal hypotheses are supported by experimental evidence demonstrating inhibition of 

estrogen production/signaling in female rodents increases hypertensive responses (219). 

Conversely, the suppression of androgen production through castration or the flutamide-

induced blockade of androgen receptor signaling can attenuate the development of 

hypertension in male rats to the level observed in premenopausal female rats (162) (129). 

These discoveries underscore the notion that the dynamic interplay between the anti-

hypertensive properties of estrogens and the pro-hypertensive actions of androgens is a 

critical determinant of the progression of hypertensive pathophysiology, and suggests that 

understanding the mechanisms of estrogen-induced suppression of hypertension, and how 

these are altered by estrogen loss after menopause may identify novel regulatory 

pathways for drug development for hypertensive individuals that do not respond to 

current therapies, including a large portion of postmenopausal women. 

 

Menopause and disease risk in humans 

 The menopause transition in humans is a process which culminates with the end 

of the reproductive period of a woman’s life (114). Its onset is the result of ovarian 

follicular depletion, and is retrospectively identified by 12 consecutive months of 

amenorrhea (114). Exhaustion of oocyte stores is central to the onset of menopause and is 

under a dynamic multifaceted control (163).
 
Follicles at all stages of development, 

including primordial, primary, secondary, and preovulatory are present in the ovary prior 
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to menopause. However, less than 1% of follicles complete the maturation process. 

Rather, 99% are lost through a process of atresia during a woman’s reproductive years 

(61) (153). This process is expedited during the final 12-15 years of reproductive life, 

culminating in the exhaustion of follicular supply and eventual cessation of menstrual 

cycling around the age of 50 (59) (153). 

The 5-10 years preceding menopause are termed perimenopause and are 

characterized by irregular length of menstrual cycles and extended periods of low 

estrogen levels interspersed with periods of high levels (181). The menopause transition 

involves concurrent interactions among the hypothalamus, pituitary gland, and ovaries, 

and culminates in dramatic shifts in hormonal levels, including a severe reduction in 

circulating estrogen, as well as elevations in serum levels of follicle-stimulating hormone 

(FSH) and luteinizing hormone (LH) (51). However, androgen production is maintained 

at near-normal levels by the residual ovarian tissue following the onset of menopause, 

drastically altering the relative circulating levels of estrogens and androgens in favor of 

an androgen-dominated milieu (204). 

While premenopausal women are protected against the development of several 

major chronic diseases, the onset of menopause in humans has been linked to an 

increased incidence and severity of a number of diseases, including hypertension, CVD, 

diabetes, and the metabolic syndrome (113) (119) (172) (173). The increase in 

prominence of hypertension and CVD after menopause is driven by the loss of estrogen 

production capacity and subsequent abnormalities in blood pressure regulation, metabolic 

parameters, and inflammatory profiles (172) (224). Perhaps most striking, a 30 year 

follow-up of the Framingham Heart Study demonstrated that postmenopausal women 
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with diabetes and hypertension had a relative risk of CVD mortality of 4.57, significantly 

greater than age-matched men (32). It was also reported that in a similar cohort of 

females, tight control of blood pressure was more effective than tight control of blood 

glucose in reducing risk. Unfortunately, classic anti-hypertensive medications, including 

ACE inhibitors and angiotensin receptor blockers (ARBs) are less effective at reducing 

blood pressure in women compared to men (174). This discrepancy worsens in women 

after menopause, underscoring the need to gain a greater understanding hormonal blood 

pressure regulation to develop novel approaches to treat hypertension in postmenopausal 

women. 

Several large-scale epidemiological studies have attempted to address the role of 

hormones in postmenopausal disease, with varying degrees of success. The early 

observational studies, including the Nurse's Health Study and the Women's Ischemia 

Syndrome Evaluation (WISE) study, identified the early loss of estrogen in women with 

ovarian dysfunction or bilateral oophorectomy as the primary driving factor associated 

with increased CVD risk in this cohort of menopausal women, independent from the 

effects of aging. As a result, it was recommended that hormone replacement therapy 

(HRT) in menopausal women be prescribed as a preventative treatment approach (40) 

(188). Subsequent large-scale prospective HRT studies, including the Women's Health 

Initiative (WHI) and the Heart and Estrogen/Progestin Replacement Study (HERS), 

which investigated the cardioprotective effects of estrogen or estrogen+progestin in large 

cohorts of postmenopausal women, were unable to replicate the protective effect of 

hormone therapy in these groups, and concluded that HRT may actually increase the risk 

of cardiovascular events (174) (78). However, several major limitations in study design 
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and participant selection criteria have subsequently been identified which have 

questioned the applicability of the major findings from these studies to the general 

population of menopausal individuals (192). Clearly, additional investigations are 

necessary to identify the mechanisms through which female sex hormones, particularly 

estrogen, can impact hypertension and CVD, and to utilize this knowledge to develop 

more targeted novel therapeutic approaches that will circumvent the problems which 

have plagued the clinical application of HRT approaches. The development of such 

approaches relies heavily on the availability of suitable experimental models in which to 

study the underlying BP regulatory mechanisms.  

 

Ovariectomy (OVX) experimental model of menopause 

Rodents are the most widely used species in which to model human diseases in 

experimental settings, however they do not undergo a menopause transition resembling 

that of humans, but rather enter a period of persistent anestrus, or persistent diestrus, after 

approximately 12-18 months (211). Therefore experimental interventions are required in 

order to induce a “menopause-like” state in these animals. The classic experimental 

model utilized to mimic a menopause-like state in rodents is the ovariectomy (OVX) 

model. The ovariectomy procedure employs the bilateral surgical removal of both ovaries 

in young or aged mice. Because the ovaries are the primary site of endogenous estrogen 

production, this procedure induces an estrogen-deficient state in female rodents, 

mimicking a menopause-like hormonal environment (61). Such a procedure has proven to 

be an effective way to immediately suppress estrogen production in order to investigate 

its role in postmenopausal diseases, including hypertension and CVD (172) (219). 
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Because this procedure can be performed on mice at any age, it allows for the distinction 

between the effects of aging vs estrogen loss, as well as the identification of differentially 

regulated estrogen-dependent signaling pathways that contribute to an increase in disease 

progression after menopause. 

 This model has proven useful is producing convincing evidence that the loss of 

estrogen production after menopause is a primary contributor to the increase in disease 

incidence and severity compared to intact premenopausal counterparts (219). However, 

there are several caveats to the utilization of such a model. For instance, while estrogen 

depletion is a major component of the postmenopausal environment, there is a 

considerable divergence in other hormonal factors, including residual androgen 

production capacity and circulating levels of LH in an OVX animal compared to the 

levels observed in postmenopausal women (215) (55) (225). This is primarily a result of 

the surgical induction of menopause in these animals, which is not physiologically 

representative of the induction of menopause in the vast majority of women, and 

represents only 5-10% of the postmenopausal population. The immediate induction of a 

menopause-like state by OVX surgery also excludes the critical perimenopause transition 

period, in which the gradual onset of fluctuating hormonal levels may cause the initiation 

of modifications to components of major regulatory processes, including those that 

control blood pressure (215). These major discrepancies between the physiological status 

of estrogen-deficient OVX animals and postmenopausal women may elicit significant 

differences in disease regulatory pathways when utilized to identify and characterize the 

cellular and systemic mechanisms promoting postmenopausal disease or to direct the 
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development of novel anti-hypertensive therapeutics mimicking estrogen’s anti-

hypertensive effects. 

 

4-vinylcyclohexene diepoxide (VCD) mouse model of menopause 

 4-vinylcyclohexene diepoxide (VCD) is an occupational chemical that can 

accelerate the natural process of atresia in small follicles of mice and rats and has 

recently been characterized as a rodent model of menopause in which to study human 

disease states (190). Unlike the OVX model of menopause, the VCD model is an ovary-

intact, follicle-depleted animal model that recapitulates the perimenopause-to-menopause 

transition, closely mimicking the natural human transition, and can be initiated in rodents 

of any age (Figure 1.1). Ovarian failure (menopause) in the VCD model is induced 

through repeated daily injections of VCD dissolved in sesame oil (160mg/kg/min, i.p.), 

causing a selective loss of follicles in the primordial and primary stages by direct 

inhibition of c-kit at the oocyte plasma membrane (128). A two year study conducted by 

the National Toxicology Program (NTP) demonstrated that toxic effects of high doses of 

VCD are limited specifically to the reproductive tract (1). The dose necessary to induce 

menopause in rodents is 980-fold less than that used in the NTP study, and extensive 

histopathological analysis confirmed pathogenic effects are limited to early stage ovarian 

follicles, and are not present in other tissues, including uteri, kidneys, spleen, liver, lung, 

heart, or brain (216). 
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Figure 1.1- Schematic of VCD induction of menopause. Repeated daily injections of 4-

vinylcyclohexene diepoxide (VCD) specifically targets the primoridal and primary 

follicles in premenopausal mice and induces follicular atresia and the onset of 

perimenopause. Menopause ensues after follicular depletion occurs, and the residucal 

ovarian tissue shrinks in size.  
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 Similar to humans, VCD-induced perimenopause in rodents is also characterized 

by an increase in cycle length, fluctuation of estrogen levels and an increase in FSH 

(120). Vaginal cytology is measured daily, and the onset of menopause is identified as 10 

consecutive days of persistent diestrus, coinciding with the cessation of endogenous 

estrogen production by the ovaries. In the VCD model, varying the duration of VCD 

dosing (typically between 10 and 20 days) allows the length of the perimenopause period 

to be manipulated and optimized to fit the parameters of any study (Figure 1.2). Cyclicity 

experiments have demonstrated that 10 consecutive days of VCD dosing in B6C3F1 

female mice induces menopause by day 135 after the onset of dosing, producing a 

perimenopause period preceding ovarian failure which lasts approximately 125 days. The 

onset of menopause can be shortened to occur on approximately day 58 by increasing the 

number of days of dosing to 15, and further expedited to occur by day 52 when VCD is 

injected for 20 consecutive days (121) (134). The shortening of the perimenopause period 

by increasing the number of doses is accompanied by a concomitant acceleration in the 

time frame of 17-estradiol and FSH level shifts. Histological analysis of VCD-treated 

animals demonstrates that ovarian size is significantly reduced in menopausal animals, 

similar to humans, and follicle depletion has occurred (134). 
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Figure 1.2- Effect of duration of VCD dosing on perimenopause length in the VCD 

menopause model. A: 10 consecutive days of intraperitoneal injections (160mg/kg/day) 

induces an approximately 90 day perimenopause period, which includes fluctuating 17b-

estradiol and a gradual increase in follicle stimulating hormone (FSH). B: Increasing to 

20 VCD doses shortens perimenopause to approximately 17 days. C: Schematic of the 

natural progression to menopause in humans closely resembles the hormonal changes 

induced by VCD injections in female mice.   
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 The inclusion of the perimenopause period is unique to the VCD model of 

menopause and not only represents a more physiologically representative induction of 

menopause, but also allows for investigations into the role of impending ovarian failure 

on disease mechanisms and preventative treatment approaches. The retention of residual 

ovarian tissue after menopause is also unique to this model and maintains its androgen 

secretory capacity, more closely replicating the postmenopausal hormonal environment in 

women (181) (164). In the past decade the VCD model has been characterized in a 

several rodent strains, both mice and rat, and has proven useful in exploring the 

underlying mechanisms of increased disease progression after menopause, including 

studies of insulin resistance and the metabolic syndrome (171). However, to date no such 

studies have investigated the progression of hypertension across the menopause 

transition, and it is unknown how gradual changes in the hormonal environment of VCD-

treated mice can impact blood pressure regulatory mechanisms or disease outcomes. 

 

Effect of 17-estradiol on hypertension 

As previously described, estrogen levels drop precipitously after menopause as 

ovarian production ceases, and this time frame corresponds with an increased prevalence 

and severity of hypertension and other pathophysiological changes (172), suggesting that 

the loss of estrogen is a critical factor promoting the increased hypertensive response 

after menopause. Estrogen’s two classical nuclear receptors, ER and ER, have been 

shown to mediate its blood pressure regulatory effects. ER- and ER-mediated 

signaling is initiated by ligand-activated dimerization within the cytosol and subsequent 

translocation to the nucleus where it recognizes specific hormone response elements in or 
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near the promoter DNA regions of target genes (71) (145). ER is crucial for the 

production of eNOS, protection against vascular injury, and prevention of atherosclerosis 

(83) (150), while ER-mediated signaling protects against abnormalities in ion channel 

function in blood vessels (227). Global deletion of ER results in a similar increased 

responsiveness to Ang II as occurs in ovariectomized estrogen-deficient wild type 

females (219). Recently, the existence of a membrane-bound G protein-coupled estrogen 

receptor, GPER1 (GPR30), has also been demonstrated in a number of cell types, and has 

been suggested to play a role in estrogen-induced blood pressure regulation (30) (146) 

(149) (195) (118). GPER1 is a member of the 7-transmembrane G protein-coupled 

receptor family, and mediates rapid estrogen-induced signaling events through the 

activation of GTP-binding proteins and the production of cAMP, and also impacts 

transcriptional events (198) (125).  Chronic treatment with the GPER1 agonist G-1 has 

been shown to decrease BP in ovariectomized mRen2.Lewis rats (117). However, 

considerable debate remains regarding the specificity and function of this G protein-

coupled receptor in nongenomic estrogen signaling (88) (110), and its potential role in 

estrogen-mediated blood pressure regulation. 

Receptor-specific effects notwithstanding, 17-estradiol treatment suppresses the 

increased blood pressure response after OVX surgery in Ang II, salt-sensitive, and 

genetic models of hypertension (219) (42) (60). The consistency of the hypertension-

suppressing effects of estrogen across several distinct models suggests that the 

mechanisms through which estrogen-loss increases hypertension after menopause are 

robust and highly conserved, supporting the conclusions drawn from clinical studies. 

Experimental studies have demonstrated that estrogen exerts a number of beneficial 
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effects against the development of hypertension, including influencing vasorelaxation, 

sympathoinhibition, prevention of vascular remodeling, and suppression of renal 

inflammation (148). While the mechanisms of estrogen-induced protection remain to be 

fully elucidated, several pathways have been implicated, including upregulation of eNOS 

generation, superoxide dismutase, MAPK, PKA, PI3K. Indeed, estrogen can induce 

vasodilation to counteract the pro-hypertensive effects of Ang II and ET-1 through direct 

coupling of ER to vascular eNOS at the plasma membrane (112) (33) (38). In 

premenopausal females, estrogen also influences blood pressure through the reduction of 

NADPH oxidase activity, pro-inflammatory cytokine production and accompanying 

inflammatory responses (224).  

It has previously been noted that the expression of major depressor components of 

the RAS are upregulated in premenopausal females compared to males, and support an 

anti-hypertensive phenotype (170). Levels of the protective ACE2 enzyme are elevated in 

females relative to males and estrogen has been found to promote the renal expression of 

AT2 receptors (6). These RAS components, including the ratios of ACE:ACE2 and 

AT1R:AT2R change in females after menopause to more closely resemble the expression 

patterns of males, increasing the expression of ACE and AT1R at the expense of ACE2 

and AT2R (196) (144). This results in a shifting of the pressure-natriuresis curve to the 

right, and parallels the increase in hypertension prevalence (138). These results would 

suggest that drugs targeting the RAS system would increase in efficacy after menopause, 

however these drugs actually become less effective (173), suggesting that other 

mechanisms may be contributing to the postmenopausal rise in BP. 
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 One major confounding factor in hormone replacement studies is the difficulty in 

separating the effects of estrogen depletion vs. those of aging, particularly because 

menopause is an age-associated event and most experimental studies have been 

conducted in young animals. A longitudinal study conducted in the Dahl S rat maintained 

on a low salt diet followed the blood pressure in these animals for one year in order to 

differentiate the effects of estrogen loss from aging on the development of hypertension 

(79). It was found that the OVX-induced loss of estrogen at an early age accelerated the 

age-associated increase in BP. This accelerated response could be markedly attenuated by 

17-estradiol replacement, suggesting that estrogen is capable of protecting against the 

natural age-associated increases in BP.   

Estrogen has been shown to suppress inflammation in a number of pathologic 

states, including CVD (48), and OVX increases the systemic and renal expression of 

inflammatory markers (182) (91). Low-grade inflammation is prevalent during 

hypertension, and there is increasing evidence suggesting that inflammation and an 

expansion of inflammatory cell types in the vasculature and the kidney are primary 

components of hypertension in males (50). However, less is known regarding the impact 

of estrogen on inflammatory mediators during hypertension, and how these responses are 

altered after menopause. Recent evidence from female NZBWF1 mice, a model of the 

inflammatory disease systemic lupus erythematosus (SLE) in which hypertension is 

prevalent, suggest that anti-inflammatory mechanisms may exist which promote estrogen 

suppression of hypertension (67). In this study, SLE mice exhibited an increase in BP that 

was exacerbated by OVX surgery. 17-estradiol replacement prevented the OVX-

induced increase in BP, as well as the increase in albuminuria and pro-inflammatory 
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cytokine production by the kidney. These data suggest that estrogen may regulate blood 

pressure, at least in part, through the suppression of pro-inflammatory mechanisms, and 

that targeting strategies to suppress inflammatory responses in an estrogen-like way may 

improve blood pressure in hypertensive individuals. 

 

Mechanisms of Ang II Hypertension 

Role of endothelin-1 (ET-1) in Ang II hypertension 

Endothelin-1 (ET-1) is a 21 amino acid peptide with potent vasoconstrictive 

properties that contributes to the development of hypertension (228). ET-1 binds to two 

distinct receptors, endothelin type A (ETA) receptors and endothelin type B (ETB) 

receptors, located on a wide variety of cell types including vascular endothelial and 

smooth muscle cells (5) (177) (45).  ETA receptors induce vasoconstriction, fibrosis, and 

sodium retention by the kidneys, while ETB receptors promote vasodilation and renal 

natriuresis (103), and have thus been implicated in several models of hypertension. An 

increase in the production of oxidative stress and inflammation is often prevalent during 

the development of hypertension in male rats (159) (28) (27), and ET-1 has recently been 

shown to influence renal inflammatory responses in males rats via ETA receptor-

mediated signaling in infiltrating T lymphocytes. ET-1 promotes the directed 

differentiation of the pro-inflammatory interleukin (IL)-17-producing subset of T cells 

and can increase the infiltration of macrophages and other inflammatory cell types in the 

kidney during hypertension (197) (178) (17). 

Significant sex differences in the ET-1 system have been identified, and 

contribute to the divergence in blood pressure control between males and premenopausal 
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females (100). ET-1 levels increase during hypertension in both sexes, however 

hypertensive males have higher levels of ET-1 than hypertensive females; a paradigm 

that is preserved between rodents and humans (46) (130) (155). This results from 

differential regulation at the transcriptional level, as male rodents express higher mRNA 

levels of preproendothelin-1 and ET-1 compared to females (100) (202), and 17-

estradiol is capable of suppressing the Ang II-induced upregulation of ET-1 gene 

expression (81). Differential expression of ETA and ETB receptor types between males 

and females also influence ET-1-induced hypertensive effects. Male rats have been 

shown to have a greater ratio of ETA:ETB receptors than females, and as a result are also 

more sensitive to the vasoconstrictive actions of ET-1 and subsequent elevations in blood 

pressure than females (57) (202). Chronic Ang II infusion promotes ETB receptor 

dysfunction in both males and females, however ETA-mediated natriuretic responses are 

preserved by the kidneys during Ang II hypertension in females but not males (99). This 

preservation of ETA-mediated natriuesis unique to females during Ang II infusion likely 

contributes to their resistance against the development of severe hypertension prior to 

menopause. 

There is comparatively little known regarding the role of the ET-1 system in 

promoting the increased hypertensive responses in females after menopause. However, it 

has been demonstrated that the endothelin system is activated during postmenopausal 

hypertension (223). Indeed, it was recently shown that renal medullary ET receptor 

expression is significantly increased in estrogen-deficient Sprague-Dawley rats (69). ETA 

receptor antagonism attenuates hypertensive renal injury in ovariectomized DOCA-salt 

rats (139) and is more effective at decreasing blood pressure in aged postestrous-cycling 
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(PMR) spontaneously hypertensive rats than young female counterparts (221), further 

implicating an increased pathologic role of the ET-1 system during hypertension after 

menopause. Together, these data suggest that targeting the ET-1 system in 

postmenopausal women may be an effective strategy to improve blood pressure control 

and reduce the prevalence and severity of hypertension in this population. 

 

The adaptive immune system 

Components of the adaptive immune system have recently been identified to play 

a critical role in the regulation of hypertension (76). The mammalian immune system 

consists of two complimentary systems, the innate immune system and the adaptive 

immune system (184). The innate immune system serves as a non-specific first line of 

defense against invading pathogens. However, the adaptive immune system is an antigen-

dependent and highly antigen-specific system comprised of T and B lymphocytes that 

harbors the capacity for memory. The adaptive immune system depends on the 

generation of a diverse collection of antigen receptors on T and B lymphocytes and the 

subsequent activation and clonal expansion of cells carrying the appropriate antigen-

specific receptors (184). T cells develop from hematopoietic stem cells in the bone 

marrow and migrate to the thymus for maturation. T cells express a unique antigen-

binding T cell receptor (TCR) on their membrane and require an interaction between 

antigens fragments bound to the major histocompatibility complex (MHC) found on 

antigen-presenting cells (APCs) such as dendritic cells to induce the T cell differentiation 

and activation processes (21). 

47



 

Depending upon the cytokine environment, immature CD3
+
 T cells can 

differentiate into cytotoxic T cells or various subsets of T-helper (Th) T cells, identified 

by the presence of the membrane-bound glycoproteins CD8 and CD4, respectively. 

While CD4
+
 T cells have no cytotoxic or phagocytic activity of their own, they are 

capable of mediating the immune response through the directed release of cytokines that 

can influence vascular and renal function directly or indirectly by stimulating other 

immune cells to release cytokines and recruit additional inflammatory cells to the local 

environment (21). It is traditionally believed that the activation of CD4
+
 T cells results in 

the polarization towards either a Th1 or Th2 phenotype (76). Th1 cell polarization occurs 

in the presence of IFN-γ and IL-2. These cells function through the release of the 

cytokines IFN-γ, IL-2, and TNF- to activate macrophages, and have been implicated in 

a number of inflammatory diseases (122). Conversely, Th2 cell differentiation occurs in 

the presence of IL-4, and leads to the production of additional IL-4, as well as IL-5 and 

TGF-1, contributing to allergies and responses against extracellular parasites, including 

helminths. Recently, Th17 T cells have been identified as a newly characterized subset of 

CD4
+
 T cells, and are thought to develop independently of the Th1 or Th2 lineages (151). 

Th17 cell differentiation requires the combined influence of IL-6 and low levels of TGF- 

or IL-21 (229). These cells release the cytokine IL-17, and can induce chemokines and 

adhesion molecules in target tissues promoting accumulation of inflammatory cells (214). 

Opposing the pro-inflammatory actions of the Th1 and Th17 T cells are the anti-

inflammatory CD4
+
CD25

+
Foxp3

+
 regulatory T cells (226). The differentiation of these 

cells is mediated by TGF- Through the release of the anti-inflammatory cytokine IL-10, 

regulatory T cells limit and suppress other cell types within the immune system, and 
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function to maintain immune homeostasis by controlling aberrant immune responses and 

the development of autoimmune disease.  

 

T cell regulation of hypertension 

An involvement of T lymphocytes in the development of hypertension was first 

suggested in 1976 when Svendsen demonstrated that the delayed phase of DOCA salt 

hypertension was attenuated in thymectomized animals (193). It was later shown that 

transplanting the thymus from a normotensive WKY rat into a SHR decreased blood 

pressure in the recipient SHR (9). Through the use of immusuppressive drugs several 

researchers demonstrated that suppression of the immune system could reduce blood 

pressure and the renal infiltration of lymphocytes in experimental models of hypertensive 

(165) (167) (143). Similar immunosuppressive-induced improvements in blood pressure 

and inflammatory markers have also been reported in at least one small clinical study of 

hypertension patients with psoriasis and rheumatoid arthritis (77). A role for T cells has 

also been identified in human hypertension, as an analysis of 6,000 patients with AIDS, 

which have a reduction in CD4
+
 T cells, found that the prevalence of hypertension was 

significantly lower than that of the general population (186). The incidence of 

hypertension in these individuals was restored by 2 years of treatment with a highly 

active anti-retroviral therapy, suggesting that a role for helper T cells exists in the 

development of hypertension.  

In 2007, Guzik et al used recombination activating gene (Rag)-1
-/-

 mice, which 

lack both T and B lymphocytes, to demonstrate that T cells, but not B cells were required 

for the development of Ang II hypertension in males (70). In these studies the T cell-
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deficient male Rag-1
-/-

 mice displayed a blunted hypertensive response to 2 weeks of Ang 

II infusion compared to wild-type C57BL/6 mice. A full hypertensive response could be 

restored in Rag-1 mice by adoptive transfer of splenic CD3
+
 T cells, but not by B cell 

adoptive transfer. Deletion of the Rag-1 gene in Dahl salt-sensitive rats also attenuates 

the blood pressure response and reduces albuminuria and renal damage (132). A third 

rodent model of immunodeficiency, the severe combined immunodeficiency (SCID) 

mice, is also protected against hypertension, albuminuria and renal damage (43). 

Together, these results clearly demonstrate a significant regulatory role for the adaptive 

immune system, and T lymphocytes in particular, for the development of hypertension 

and associated renal damage. 

The results of the previously described studies demonstrate that T cells play a role 

in the development of hypertension, however they do not define the relative contributions 

of the various T cell subsets. Subsequent investigations found that the percent of 

circulating Th17 T cells are increased 2-3 fold by Ang II infusion in male mice, and are 

accompanied by an increase in the accumulation of the pro-inflammatory cytokine IL-17 

in vascular tissue (124). This group then investigated the hypertensive response in IL-17
-/-

 

mice and found that while initial increases in blood pressure persisted, Ang II 

hypertension could not be sustained in the absence of IL-17, and T cell infiltration was 

also reduced (124). In contrast to the pro-hypertensive properties of Th17 cells, 

hypertension can be attenuated in male rodents by increasing the relative expression of 

anti-inflammatory regulatory T cells (Barhoumi 2011}. Adoptive transfer of CD4
+
CD25

+
 

regulatory T cells suppressed the degree of Ang II hypertension in C57BL/6 mice, while 

CD4
+
CD25

-
 T effector adoptive transfer had no effect. This was likely the result of 
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increased IL-10-mediated effects, as a separate study demonstrated infusing the 

regulatory T cell cytokine significantly attenuates Ang II-induced increases in blood 

pressure in male mice (92). These results suggest that the ratio of pro- to anti-

inflammatory T cell subsets may be a critical factor in determining the magnitude of 

hypertensive responses.  

 

Sex differences in T cell regulation of hypertension 

While a growing body of evidence suggests the involvement of the adaptive 

immune system in the progression of hypertension, these studies have been conducted 

almost exclusively in male rodents. Sex differences have been identified in many BP 

regulatory pathways, and thus differences in T cell regulation of hypertension are also 

likely to exist (180) (126). It was recently discovered in the SHR that systemic and tissue-

specific sex differences exist in the expression of several types of T cells, including Th17 

cells and regulatory T cells (200). Under basal conditions, regulatory T cell infiltration of 

the kidney was significantly greater in female SHRs compared to males, while Th17 T 

cell expression was greater in male SHR kidneys. It was also demonstrated that female 

SHR display a compensatory increase in renal regulatory T cells in response to blood 

pressure increases (201), supporting an anti-hypertensive role for these cells. Recently, a 

concerted effort has been made to investigate T cell-mediated mechanisms of pregnancy-

induced hypertension, which is characterized by endothelial dysfunction and excessive 

inflammation. The cytokine IL-17 is increased in preeclamptic rats, and it has been 

shown to mediate placental oxidative stress and increases in blood pressure in pregnant 

rats (49). Similarly, deficiency in the anti-inflammatory cytokine IL-10 by female rats 

51



 

increases the prevalence of preeclampsia-like symptoms during pregnancy (36). While 

premenopausal females display an anti-inflammatory T cell profile, the altered T cell 

expression and cytokine production in females during preeclampsia closely mimic what 

has been observed in hypertensive males, suggesting that the capacity for inflammatory 

responses by T lymphocytes are likely conserved in females during pathogenic 

conditions, but are suppressed under normal conditions. 

The few immunologic studies conducted in female rodents were limited in scope 

to the premenopausal period, and thus very little is known regarding the role of T cells 

and the adaptive immune system on the increased progression and severity of 

hypertension after menopause. Data obtained from male rodents suggest the existence of 

a bi-modal T cell-dependent progression of hypertension. This T cell-mediated response 

may be altered in females as a result of differential T cell expression patterns in favor of 

anti-inflammatory cell types and a suppression of pro-inflammatory cytokine production 

that enables a resistance against hypertension prior to menopause. The extent to which 

these processes mediate the estrogen-induced attenuation of hypertension prior to 

menopause, and how the loss of estrogen at the onset of menopause influences T cell 

expression/activation and subsequent hypertensive responses are unknown. Additional 

studies are required to address these points and to gain a better understanding of how the 

hormonal environment influences T cell-dependent hypertensive responses. The results of 

such studies stand to identify novel mechanisms of estrogen-induced blood pressure 

regulation and serve as targets to improve blood pressure control in individuals resistant 

to the current gold standards of treatment, especially postmenopausal women. 

 

52



 

Aim and hypotheses 

 The overall aim of these studies is to identify and characterize the mechanisms 

through which premenopausal females are protected against the genesis of hypertension, 

and how these processes are disrupted after menopause when estrogen production 

capacity is lost, resulting in an increased degree and severity of hypertension and 

associated end organ damage. 

 

Specific Aim 1: Determine how the progression to menopause in VCD-treated mice 

impacts the degree of Ang II hypertension. 

   Sub Aim 1.1- Determine whether VCD-treated peri- and post-menopausal female mice 

   become susceptible to Ang II hypertension. 

 Hypothesis- VCD-induced menopausal mice will become susceptible to the 

development of Ang II hypertension, while cycling and perimenopausal females 

will retain resistance. 

   Sub Aim 1.2- Determine if endothelin type A receptor (ETA) antagonist suppresses 

   Ang II hypertension in postmenopausal female mice. 

 Hypothesis- ETA receptor antagonism via ABT-627 (atrasentan) will attenuate 

Ang II hypertension in VCD-treated menopausal female mice. 

 

Specific Aim 2: Determine whether T cells contribute to sex differences in Ang II 

hypertension. 

   Sub Aim 2.1- Determine if the prevention of T cell-mediated responses promotes the 

   resistance against Ang II hypertension in premenopausal female mice. 
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 Hypothesis- Compared to males, cycling female mice will prevent the T cell 

dependent hypertensive response to Ang II infusion. 

   Sub Aim 2.2- Determine whether T cell-mediated responses are required for the 

   increased severity of Ang II hypertension in menopausal female mice. 

 Hypothesis- T cells are required for the increase in Ang II-induced blood pressure 

and pro-inflammatory cytokines expression in menopausal female mice. 

 

Specific Aim 3: Identify T cell subtypes that promote hypertension resistance in 

premenopausal female mice. 

 Hypothesis- Anti-inflammatory regulatory T cells mediate Ang II hypertension 

resistance in premenopausal female mice. 

 

To address hypothesis 1.1, we assessed the Ang II-induced hypertensive response in 

premenopausal or VCD-treated peri- or post-menopausal female mice. These data are 

published and are included in APPENDIX I and summarized in CHAPTER 2. 

To address hypothesis 1.2, we assessed the Ang II-induced hypertensive response and T 

cell profiles in VCD-treated menopausal female mice injected with the ETA receptor 

antagonist ABT-627 compared to menopausal mice receiving 17-estradiol. These data 

are presented in CHAPTER 3. 

To address hypothesis 2.1, we compared the Ang II-induced hypertensive responses and 

T cell profiles in T cell-deficient Rag-1
-/-

 male and female mice with or without adoptive 

transfer of CD3
+
 T cells. These data have been published and are included in APPENDIX 

III and summarized in CHAPTER 4.  
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To address hypothesis 2.2, we assessed the Ang II-induced hypertensive responses and T 

cell profiles in VCD-treated menopausal female mice with or without CD3
+
 T cell 

adoptive transfer. These data are presented in CHAPTER 5.  

To address hypothesis 3, we compared the Ang II-induced hypertensive responses and T 

cell profiles in premenopausal female mice with or without PC-61-induced depletion of 

Foxp3
+
 regulatory T cells. These data are presented in CHAPTER 6. 
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CHAPTER 2:  ANG II-INDUCED HYPERTENSION IN THE VCD MOUSE MODEL 

OF MENOPAUSE IS PREVENTED BY ESTROGEN REPLACEMENT DURING 

PERIMENOPAUSE 

 

Summary of published manuscript 

Data from several recent NHANES studies have demonstrated that 

premenopausal women are less likely to develop hypertension than age-matched men, 

and that this protection is lost after menopause, when the relative rate of hypertension 

becomes greater than men of a similar age (116) (25) (2). However, despite the 

longstanding ability to mimic these sex differences in experimental settings, the 

underlying mechanisms responsible for the increased risk of hypertension in women after 

menopause remains ill-defined. Until recently, performing an ovariectomy procedure 

(surgical removal of the ovaries) was the standard model for mimicking menopause in a 

rodent, however the development of the VCD-treatment mouse model of menopause 

established a more physiologically relevant model in which to study the underlying 

mechanisms associated with disease pathophysiology before and after menopause 

(reviewed in Chapter 1). We therefore sought to utilize the VCD model to study the 

hypertensive response to 2 weeks of Ang II infusion in female mice throughout the 

menopause transition, including pre-, peri-, and post-menopause time points.  

VCD treatment alone, inducing either perimenopause or menopause had no 

impact on blood pressure. Premenopausal female mice demonstrated a resistance to 

severe Ang II-induced hypertension, with a SBP increase of only 11mmHg. During the 

perimenopause transition, this resistance against large Ang II-induced rise in blood 
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pressure is maintained. However, the Ang II-induced increase in SBP was significantly 

greater after menopause (32mmHg), compared to premenopausal counterparts. This 

increased hypertensive response was determined to be the result of estrogen depletion, as 

restoring estrogen levels in VCD-treated menopausal mice via 17-estradiol pellet 

implantation during the perimenopause period restored resistance to levels comparable to 

premenopausal mice (5mmHg). 

Renal injury and a disruption of water/electrolyte control mechanisms are known 

to occur with hypertension (16) (62) (158). Glomerular hypertrophy, an early marker of 

hypertensive renal damage was assessed via quantitative analysis of PAS-stained renal 

sections and demonstrated that the degree of Ang II-induced hypertrophy was 

independent of hormonal status or changes in blood pressure. Conversely, AQP2 protein 

expression was significantly reduced only in the menopausal group, correlating with the 

highest blood pressures. These data demonstrate that the resistance to Ang II-induced 

hypertension in maintained throughout the perimenopause transition and is not lost until 

complete ovarian failure occurs, and demonstrates that VCD-induced estrogen loss is the 

driving force behind the increased hypertensive response observed in menopausal mice in 

this model.  

Importance of published manuscript in the overall studies 

This is the first study to utilize the VCD-treatment mouse model of menopause to 

investigate how the gradual progression to menopause impacts the development of 

hypertension. This study has demonstrated the viability of the VCD model for the study 

of hypertension pathology before, during, and after menopause, and will also allow 

investigations of potential preventative therapeutic approaches during the vital 
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perimenopause period. Several key questions remain unanswered, including identifying 

whether estrogen is countering the Ang II-induced hypertensive response by direct or 

indirect inhibition of Ang II signaling pathways, and the extent to which components of 

the immune system contribute to these responses. The relative effectiveness of various 

treatment approaches during the pre-, peri-, and postmenopausal states also remains 

unclear, and can be improved by characterizing the underlying mechanisms responsible 

for this shift in disease pathogenesis that accompanies the changing hormonal 

environment. The studies in the next 4 chapters will focus on addressing these questions. 

Contributions of the author in this published manuscript 

The author contributed to all aspects of this manuscript, including study design, 

data acquisition and analysis, manuscript preparation and revision, and responses to 

reviewers. 
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CHAPTER 3: THE COMPARITIVE EFFECT OF ENDOTHELIN TYPE A RECEPTOR 

ANTAGONISM VS. 17-ESTRADIOL REPLACMENT FOR THE PREVENTION OF 

HYPERTENSION IN VCD-INDUCED MENOPAUSAL FEMALE MICE 

 

INTRODUCTION 

 The incidence and severity of hypertension increase significantly in women after 

menopause (116). However, current anti-hypertensive therapeutics including angiotensin 

receptor blockers (ARBs) and/or ACE inhibitors have produced limited effectiveness in 

postmenopausal women (96). We have previously demonstrated in VCD-treated 

menopausal mice that Ang II hypertension could be prevented by 17- estradiol 

replacement (156). However, despite its success in experimental settings, hormone 

replacement therapies (HRT), including estrogen replacement approaches, have not 

translated well in clinical populations (111) (174) (78). Large-scale clinical trials, 

including the Women’s Health Initiative (WHI) and the Heart and Estrogen/Progestin 

Replacement Study (HERS) found a significant increase in cardiovascular risk factors 

and negative outcomes as a result of HRT and concluded these complications should 

preclude widespread HRT use as a preventative treatment in postmenopausal women  

(174) (78). Thus, new antihypertensive approaches are necessary to combat the increased 

blood pressure in postmenopausal women. 

 Endothelin-1 (ET-1), a potent vasoconstrictor, is associated with the 

development of hypertension and is upregulated in rodents by angiotensin II (Ang II) 

through an ETA-dependent process (141). Elevated levels of ET-1 are common in 

hypertensive individuals, and ovarian hormones have been shown to reduced plasma 
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levels of ET-1 in women compared to men (189) (155). ET-1 signals through its two 

main receptors, endothelin type A receptor (ETA) and endothelin type B receptor (ETB). 

ETA receptors induce vasoconstriction, fibrosis, and sodium retention by the kidneys, 

while ETB receptors promote vasodilation and renal natriuresis (103).  

Differential expression of ETA and ETB receptor types between males and 

females exert significant influence over ET-1-induced hypertensive effects. Male rats 

have been shown to have a greater ratio of ETA:ETB receptors than females, and as a 

result are more sensitive to the vasoconstrictive actions of ET-1 and subsequent 

elevations in blood pressure than females (57) (202). ETB-mediated vasodilation and 

natriuretic responses are impaired in male rats during Ang II infusion (69) (99). However, 

ETB function is maintained in premenopausal female rats despite chronically elevated 

Ang II and has been suggested to contribute to the suppression of ETA-mediated 

hypertensive responses.  

There is comparatively little known regarding the role of the ET-1 system in 

promoting the increased hypertensive responses in females after menopause. However, it 

has been demonstrated that the hypertensive effects of the endothelin system are 

upregulated during postmenopausal hypertension (221), and thus represents a potential 

target for antihypertensive drug development for postmenopausal hypertension. 

Therefore, we sought to determine the efficacy of targeting the ET-1 system as an 

alternative strategy to treat hypertension after menopause. In order to directly compare its 

capacity to suppress Ang II-induced hypertension and associated damage, VCD-treated 

menopausal female mice received administration of the ETA receptor antagonist ABT-

627 (atrasentan) or 17-estradiol replacement for 14 days throughout the duration of Ang 
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II infusion. We hypothesized that ETA receptor antagonism will prevent Ang II 

hypertension in VCD-treated menopausal female mice. 

 

METHODS 

Animals: 8 week old 129S6/SvEvTac (129S6) female mice were purchased from Taconic 

Biosciences. Four experimental groups were studied, including Ang II-infused 

premenopausal mice (Ang II, N=10), VCD-treated menopausal mice infused with Ang II 

(Meno/Ang, N=10), and Ang II-infused menopausal mice receiving either an ETA 

receptor antagonist (Meno/Ang+ETA, N=10) or 17-estradiol replacement 

(Meno/Ang+E2, N=10). Mice were housed in standard polypropylene cages in a 

temperature- and humidity-controlled facility. The mice were maintained on a 12:12-h 

light-dark cycle (6 AM to 6 PM) and were fed normal (0.25% NaCl; Harlan Teklad, 

7013) mouse chow with water available ad libitum. All methods were approved by the 

University of Arizona Animal Care and Use Committee.  

 

Experimental Protocol: To determine the efficacy of the ETA receptor antagonist ABT-

627 (Atrasentan, MedChem Express) to suppress the increased hypertensive response in 

VCD-treated menopausal mice, female 129S6/SvEvTac mice received daily 

intraperitoneal injections of VCD (Sigma, V3630) at a concentration of 160 mg/kg 

(sesame oil vehicle) for 20 consecutive days to induce ovarian failure (121). All 

experimental groups are listed in Table 3.1. As depicted in Figure 3.1, once determined to 

be in menopause, Ang II was infused for 2 weeks with or without concurrent 17-

estradiol replacement or ETA receptor antagonism. Blood pressure (BP) and heart rate 
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were measured prior to VCD injections, at the cessation of VCD injections, immediately 

before Ang II infusion (day 0), and at day 7 and day 14 of Ang II infusion. All groups 

were sacrificed after 14 days from the beginning of Ang II infusion. Flow cytometric 

analysis was performed on spleen and kidneys from five animals per group. Kidneys 

were harvested from the remaining 5 animals per group and processed for protein and 

RNA isolation. 
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  VCD Ang II ETA E2 

Control      

Ang II   +   
Meno+Ang II  + +   
Meno+Ang II+ETA  + + +  
Meno+Ang II+E2  + +  + 
 

 

Table 3.1- Description of experimental groups/treatments. “+” indicates a substance that 

was injected or infused. Otherwise, mice were injected/infused with appropriate vehicle. 

N=8-10 animals per group. VCD, 4-vinylcyclohexene diepoxide; Ang II, angiotensin II; 

ETA, endothelin Type A receptor antagonist (ABT-627, atrasentan); E2, 17-estradiol.   
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Figure 3.1- Experimental protocol. Eight week old female 129S6 mice were given 

intraperitoneal injections of 4-vinylcyclohexene diepoxide (VCD) to induce ovarian 

failure. All mice were dosed with VCD or vehicle for 20 consecutive days. Upward 

pointing arrows indicate the initial day of dosing. Angiotensin II (Ang II; 800ng/kg/min) 

was infused for 14 days via osmotic minipump. A subset of menopausal mice received 

the endothelin type A receptor antagonist ABT-627 (ETA) or 17-estradiol replacement 

(E2) concurrent with Ang II infusion.  
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Onset of Menopause Determination: Vaginal cytology was monitored daily to determine 

the onset of menopause (ovarian failure), and was defined as 10 consecutive days of 

diestrus, as described previously (134). 

 

Ang II Infusion and Blood Pressure Measurements: Osmotic minipumps (Alzet, model 

1004) containing Ang II (Sigma, A9525, infusion rate 800 ng/kg/min) were implanted 

subcutaneously above the right shoulder during isoflurane-induced anesthesia. Pumps 

were implanted after all animals had entered menopause. 

A non-invasive tail cuff machine (Hatteras Instruments, MC4000) was used to 

monitor blood pressure and heart rate. Measurements were taken 1) prior to the start of 

VCD dosing, 2) upon cessation of VCD dosing, 3) immediately prior to Ang II infusion, 

4) day 7 of Ang II infusion, and 5) day 14 of Ang II infusion.  

 

ETA Receptor Antagonist or 17- Estradiol Replacement Adminstration: To determine 

the relative effectiveness of blocking ET-1 signaling via ETA receptor antagonism 

compared to 17-estradiol replacement in preventing Ang II hypertension in VCD-treated 

menopausal mice, one group of menopausal mice received daily intraperitoneal injections 

of the ETA receptor antagonist ABT-627 (atrasentan, MedChem Express, 5mg/kg) 

throughout the duration of Ang II infusion. A separate group of menopausal animals 

received 17- estradiol replacement concurrent with Ang II infusion through a 

subcutaneously implanted pellet (0.1mg 17-estradiol, Innovative Research of America). 
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Tissue Protein Sample Preparation: Upon sacrifice, right kidneys were excised and 

dissected in half by a longitudinal section (including both cortex and medulla) in five 

animals from each group. One half of each kidney was processed into protein samples as 

previously described (23) (22). Briefly, renal tissue was homogenized with a 

PowerGen
TM 

125 tissue homogenizer (Fisher Scientific) in 0.5ml ice-cold isolation 

solution (10mM triethanolamine, 250mM sucrose, pH 7.6, 1mg/ml leupeptin, 0.1mg/ml 

PMSF, 1mM sodium fluoride, 1mM sodium orthovanadate). Total protein concentration 

of the homogenate solution was determined using Pierce
®
 BCA Protein Assay Kit 

(Thermo Scientific, 23227). Lammeli sample buffer (75mg/ml SDS; 30% glycerol; 

50mM Tris, pH 6.8; 30mg/ml DTT; Bromophenol Blue) was added to each sample, 

denatured at 60ºC for 15 min, and placed in -80ºC for long-term storage. 5µg of protein 

was run on 12% polyacrylamide gels and stained with Coomasie blue to confirm equal 

loading of protein samples. 

 

RNA Isolation and Real-Time Quantitative PCR: With the remaining half of the right 

kidneys, RNA isolation and real-time quantitative PCR experiments of whole kidney 

samples were performed as previously described (66). Briefly, RNA was isolated from 

each whole kidney tissue sample (Qiagen RNeasy Mini Kit, cat #74101) according to 

manufacturer instructions. A DNase (Qiagen, cat #79254) incubation was performed to 

remove potential DNA contamination. Eluted RNA was quantified by the Nanodrop ND 

1000 spectophotometer. 2.5μg RNA was reverse transcribed. Resulting cDNA was 

diluted to 8ng/μl. Real Time quantitative PCR experiments were performed on a 

RotorGene RG3000 (Qiagen). Primer sequences were as follows: interleukin 2 F- 
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AAAGGGCTCTGACAACACATT, R- AGGGCTTGTTGAGATGATGC; interleukin 

1 F- GGGACATTAGGCAGCACTCT, R- ATGTGCTGGTGCTTCATTCA; collagen 

IV F- CTGAGCACACACAGGCAACT, R- TTTTTGGAGGGTGGGTACTTT; 

endothelin-1 F- CAGCATCCTTGATCCAAACA, R- TGTGGAATCTCCTGGCTCTC.  

 

Flow Cytometry: Spleen and kidneys from the remaining animals in each group 

(N=5/group) were minced and digested with Accutase (eBioscience) for 30 min at 37°C. 

Both kidneys from each animal were pooled together prior to mince/digestion. Organs 

were then passed through a 40-μm mesh screen to prepare a single-cell suspension for 

analysis (spleen) or to disassociate the tissue (kidneys). Lymphocytes from kidneys were 

isolated over a 30%/70% percoll gradient. Cells were stained with surface antibodies 

overnight at 4°C and followed by a live/dead discriminator dye (Life Technologies) and 

then fixation and permeabilization with the Foxp3 Staining Buffer Set (eBioscience) and 

intracellular staining with Foxp3 antibody. Lymphocyte counts were determined using 

Count Bright Absolute counting beads (Life Technologies) for kidney, or extrapolated 

from a complete blood count differential collected on a Hemavet 950LV (Drew Scientific 

Group) for spleen. Flow cytofluorometric (FCM) data was acquired on a BD Fortessa 

instrument using BD FACS Diva software (Becton Dickinson) and analysis was 

performed using FlowJo software (Tree Star). 

 

Statistics: Data was analyzed with Graph Pad Prism Software v6 (GraphPad Software) by 

one-way ANOVA followed by Tukey’s multiple-comparison post hoc test or Student’s t-
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test in order to identify differences between groups. Data are expressed as mean ± SE, 

with P ≤ 0.05 was considered significant. 
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RESULTS 

ETA receptor antagonism blocks Ang II-induced hypertension in menopausal female 

mice. 

 Blood pressure was measured via tail cuff machine before (day 0) and after 14 

days of Ang II infusion. Similar to previous studies, 14 days of Ang II induced a 

significant increase in SBP in female mice (Con 114 ± 1mmHg, Ang II 129 ± 2mmHg*; 

*P<0.05) (Figure 3.2b). Compared to premenopausal mice, SBP after 14 days of Ang II 

infusion was significantly increased in menopausal animals (Meno/Ang 154 ± 4mmHg*
#
; 

*P<0.05 vs Con 
#
P<0.05 vs Ang II). ETA receptor antagonism for 14 days during Ang II 

infusion blocked the increase in SBP in menopausal female mice (Meno/Ang+ETA 135 ± 

2mmHg*; *P<0.05 vs Con). Similarly, 17-estradiol replacement for 14 days initiated at 

the onset of Ang II infusion also blocked the increased SBP in menopausal female mice 

(Meno/Ang+E2 127 ± 4mmHg*; P<0.05 vs Con). 

 To normalize Ang II-induced SBP for any baseline differences between groups, 

delta SBP values were determined by subtracting each mouse’s SBP level at day 0 from 

respective SBP values obtained on day 14. This demonstrated that the Ang II-induced 

change in SBP was significantly increased in menopausal mice compared to 

premenopausal animals (Con Δ2 ± 2mmHg, Ang II Δ15 ± 2mmHg*, Δ37 ± 5mmHg*
#
; 

*P<0.05 vs Con, #P<0.05 vs Ang II) (Figure 3.2c). ETA receptor antagonism during Ang 

II infusion blocked the increase in SBP in menopausal female mice (Meno/Ang+ETA 

Δ14 ± 3mmHg*; *P<0.05 vs Con). Similarly, 17-estradiol replacement in menopausal 

female mice also blocked the increased change in SBP (Meno/Ang+E2 Δ 10 ± 6 mmHg; 

data not significant vs Con). 

69



 

              

          

70



 

Figure 3.2- Hemodynamic responses to angiotensin II (Ang II) infusion in 

premenopausal and menopausal female mice. A: systolic blood pressure (SBP) was 

similar across all groups prior to Ang II infusion. B: After 14 days of Ang II, SBP was 

significantly increased in menopausal mice (Meno/Ang) compared with premenopausal 

mice (Ang II), and this increased response was prevented to a similar degree by either 

ETA receptor antagonism (Meno/Ang+ETA) or 17-estradiol replacement 

(Meno/Ang+E2). C: Changes in SBP are presented as Δ change from day 0 to day 14 

after onset of Ang II infusion. Results are expressed as mean + SE; N=8-10 mice/group. 

*P<0.05 in SBP vs control mice; 
#
significant difference vs. Ang II cycling mice (P<0.05, 

ANOVA, Tukey). 
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ETA receptor antagonism and 17-estradiol replacement differentially impact splenic T 

cell profiles in menopausal mice. 

 To determine the relative T cell expression profiles following the two treatment 

interventions in menopausal mice, flow cytometric analysis was performed on the spleen 

and kidneys. Relative to control, Ang II infusion induced a slight, but significant increase 

in the percent of CD4
+ 

splenic T cells in premenopausal and menopausal mice (Con 61 ± 

0.3%, Ang II 64 ± 0.7%*, Meno/Ang 64 ± 0.7%*; *P<0.05 vs Con). CD4
+
 T cell 

expression was also significantly increased in Ang II-infused menopausal mice that 

received ETA receptor antagonism (Meno/Ang+ETA 65 ± 0.6%*; P<0.05 vs Con). 

However, the increase in CD4
+
 T cell expression was prevented by 17-estradiol 

replacement (Meno/Ang+E2 62 ± 0.6%; data not significant vs Con). (Fig 3.3a).  

 Th17 cells (CD3
+
CD4

+
RORγt

+
 T cells) have been suggested to promote 

hypertension (76). The splenic expression of Th17 cells was not significantly different in 

Ang II infused premenopausal or menopausal mice compared to control (Con 1.4 ± 0.1%, 

Ang II 0.7 ± 0.1%, Meno/Ang 0.7 ± 0.2%; data not significant vs. Con) (Fig 3.3b). Th17 

cell expression was significantly decreased in Ang II-infused menopausal mice that 

received ETA receptor antagonism (Meno/Ang+ETA 0.4 ± 0.1%*; P<0.05 vs Con). 

However, the splenic expression of Th17 cells was not significantly different in Ang II 

infused menopausal mice with 17-estradiol replacement (Meno/Ang+E2 1.5 ± 0.2%; 

data not significant vs Con). 

 In opposition to Th17 cells, regulatory T cells (CD3
+
CD4

+
Foxp3

+
 T cells) can 

suppress Ang II hypertension (10). The splenic expression of regulatory T cells was not 

significantly different in Ang II infused premenopausal or menopausal mice compared to 
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control (Con 17 ± 1%, Ang II 18 ± 1%, Meno/Ang 18 ± 1%; data not significant vs. Con) 

(Fig 3.3c). ETA receptor antagonism in Ang II-infused menopausal mice did not induce a 

significant change in regulatory T cell expression (Meno/Ang+ETA 18 ± 0.1%; data not 

significant vs. Con). However, the splenic expression of regulatory T cells was 

significantly increased in Ang II infused menopausal mice with 17-estradiol 

replacement (Meno/Ang+E2 23 ± 1%*; *P<0.05 vs Con).  

 Within the kidney, CD4
+
 T cell infiltration was not significantly different from 

control in any treatment group (Con 62 ± 2% Ang II 60 ± 3% Meno/Ang 59 ± 7% 

Meno/Ang+ETA 56 ± 2% Meno/Ang+E2 57 ± 5%; data not significant vs. Con) (Fig 

3.4a). The renal infiltration of Th17 T cells was also not significant different between 

groups (Con 1.1 ± 0.3% Ang II 0.5 ± 0.3% Meno/Ang 1.5 ± 0.4% Meno/Ang+ETA 2.7 ± 

0.7% Meno/Ang+E2 0.7 ± 0.4%; data not significant vs. Con) (Fig 3.4b). Similarly, 

regulatory T cell infiltration of the kidney was not significantly different from control in 

any treatment group (Con 7.4 ± 0.4% Ang II 6.6 ± 0.9% Meno/Ang 8.3 ± 0.4% 

Meno/Ang+ETA 7.6 ± 0.6% Meno/Ang+E2 8.2 ± 0.5%; data not significant vs. Con) 

(Fig 3.4c).  
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Figure 3.3- Splenic T cell expression profiles in angiotensin (Ang) II infused 

premenopausal and menopausal female mice. A: CD4
+
 T cell expression was not 

significantly different in any group compared to Con. B: %Th17 of CD4
+
 T cells is 

significantly decreased in menopausal mice by ETA receptor antagonism 

(Meno/Ang+ETA), but not 17-estradiol replacement (Meno/Ang+E2). C: %Foxp3
+
 

regulatory T cell expression is significantly increased in menopausal female mice by 17-

estradiol replacement, but not ETA receptor antagonism. Results are expressed as mean + 

SE; N=4-5 mice/group. *P<0.05 vs Con (P<0.05, ANOVA, Tukey). 
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Figure 3.4- Renal T cell expression profiles in angiotensin (Ang) II infused 

premenopausal and menopausal female mice. Flow cytofluorometric analysis of renal T 

cell infiltration demonstrated that the A: %CD4
+
 of CD3

+
 T cells, B: %Th17 of CD4

+
 T 

cells, and C: %Foxp3
+
 regulatory T cells of CD4

+
 T cells was not significantly different 

in any group compared to Con. Results are expressed as mean + SE; N=4-5 mice/group. 

(P<0.05, ANOVA, Tukey). 
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Effect of ETA receptor antagonism in Ang II-infused menopausal mice on renal cytokine 

mRNA expression.  

 Real time qPCR analysis was conducted on whole kidney samples to determine 

renal cytokine expression levels at the conclusion of Ang II infusion. qPCR results 

demonstrated that IL-2 mRNA expression was decreased in Ang II-infused 

premenopausal animals compared to control (Con 1.0 ± 0.5 fold, Ang II 0.4 ± 0.8 fold; 

data not significant). Conversely, IL-2 expression increased in Ang II-infused 

menopausal mice (Meno/Ang 2.9 ± 0.9 fold; data not significant vs. Con). ETA receptor 

antagonism in menopausal mice blocked the increased expression of IL-2 

(Meno/Ang+ETA 0.6 ± 0.1; data not significant vs Con). While no change was 

statistically significant compared to control animals, the reduction in IL-2 expression in 

Ang II and Meno/Ang+ETA was significantly different from expression levels in Ang II-

infused menopausal mice (Meno/Ang) (Table 3.2).  

Renal expression of IL-6 was not significantly different from control in any group 

(Con 1.0 ± 0.6 fold, Ang II 0.9 ± 0.6 fold, Meno/Ang 1.6 ± 0.7 fold, Meno/Ang+ETA 0.6 

± 0.4 fold; data not significant vs Con). Similarly, the renal expression of TNF-α was not 

significantly different in any treatment group compared to control animals (Con 1.0 ± 0.3 

fold, Ang II 0.8 ± 0.1 fold, Meno/Ang 1.2 ± 0.5 fold, Meno/Ang+ETA 1.1 ± 0.2 fold; 

data not significant vs Con). 
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Gene Con Ang II Meno/Ang 
Meno/Ang 

+ETA 

Interleukin-2 1.0 ± 0.5  0.4 ± 0.8
#
 2.9 ± 0.9  0.6 ± 0.1

#
 

Interleukin-6 1.0 ± 0.6 0.9 ± 0.6 1.6 ± 0.7 0.6 ± 0.4 

TNF-α 1.0 ± 0.3 0.8 ± 0.1 1.2 ± 0.5 1.1 ± 0.2 

 

 

Table 3.2- Effect of ETA receptor antagonism in Ang II-infused menopausal mice on 

renal cytokine mRNA expression. Con, control; Ang II, angiotensin II; Meno, 

menopause; ETA, endothelin type A receptor antagonist (ABT-627, atrasentan). Results 

are expressed as mean fold change + SE; N= 3-4 mice/group. *P<0.05 vs Con, 
#
P<0.05 

vs Meno/Ang.  
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Effect of 17-estradiol replacement in Ang II-infused menopausal mice on renal 

cytokine mRNA expression. 

A separate set of quantitate real-time PCR was conducted on whole kidney 

samples to determine the effect of estrogen replacement in menopausal mice on renal 

cytokine expression. qPCR demonstrated that IL-1β mRNA expression was increased in 

Ang II-infused premenopausal and menopausal animals compared to control (Con 1.0 ± 

0.2 fold, Ang II 1.7 ± 0.3 fold, Meno/Ang 1.5 ± 0.1* fold; *P<0.05 vs. Con). 17-

estradiol replacement in menopausal mice blocked the increased expression of IL-1β, 

restoring levels to control expression (Meno/Ang+E2 1.0 ± 0.2
#
; data not significant vs 

Con, 
#
P<0.05 vs Meno/Ang) (Table 3.3).  

Again, renal expression of IL-2 was significantly decreased in Ang II-infused 

premenopausal animals compared to control (Con 1.0 ± 0.5 fold, Ang II 0.3 ± 0.3* fold; 

*P<0.05 vs. Con). IL-2 expression increased in Ang II-infused menopausal mice 

(Meno/Ang 1.8 ± 0.9 fold; data not significant vs. Con). 17-estradiol replacement in 

menopausal mice blocked the increased expression of IL-2 (Meno/Ang+E2 0.8 ± 1.2; data 

not significant vs Con). The expression of TNF-α was not significantly different from 

control in any treatment group (Con 1.0 ± 0.2 fold, Ang II 0.7 ± 0.1 fold, Meno/Ang 1.1 

± 0.5 fold, Meno/Ang+E2 1.3 ± 0.3 fold; data not significant vs Con). 
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Gene Con Ang II Meno/Ang 
Meno/Ang 

+E2 

Interleukin-1β 1.0 ± 0.2     1.7 ± 0.3      1.5 ± 0.1*  1.0 ± 0.2
#
 

Interleukin-2 1.0 ± 0.7     0.3 ± 0.3*
#
      1.8 ± 0.9 0.8 ± 1.2 

TNF-α 1.0 ± 0.2     0.7 ± 0.1      1.1 ± 0.5 1.3 ± 0.3 

 

 

 

Table 3.3- Effect of 17-estradiol replacement in Ang II-infused menopausal mice on 

renal cytokine mRNA expression. Con, control; Ang II, angiotensin II; Meno, 

menopause; E2, 17-estradiol. Results are expressed as mean fold change + SE; N= 3-4 

mice/group. *P<0.05 vs Con, 
#
P<0.05 vs Meno/Ang. 
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Length of time to the onset of menopause (ovarian failure) in VCD-treated female mice. 

 Aging has been shown to exacerbate hormone-dependent changes in disease 

pathology, including hypertension (79). Utilizing the VCD treatment model of 

menopause allows for the induction of a gradual transition to menopause, similar to the 

natural progression in humans, but at an earlier time point in order to eliminate any 

potential age-related confounding effects (82). Upon cessation of dosing, daily vaginal 

cytology analysis determined that the time of onset of ovarian failure was not 

significantly different between any VCD-treated group, (Meno/Ang 53 ± 1day, 

Meno/Ang+ETA 52 ±1day, Meno/Ang+E2 53 ± 1day; data not significant) (Figure 3.5). 

Sesame oil vehicle-treated groups did not undergo ovarian failure and continued to cycle 

through the duration of the study. 
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Figure 3.5- VCD-induced onset of ovarian failure. Average day of onset of ovarian 

failure in 4-vinylcyclohexene diepoxide-treated mice, as defined by 10 consecutive days 

of diestrus, was not significantly different between any VCD-treated group. N= 8-10 

mice per group. 
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DISCUSSION 

The study in CHAPTER 3 utilized the VCD mouse model of menopause to 

determine the efficacy of ETA receptor antagonism to suppress Ang II-induced 

hypertension in menopausal females. The major findings of this study are that 1) ETA 

receptor antagonism is as effective at reducing blood pressure in Ang II-infused 

menopausal female mice as 17-estradiol replacement, and 2) ETA receptor antagonism 

differentially impacts T cell expression and renal inflammatory profiles compared to 17-

estradiol replacement. These data suggest that targeting the endothelin-1 system may be a 

beneficial strategy for treating hypertension in menopausal women, and that ETA 

antagonism used in conjunction with current anti-hypertensive therapeutics may promote 

a synergistic reduction in blood pressure.   

 

Endothelin-1 signaling as an anti-hypertensive target for menopausal females.  

The ability of ETA receptor antagonism to block postmenopausal hypertension in 

the current study demonstrates its important role in Ang II hypertension in menopausal 

female mice and builds upon previous work that found a blockade of ETA receptors 

significantly reduced BP in aged post-cyclic spontaneously hypertensive rats (221). 

Indeed, production of endothelin-1 by the endothelium and vascular smooth muscle cells 

increases during hypertension and can induce pronounced vasoconstriction, inflammation 

and fibrosis, contributing to the development of hypertension (185). Therefore, the 

experimental success of targeting this system with pharmacologic inhibition of the ETA 

receptor in postmenopausal female mice represents a potential alternative approach to 

HRT or RAS-targeted drugs in this population. However, the inability of ETA receptor 
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blockade to restore BP to baseline levels in the VCD-treated menopausal or post-cyclic 

hypertensive animals suggests that ETA-mediated responses are not the only mechanism 

promoting hypertension in these animals. 

In opposition to the post-cyclic group, such a blockade did not reduce BP in 

premenopausal rats, indicating that the hormonal environment influences ET-1-mediated 

responses (221). Indeed, significant interaction between the estrogen and endothelin 

systems are known to exist, and have implications for treating hypertension and 

associated end-organ damage (14). In vitro and in vivo experiments demonstrate that 17-

 estradiol downregulates ETA receptor expression in ovariectomized rats and inhibits 

Ang II-induced ET-1 synthesis (208) (81). Similarly, the reduction in estrogen production 

in women after menopause has been associated with a rise in ET-1 levels and an 

increased incidence of hypertension (104) (116). While it’s clear that considerable 

overlap exists between the estrogen and endothelin-1 systems, it is not known what 

portion of 17-estradiol’s anti-hypertensive effects can be attributed to the suppression of 

ET-1-mediated responses, how this translates to the human postmenopausal population, 

or whether dual treatment of ETA receptor antagonists with HRT or RAS-targeted 

pharmaceuticals would result in a synergistic effect on blood pressure in postmenopausal 

women. However, because the use of HRT in the clinical setting has not yet replicated its 

widespread experimental success, our data suggest that direct targeting of the ET-1 

system may prove to be a more effective strategy to treat hypertension in postmenopausal 

individuals, and should be addressed by future studies.   
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Role of endothelin-1-dependent inflammation and CD3
+
CD4

+
 T cell expression on Ang 

II hypertension. 

It was recently demonstrated that the suppression of Ang II hypertension in male 

mice by ETA receptor antagonism was associated with a decrease in lymphocyte 

infiltration of the kidney (17), suggesting that targeting the ET-1 system could not only 

impact T cell cytokine release, but also their recruitment during hypertension. In the 

current study, the Ang II-induced blood pressure response in menopausal females was 

reduced to a similar degree by ETA receptor antagonism or 17-estradiol replacement. 

However, distinct changes to T cell infiltration and cytokine expression profiles were 

produced by each intervention. We found that ETA receptor antagonism in Ang II-

infused menopausal female mice preferentially reduced splenic CD3
+
CD4

+
RORγt

+
 Th17 

cells, as well as mRNA expression of IL-2 within the kidney. This may be explained by 

the ability of ETA receptor antagonism to prevent ET-1-induced Th17 cell polarization 

(197). Elisa et al. have recently demonstrated that in addition to their presence on 

dendritic cells, ETA receptors are also expressed by mature T cells, and that these 

receptors are required to mediate the pro-inflammatory effects of ET-1 on CD4
+
 T cells 

(56). Blockade of ETA receptors in vitro prevents ET-1-induced release of inflammatory 

and fibrotic markers from Th17-polarized T cells, and thus may have contributed to the 

reduction in Ang II hypertension in the current study.  

While 17- estradiol can reduce Ang II-induced inflammatory responses, in part 

through its regulation of ET-1 synthesis, it is also capable of directly and indirectly 

influencing T cell expression/function (115) (107) (194) (152). We found that 17-

estradiol replacement in Ang II-infused menopausal female mice increased splenic 
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CD3
+
CD4

+
Foxp3

+
 regulatory T cells and decreased renal IL-1 β mRNA expression. In 

vitro experiments show that that regulatory T cells can suppress Th17 T cell 

expansion/function through the release of IL-10 (37). Separately, 17-estradiol has been 

shown to increase IL-10 release from regulatory T cells (194), suggesting a link between 

hormonal state and T cell function that could influence inflammatory responses and 

hypertension. Previous studies demonstrated that the adoptive transfer of 

CD3
+
CD4

+
Foxp3

+
 regulatory T cells in male mice reduces Ang II hypertension, and 

inhibits Th17 cell infiltration into perivascular tissue (10). Our data would support a role 

of regulatory T cells in 17-estradiol-induced resistance against hypertension. However, 

additional work is necessary to clarify the mechanism through which 17-estradiol 

influences regulatory T cell function in vivo, whether or not this suppresses the opposing 

acts of ET-1 signaling, and how the degree of hypertension is ultimately impacted. 

CHAPTER 3 demonstrated that ETA receptor antagonism reduces blood pressure 

in Ang II-infused menopausal mice to a similar degree as 17-estradiol replacement. 

However, the unique underlying signaling mechanisms of each system likely contributed 

to the differential T cell expression pattern and cytokine profiles, demonstrating the 

existence of a multifaceted immunoregulatory network involved in blood pressure control 

(152) (13) (17). While it is presumable that the increased expression of 

CD3
+
CD4

+
Foxp3

+
 regulatory T cells by 17-estradiol replacement in Ang II-infused 

menopausal females could suppress CD3
+
CD4

+
RORγt

+
 Th17 cell function, this was not 

explicitly measured, and warrants additional investigation. Furthermore, the reduced 

expression of CD3
+
CD4

+
RORγt

+
 Th17 cells and pro-inflammatory markers by ETA 

receptor antagonism implicates ET-1-induced Th17 cell inflammatory responses as a 
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mechanism of Ang II hypertension in women after menopause. Thus, targeting the 

endotlhelin-1 system in this population could not only be a useful tool to reduce blood 

pressure, but also inflammation and associated end-organ damage. However, because 

Ang II can also directly affect Th17 cell function (74), future studies utilizing the VCD 

model of menopause should determine how changes in the hormonal environment 

influence the relative contributions of Ang II and ET-1 on T cell expression, function, 

and the hypertensive response.  
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CHAPTER 4:  SEX DIFFERENCES IN T-LYMPHOCYTE TISSUE INFILTRATION 

AND DEVELOPMENT OF ANGIOTENSIN II HYPERTENSION 

 

Summary of published manuscript 

There is a growing body of evidence to suggest that inflammatory responses are a 

major determining factor for the progression and severity of hypertension (75). Several 

recent studies have utilized adoptive transfer techniques in the T cell-deficient Rag-1
-/-

 

mouse strain to demonstrate that T cells of the adaptive immune system are required for 

the development of hypertension in male rodents in response to Ang II infusion (70) (10), 

and that manipulating the T cell profiles of these animals can be either protective or 

pathogenic, depending upon the subtype being targeted (10) De Miguel 2010} (76). 

However, the role that T cells are playing in mediating the development of hypertension 

in females is unknown. Therefore, we infused Ang II in both male and female Rag-1
-/-

 

mice with or without the presence of adoptively transferred male T cells in order to 

determine the contributions of T cells to the hypertensive response in premenopausal 

females, and to sex differences between males and females.  

 Basal systolic blood pressures in male and female T cell-deficient Rag-1
-/-

 mice 

were similar. Infusing Ang II into T cell-deficient mice induced a similar, marginal 

increase in blood pressure in both males and females, eliminating the sex differences 

which are characteristic of this model. Restoration of T cells into Rag-1
-/-

 mice via 

adoptive transfer prior to infusing Ang II resulted in a significantly greater Ang II-

induced hypertensive response in male mice, but not in females, reestablishing the sex 

differences in the blood pressure response.  
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 Splenic T cell expression profiles were similar between groups, demonstrating 

that the adoptive transfer procedure was well tolerated by all recipient animals, both male 

and female, and were not impacted by Ang II infusion. However, renal T cell infiltration 

was significantly reduced in female Rag-1
-/-

 mice compared to males, and was 

accompanied by the suppression of T cell-dependent pro-inflammatory cytokine mRNA 

production (TNF, MCP-1, IL-2) in Ang II-stimulated animals. Despite differences in 

baseline glomerular size, Ang II-induced glomerular hypertrophy, assessed via 

quantitative analysis of PAS-stained renal sections, occurred to a similar degree in males 

and females and was independent of the presence of T cells. Together, these data 

demonstrate that premenopausal female mice can prevent the development of severe 

hypertension by suppressing the T cell-mediated responses to Ang II infusion, 

accompanied by alterations in renal T cell profiles and inflammatory responses in target 

organs, such as the kidney, and point to a role for T cell-mediated events in sex 

differences in the hypertensive response. 

Importance of published manuscript in the overall studies 

To the best of our knowledge, this is the first study to directly compare the 

contributions of T cells to the development of hypertension between male and 

premenopausal female mice. This study demonstrated that significant differences exist in 

the ability of the adaptive immune system to promote hypertension in males and females, 

identifying a novel T cell-mediated response to be underlying the sex differences in 

hypertension between these two groups. These results suggest that preventing T cell 

expression and pro-inflammatory responses, particularly within the kidney, may be a 

major contributing factor protecting females from developing hypertension early in life. 
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A number of important questions remain to be addressed, including determining whether 

the increased hypertensive response to Ang II in postmenopausal females, like males, is 

driven by T cell-mediated events, and the extent to which specific subtypes of T cells 

influence the female resistance against hypertension. The studies discussed in the next 2 

chapters will address each of these questions. 

Contributions of the author in this published manuscript 

The author contributed to all aspects of this manuscript, including experimental 

design, data acquisition/analysis, manuscript development and revision, and responses to 

reviewers. 
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CHAPTER 5:  T CELLS ARE REQUIRED FOR THE INCREASED ANG II 

HYPERTENSIVE RESPONSE IN MENOPAUSAL FEMALE MICE 

 

INTRODUCTION 

As previously described, the incidence and severity of hypertension increase 

significantly in women after menopause (116). This rise in disease prevalence is 

associated with abnormalities in blood pressure regulation, metabolic parameters, and 

inflammatory profiles (172) (224). The divergence in hypertension progression in women 

has been replicated in experimental settings by our lab and others which have 

demonstrated that premenopausal female mice are protected against the development of 

hypertension, and that the loss of estrogen upon induction of menopause significantly 

increases hypertension severity and inflammatory responses (156) (219) (182). While 

estrogen-dependent protection against hypertension by females has been well-described, 

our incomplete understanding of the underlying physiological adaptations that contribute 

to increased hypertension after menopause limit the therapeutic options available to treat 

hypertension in postmenopausal women and hinder our ability to develop novel anti-

hypertensive approaches for these individuals.  

Inflammatory markers are elevated in hypertensive individuals and strongly 

correlate with blood pressure (12), suggesting an important inflammatory component to 

the disease. Indeed, clinical data has long suggested that a link between immune system 

function and the genesis of hypertension exists (186) (53) (15) (140) (77). The prevalence 

of hypertension is significantly reduced in immunocompromised AIDS patients not 

taking anti-retroviral therapy, and increases to levels found in HIV-negative individuals 
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by the induction of therapy (186). Early transplant studies in rats demonstrated a critical 

regulatory role of the thymus, as grafts or explants from normotensive rats reduced blood 

pressure when transplanted into hypertensive SHRs (9). However, it was not until recent 

adoptive transfer experiments were conducted in T cell-deficient Rag-1
-/-

 male mice that 

T cell-mediated responses were discovered to promote the development of hypertension 

and inflammatory cell recruitment (70).  

As detailed in CHAPTER 4, our lab has demonstrated that the resistance against 

hypertension in premenopausal female Rag-1
-/-

 mice is accomplished through the 

prevention of the T cell-mediated portion of the hypertensive response (157). These 

results are supported by investigations of systemic lupus erythematosus, a model of 

inflammatory disease in which hypertension is prevalent, that suggest prevention of pro-

inflammatory actions in premenopausal females actively suppresses the development of 

hypertension (67). While it is well-established that hypertension increases in females 

after menopause (116), it is unknown whether this is driven by a loss of protection 

against T cell-mediated processes. Therefore, we utilized the VCD mouse model of 

menopause in Rag-1
-/-

 mice to examine whether the loss of estrogen led to T cell 

mediated hypertension in menopausal female mice. We hypothesized that T cells are 

required for an increased Ang II-induced blood pressure response and pro-inflammatory 

cytokine expression in menopausal female mice. 

 

METHODS 

Animals: 8-10 week old female Rag-1
-/-

 mice, with a genetic deletion of the recombinase-

activating gene and lacking both T and B cells (B6-Ly5.1 background, The Jackson 
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Laboratory) Mice were housed in standard polypropylene cages in a temperature- and 

humidity-controlled facility and were maintained on a 12:12-h light-dark cycle (6 AM to 

6 PM) with normal (0.25% NaCl; Harlan Teklad, 7013) mouse chow and water available 

ad libitum. All methods were approved by the University of Arizona Animal Care and 

Use Committee.  

 

Experimental Protocol: To determine whether the increased hypertensive response in 

postmenopausal female mice requires the presence of T cells, 8-10 week old female T 

cell-deficient Rag-1
-/-

 mice received daily intraperitoneal injections of VCD (Sigma, 

V3630) at a concentration of 160 mg/kg (sesame oil vehicle) for 20 consecutive days to 

induce ovarian failure (menopause) (Meno+Ang, N=10) (121). Once ovarian failure 

occurred, one group of menopausal females received adoptive transfer of male CD3
+
 T 

cells (Meno+Tcell+Ang, N=10). Three weeks after the transfer, Ang II (490 ng/kg/min) 

was infused for 14 days (Figure 5.1). Blood pressure (BP) and heart rate were measured 

at the end of VCD treatment, immediately prior to T cell transfer, immediately prior to 

Ang II infusion, and at day 7 and day 14 of Ang II infusion. Animals were sacrificed after 

14 days of Ang II infusion, and tissues (spleen, kidney) from five animals per group were 

collected for flow cytometry. Kidneys from the remaining five animals per group were 

processed for protein and RNA isolation and immunohistochemistry. 
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Figure 5.1- Experimental protocol. Eight-ten week old female Rag-1
-/-

 mice were given 

intraperitoneal injections of 4-vinylcyclohexene diepoxide (VCD) to induce ovarian 

failure. All mice were dosed with VCD for 20 consecutive days. Once ovarian failure was 

confirmed, one group of menopausal mice received adoptive transfer of male splenic 

CD3
+
 T cells via tail vein injection into menopausal female mice. All animals were 

subsequently infused with angiotensin II (Ang II; 490ng/kg/min) for 14 days via osmotic 

minipump. Upward pointing arrows indicate the first day of treatment. 
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Onset of Menopause Determination: Upon cessation of VCD dosing, vaginal cytology 

was monitored daily to determine the onset of ovarian failure (menopause). As previously 

described, menopause was defined as 10 consecutive days of diestrus (135) (156). 

 

Adoptive Transfer of Purified T cells: Once all animals were determined to be 

menopausal, adoptive transfer procedures of purified T cells were performed, as 

previously described (70) (157). Briefly, total splenocytes were isolated from B6-Ly5.1 

congenic male mice using a pan T cell isolation kit (Miltenyi Biotech) and negative 

magnetic separation (AutoMACS), yielding sterile and highly enriched CD3
+
 T cells in a 

1:1 donor:recipient mouse ratio. The purity of these cells was confirmed to be >95% by 

flow cytometry prior to injection. Immediately after the cell isolation, 7.5 x 10
6
 cells were 

resuspended in 200 µl of sterile phosphate buffered saline (PBS), passed through a 70 µm 

filter, and injected into the Rag-1
-/-

 recipient mice via tail vein.  

 

Ang II Infusion and Blood Pressure Measurements: Three weeks after the T cell transfer, 

osmotic minipumps (Alzet, model 1004) containing Ang II (Sigma, A9525, infusion rate 

490 ng/kg/min) were implanted subcutaneously above the right shoulder during 

isoflurane-induced anesthesia. Pumps were implanted once all animals had entered 

menopause.  

 A non-invasive tail cuff machine (Hatteras Instruments, MC4000) was used to 

monitor blood pressure and heart rate. Measurements were taken 1) upon cessation of 

VCD dosing, 2) immediately prior to Ang II infusion, 3) day 7 of Ang II infusion, and 4) 

day 14 of Ang II infusion.  
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Tissue Protein Sample Preparation: Upon sacrifice, the right kidney from five animals per 

group was excised and dissected in half by a longitudinal section (including both cortex 

and medulla), with one half being processed for semiquantitative Western blot as 

described in Chapter 3 METHODS. Briefly, whole kidney samples were homogenized in 

isolation solution with a PowerGen
TM

 125 tissue homogenizer (Fisher Scientific). Total 

protein concentration of the homogenate solution was determined by the Pierce
®

 BCA 

Protein Assay Kit (Thermo Scientific, 23227), and lammeli sample buffer was added to 

each sample, denatured at 60ºC for 15 minutes and stored at -80ºC. 5µg of protein from 

each sample was run on 12% polyacrylamide gels and stained with Coomasie blue to 

confirm equal loading of protein samples. 

 

Western Blot: Western blots were performed as previously described (26). Whole kidney 

protein samples were loaded equally on SDS-PAGE gels, separated, and transferred onto 

an Immobilon
®
 PVDF membrane (Merck Millipore, IPVH00010). Non-specific binding 

was blocked by washing the membrane for 1h in 5% milk at room temperature. 

Membranes were then incubated overnight at 4º C with anti-AQP2 primary antibody 

(1:1000 dilution, Santa Cruz Biotechnology SC-9882). Following the overnight 

incubation, membranes were incubated with horseradish peroxidase-conjugated donkey 

anti-goat antibody (1:2000 dilution, Santa Cruz Biotechnology SC-2304) for 1h at room 

temperature. Images were obtained and quantified with Quantity One software (Bio-Rad) 

using Supersignal West Femto Maximum Sensitivity Substrate (Fisher, 34095). Intensity 

97



 

values were normalized such that the mean value of the control group was defined as 

100% expression. All quantification was performed on samples run on the same gel.  

 

RNA Isolation and Real-Time Quantitative PCR: With the remaining half of the right 

kidneys, RNA isolation and real-time quantitative PCR experiments were performed as 

described in Chapter 3 METHODS. Briefly, whole kidney RNA was isolated from each 

sample (Qiagen RNeasy Mini Kit, cat #74101) and eluted RNA was quantified by the 

Nanodrop ND 1000 spectophotometer. 2.5μg RNA was reverse transcribed. Resulting 

cDNA was diluted to 8ng/μl. Real Time quantitative PCR experiments were performed 

with a RotorGene RG3000 (Qiagen). Primer sequences were as follows: interleukin-2 F- 

AAAGGGCTCTGACAACACATT, R- AGGGCTTGTTGAGATGATGC; interleukin-

10 F- CCCTTTGCTATGGTGTCCTT, R- AGTAGGGGAACCCTCTGAGC; TNF-α F- 

CTTGTTGCCTCCTCTTTTGC, R- ACCCGTAGGGCGATTACAGT; MCP-1 F- 

CAAGAAGGAATGGGTCCAGA, R- AGACCTTAGGGCAGATGCAG; TGF-β1 F- 

TTGCTTCAGCTCCACAGAGA, R- TGGTTGTAGAGGGCAAGGAC; ICAM-1 F- 

CCATGCCTTAGCAGCTGAAC, R- AGCTTGCACGACCCTTCTAA; ETA receptor F- 

TACCAGGCTTTCCTGCTCAT R- CCAGGGCCCTTTGAAATAGT. 

 

Immunohistochemistry and Glomerular Area Determination: The remaining (left) kidney 

(N=5/group) was excised, de-capsulated, cut in half longitudinally, and placed in 2% 

paraformaldehyde for 24 hours. The renal tissue was then processed, embedded in 

paraffin, and sectioned (5μm). Macrophage infiltration was determined by F4/80 staining. 

Briefly, sections were deparaffinzed with xylene and rehydrated by graded ethanol 
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solutions. Endogenous horseradish peroxidase was blocked by 15 minutes of 0.3% H202 

in methanol. Antigen retrieval was performed by incubating sections in 10mM citrate 

buffer for 20 minutes at 37ºC. Non-specific binding was blocked by 10% goat serum in 

2% BSA with 0.05% Tween-20. Sections were incubated overnight at 4ºC with rat anti-

mouse F4/80 (F4/80; 1:20 dilution; AbD Serotec MCA497GA), followed by horseradish 

peroxidase-conjugated secondary antibody (goat anti-rat; 1:200 dilution; AbD Serotec 

305005). Positive staining was visualized with diaminobenzidine (DAB)- Plus Substrate 

Kit (Life Technologies 002020) and subsequently counterstained with hematoxylin 

(Invitrogen 008011). Positive staining was quantified via a multi-step binary algorithm 

using Image J software, and represented as a percent of total area. 

Glomerular area was determined from periodic acid schiff (PAS)-stained sections. 

Using ImageJ software (National Institutes of Health), the mean area (μm
2
) of each 

glomerular profile was measured by manually tracing the minimal convex polygon 

surrounding the glomerular capillary tuft and calculated using computerized 

morphometry. To reduce the potential impact of measuring glomeruli from non-identical 

planes, 15 images from the renal cortex were captured at x20 magnification from each 

slide. This resulted in the analysis of ~ 200 glomeruli per treatment group (45-55 

glomeruli per slide).  

 

Flow Cytometry: Spleen and kidneys from the remaining mice from each group 

(N=5/group) were utilized for flow cytometric analysis as outlined in the Chapter 3 

METHODS. Briefly, tissue from each animal was harvested and minced/digested with 

Accutase (eBioscience) for 30 min at 37°C. Both kidneys from each animal were pooled 
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together for analysis. Isolated lymphocytes were stained with surface antibodies 

overnight at 4°C, followed by a live/dead discriminator dye (Life Technologies) and 

fixation/permeabilization with the Foxp3 Staining Buffer Set (eBioscience) and 

intracellular staining with Foxp3 antibody. A BD Fortessa instrument (BD FACS Diva 

software, Becton Dickinson) was used to acquire flow cytofluorometric (FCM) data. 

Analysis was performed using FlowJo software (Tree Star). 

 

Statistics: Data was analyzed with Graph Pad Prism Software v6 (GraphPad Software) by 

Student’s t-test or one-way ANOVA followed by Tukey’s multiple-comparison post hoc 

test when appropriate. Data are expressed as mean ± SE, with P ≤ 0.05 was considered 

significant.  
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RESULTS 

T cells induce an increased hypertensive response to Ang II in menopausal Rag-1
-/-

 

female mice. 

In order to determine whether T cell-mediated hypertension occurs in menopausal 

female mice, blood pressure was measured via tail cuff machine before (day 0) and after 

(day 14) Ang II infusion. Additionally, the blood pressure measurement obtained on day 

0 would determine whether the presence of T cells in the absence of Ang II is sufficient 

to induce hypertension in menopausal mice. At day 0, SBP was not significantly different 

between menopausal mice with or without T cell adoptive transfer. 14 days of Ang II 

infusion significantly increased SBP in menopausal Rag-1
-/-

 mice compared to day 0, and 

this response was augmented by T cell adoptive transfer (day 0: Meno+Ang 111 ± 

1mmHg, Meno+Tcell+Ang 115 ± 3mmHg; day 14: Meno+Ang 124 ± 2mmHg*, 

Meno+Tcell+Ang 144 ± 3mmHg*
#
; *P<0.05 vs. same group day 0, 

#
P<0.05 vs. 

Meno+Ang) (Fig 5.2a). 

Prior to Ang II infusion, MAP was also not significantly different between 

menopausal mice with or without T cell adoptive transfer. However, MAP was 

significantly increased by Ang II in menopausal Rag-1
-/-

 mice, and T cell adoptive 

transfer augmented this response (day 0: Meno+Ang 98 ± 2mmHg, Meno+Tcell+Ang 98 

± 3mmHg; day14: Meno+Ang 109 ± 2mmHg*, Meno+Tcell+Ang 123 ± 4mmHg*
#
; 

*P<0.05 vs. same group day 0, 
#
P<0.05 vs. Meno+Ang ) (Fig 5.2b).  

To normalize day 14 BP levels for potential differences in day 0 BP, delta BP 

values were determined by subtracting each mouse’s BP level at day 0 from respective 

BP values obtained on day 14. This demonstrated that the Ang II-induced increase in BP 
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in menopausal mice was significantly greater after T cell adoptive transfer and suggests T 

cells-mediated hypertension is intact in menopausal female mice (ΔSBP: Meno+Ang Δ12 

± 2mmHg, Meno+Tcell+Ang Δ28 ± 3mmHg
#
; ΔMAP: Meno+Ang Δ10 ± 2mmHg, 

Meno+Tcell+Ang Δ24 ± 3mmHg
#
; 

#
P<0.05 vs. Meno+Ang) (Fig 5.2c). 

 

  

102



 

           
 
  

103



 

Figure 5.2- Hemodynamic responses to angiotensin II (Ang II) infusion in menopausal 

female Rag-1
-/-

 mice with (Meno+Tcell+Ang) or without (Meno+Ang) adoptive transfer 

of male CD3
+
 T cells. A: systolic blood pressure (SBP) and B: mean arterial pressure 

(MAP) after 14 days of Ang II infusion significantly increases in Meno+Ang and 

Meno+Tcell+Ang compared to day 0. Both SBP and MAP are significantly greater in 

Meno+Tcell+Ang compared to Meno+Ang at day 14. C: Changes in SBP and MAP are 

presented as Δ change from day 0 to day 14 after onset of Ang II infusion. The Ang II-

induced increase in both SBP and MAP are significantly greater in menopausal mice that 

received T cell adoptive transfer. Results are expressed as mean + SE; N=10 mice/group. 

*P<0.05 vs. same group day 0, 
#
P<0.05 vs. Meno+Ang (P<0.05). 
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Male CD3
+
 T cell transfer is well-tolerated by VCD-treated menopausal Rag-1

-/-
 female 

mice. 

 To confirm T cell engraftment and determine whether menopause alters tissue 

infiltration of adoptively transferred CD3
+
 T cells in Rag-1

-/-
 female mice, spleens were 

harvested from Ang II-infused menopausal Rag-1
-/-

 female mice and flow cytometric 

analysis was compared to the expression in Ang II-infused premenopausal Rag-1
-/-

 mice 

obtained in CHAPTER 4. Following T cell adoptive transfer, the number of CD3
+
 T cells 

in the spleen was not significantly different in Ang II-infused premenopausal vs 

menopausal Rag-1
-/-

 female mice (Premeno+Tcell+Ang 1.5x10
6
 ± 2x10

5
 cells 

Meno+Tcell+Ang 1.6x10
6
 ± 7x10

4
 cells; data not significant) (Fig 5.3a). The percent 

CD4
+
 of CD3

+
 T cells was also not significantly different between Ang II-infused 

premenopausal and menopausal Rag-1
-/-

 female mice (Premeno+Tcell+Ang 53.3 ± 2.8% 

Meno+Tcell+Ang 57.5 ± 1.2%; data not significant) (Fig 5.3b). However, Foxp3
+
 

regulatory T cell expression was significantly reduced in Ang II-infused menopausal 

Rag-1
-/-

 mice compared to premenopausal mice (Premeno+Tcell+Ang 35.6 ± 0.9% 

Meno+Tcell+Ang 30.5 ± 0.5%; P<0.05) (Fig 5.3c).  

We have previously found that renal T cell infiltration is significantly reduced in 

premenopausal Rag-1
-/-

 female mice compared to males, and that this is associated with a 

reduction in Ang II hypertension (157). Therefore we analyzed renal T cell infiltration of 

adoptively transferred T cells in Ang II-infused menopausal Rag-1
-/-

 female mice   and 

compared these to the infiltration in Ang II-infused premenopausal Rag-1
-/-

 mice obtained 

in CHAPTER 4. Following adoptive transfer, Ang II-infused menopausal Rag-1
-/-

 female 

mice demonstrated a similar percent of CD3
+
 T cells compare to premenopausal Rag-1

-/-
 

mice (Premeno+Tcell+Ang 20.0 ± 1.3% Meno+Tcell+Ang 21.1 ± 2.0%; data not 
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significant) (Fig 5.4a). Renal CD4
+
 T cell infiltration was also not significantly different 

between Ang II-infused premenopausal and menopausal Rag-1
-/-

 female mice 

(Premeno+Tcell+Ang 30.9 ± 4.9% Meno+Tcell+Ang 33.2 ± 4.6%; data not significant) 

(Fig 5.4b). However, the percent of infiltrating Foxp3
+
 regulatory T cells in the kidney 

were significantly reduced in Ang II-infused menopausal Rag-1
-/-

 mice compared to 

premenopausal mice (Premeno+Tcell+Ang 14.2 ± 1.5% Meno+Tcell+Ang 10.9 ± 0.7%; 

P<0.05) (Fig 5.4c). These results demonstrate that the relative expression of anti-

inflammatory regulatory T cells is reduced in menopausal Rag-1
-/-

 female mice and is 

associated with the increased BP response in these animals. 
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Figure 5.3- Effect of menopause on splenic T cell expression profiles in angiotensin 

(Ang) II infused premenopausal and menopausal female mice. After adoptive transfer of 

male CD3
+
 T cells, A: CD3

+
 T cell expression and B: %CD4

+
 of CD3

+
 T cells were not 

significantly different between Ang II-infused premenopausal (Premeno+Tcell+Ang) and 

menopausal (Meno+Tcell+Ang ) Rag1
-/-

 female mice. C: %Foxp3
+
 regulatory T cell 

expression was significantly decreased in menopausal mice compared to premenopausal 

mice. Results are expressed as mean + SE; N=4-5 mice/group. *P<0.05 vs 

Premeno+Tcell+Ang.  
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Figure 5.4- Effect of menopause on renal T cell expression profiles in angiotensin (Ang) 

II infused premenopausal and menopausal female mice. After adoptive transfer of male 

CD3
+
 T cells, A: CD3

+
 T cell expression and B: %CD4

+
 of CD3

+
 T cells were not 

significantly different between Ang II-infused premenopausal (Premeno+Tcell+Ang) and 

menopausal (Meno+Tcell+Ang) Rag1
-/-

 female mice. C: %Foxp3
+
 regulatory T cell 

expression was significantly decreased in menopausal mice compared to premenopausal 

mice. Results are expressed as mean + SE; N=4-5 mice/group. *P<0.05 vs. 

Premeno+Tcell+Ang. 
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AQP2 protein expression was significantly reduced in hypertensive Ang II-infused 

menopausal Rag-1
-/-

 female mice with adoptively transferred T cells. 

 We have previously shown that AQP2 protein expression is significantly reduced 

in Ang II-infused postmenopausal female mice, corresponding with the largest Ang II-

induced increase in blood pressure (156). To determine whether the presence of T cells in 

Ang II-infused menopausal female mice impacts AQP2 protein expression we analyzed 

whole kidney protein expression by Western blot in Ang II-infused menopausal Rag-1
-/-

 

female mice with or with T cell adoptive transfer. Compared to menopausal mice without 

T cells, AQP2 levels were significantly decreased in menopausal females that received 

adoptive transfer of CD3
+
 T cells, and was inversely associated with the Ang II-induced 

blood pressure increase in these animals (Meno+Ang 100 ± 9% Meno+Tcell+Ang 58 ± 

15%; P<0.05) (Fig 5.5). This data demonstrates that during Ang II infusion in 

menopausal female mice, the kidney undergoes compensatory adaptations to increase 

water excretion, likely in an attempt to reduce blood pressure. However, the reduction in 

AQP2 expression appears to be insufficient to counteract the T cell-dependent 

hypertensive response.  
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Figure 5.5- Aquaporin (AQP2) protein expression is significantly decreased in Ang II-

infused menopausal Rag-1
-/-

 mice after CD3
+
 T cell adoptive transfer. Whole kidney 

protein abundance was analyzed by Western blot. Each lane represents a homogenate 

from an individual mouse kidney. Densitometry of AQP2 is presented as mean + SE. 

Values are normalized to Meno+Ang (100%) to facilitate comparison. N=4-5 

mice/group. *P<0.05 vs. Meno+Ang.  
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Ang II-induced inflammatory responses in menopausal Rag-1-/- female mice following T 

cell adoptive transfer. 

 To assess the renal expression of inflammatory makers, real time qPCR was 

conducted on whole kidney samples from Ang II-infused menopausal Rag-1
-/-

 mice with 

or without CD3
+
 T cell adoptive transfer. In stark opposition to the suppression of T cell-

mediated increases in pro-inflammatory cytokine expression by premenopausal female 

Rag-1
-/-

 mice described in CHAPTER 4, the Ang II-induced expression of IL-2, TNF-α, 

and MCP-1 were significantly increased in menopausal Rag-1
-/-

 female mice following T 

cell adoptive transfer (IL-2 5.7 ± 0.1* fold; TNF-α 2.1 ± 0.1* fold; MCP-1 1.8 ± 0.3* 

fold; *P<0.05 vs. Meno+Ang) (Table 5.1), accompanying the increased blood pressure 

response, similar to male Rag-1
-/-

 mice (157). The Ang II-induced expression of other 

pro-inflammatory markers, including ICAM-1 and TGF- were also increased in a T cell-

dependent fashion in menopausal Rag-1
-/-

 female mice (ICAM-1 1.4 ± 0.1* fold; TGF-β1 

1.3 ± 0.1* fold, *P<0.05 vs. Meno+Ang), as was the regulatory T cell cytokine IL-10 and 

the endothelin type A (ETA) receptor (IL-10 3.7 ± 0.2* fold, ETA 1.6 ± 0.1* fold; 

*P<0.05 vs. Meno+Ang).  

Macrophage expression, determined by Image J-based threshold analysis of 

F4/80-stained renal sections, demonstrated that the percent positive staining of the 

macrophage marker F4/80 was significantly increased in Ang II-infused menopausal 

Rag-1
-/-

 female mice following T cell adoptive transfer (Meno+Ang 0.16 ± 0.06%, 

Meno+Tcell+Ang 0.30 ± 0.09%; P<0.05) (Figure 5.6). Together, these results 

demonstrate that the T cell-dependent BP response in menopausal Rag-1
-/-

 mice is 

accompanied by the development of a pro-inflammatory environment within the kidney, 
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which may contribute to a decline in renal function and blood pressure regulatory 

capacity during hypertension in postmenopausal women. 
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Gene Meno+Ang Meno+Tcell+Ang 

Interleukin-2 1.0 ± 0.2 5.7 ± 0.1* 

TNF- 1.0 ± 0.2 2.1 ± 0.1* 

MCP-1 1.0 ± 0.2 1.8 ± 0.3* 

ICAM-1 1.0 ± 0.2 1.4 ± 0.1* 

TGF-1 1.0 ± 0.2 1.3 ± 0.1* 

Interleukin-10 1.0 ± 0.5 3.7 ± 0.2* 

ETA Receptor 1.0 ± 0.2 1.6 ± 0.1* 

 

 

Table 5.1- Ang II-induced renal cytokine mRNA expression in menopausal Rag-1
-/-

 mice 

following T cell adoptive transfer. Ang II, angiotensin II; Meno, menopause; F, female; 

Rag-1-/-, recombinant activating gene; TNF- tumor necrosis factor-; MCP-1, 

monocyte chemoattractant protein; TGF-1, transforming growth factor-; ETA, 

endothelin type A receptor. Results are expressed as mean fold change + SE; N=4 

mice/group. *P<0.05 vs. Meno+Ang.   
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Figure 5.6- Ang II-induced renal macrophage infiltration in menopausal Rag-1
-/-

 mice 

with or without male CD3
+
 T cell adoptive transfer. A-B: representative images of F4/80-

stained renal sections from (A) Ang II-infused menopausal Rag-1
-/-

 female mice 

(Meno+Ang) or (B) menopausal mice that received T cell transfer (Meno+Tcell+Ang). 

Magnification x200. C: quantification shows that F4/80 positive staining is significantly 

increased in menopausal Rag-1
-/-

 mice with T cell adoptive transfer. Results are 

expressed as mean + SE; N=4 mice/group. *P<0.05 vs. Meno+Ang.  
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Degree of Ang II-induced glomerular hypertrophy is not significantly different in 

menopausal Rag-1
-/-

 female mice following T cell adoptive transfer. 

To assess the degree of glomerular hypertrophy in Ang II-infused menopausal 

Rag-1
-/-

 mice, we analyzed PAS-stained renal sections with Image J software. As 

depicted in Figure 5.7, glomerular area was not significantly different in Ang II-infused 

menopausal mice following T cell adoptive transfer (Meno+Ang 4221 ± 237μm
2
; 

Meno+Tcell+Ang 4136 ± 187μm
2
; data not significant). Average glomerular area in Ang 

II-infused menopausal Rag-1
-/-

 mice from the current study is comparable to the 

previously reported size in Ang II-infused premenopausal Rag-1
-/-

 female mice, and 

significantly larger than female mice that did not receive Ang II (Premeno+Tcell 2647 ± 

47μm
2
*; Premeno+Ang 4590 ± 292μm

2
; Premeno+Tcell+Ang 4681 ± 78μm

2
; *P<0.05 

vs. Meno+Ang) (157). These results suggest that the degree of glomerular hypertrophy 

induced by Ang II infusion does not determine the extent of BP response, but may have 

other implications with regards to subsequent renal damage during a more chronic 

setting. 
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Figure 5.7- Ang II-induced renal morphological changes in menopausal Rag-1
-/-

 mice 

with or without male CD3
+
 T cell adoptive transfer. A-B: representative images of 

Periodic acid Schiff (PAS)-stained renal sections from (A) Ang II-infused menopausal 

Rag-1
-/-

 female mice (Meno+Ang) or (B) menopausal mice that received T cell transfer 

(Meno+Tcell+Ang). Magnification x400. C: quantification shows that T cell status did 

not impact glomerular area in Ang II infused menopausal Rag-1
-/-

 mice. G= glomerulus. 

Results are expressed as mean + SE; N=4 mice/group.  
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Immunocompromised Rag-1
-/-

 female mice exhibit a similar time course of VCD-induced 

onset of ovarian failure. 

 As previously described, aging has been shown to exacerbate hormone-dependent 

changes in disease pathology, including hypertension (79). Utilizing the VCD treatment 

model allows for the gradual induction of menopause, similar to the natural progression 

in humans, but at an earlier time point, eliminating any potential age-related confounding 

effects (82). Upon cessation of VCD dosing, vaginal cytology was analyzed daily and 

determined that the timing of ovarian failure onset occurred on day 55 ± 1 in the 

Meno+Ang group and day 56 ± 1 in Meno+Tcell+Ang animals (Figure 5.8). The time 

course of ovarian failure in these animals was similar to previously published VCD 

studies conducted in other strains of mice (156) (121) and demonstrates that despite being 

immunocompromised, 20 days of VCD treatment is well-tolerated by Rag-1
-/-

 female 

mice. Because of the unique characteristics of Rag-1
-/-

 mice, their tolerance of VCD 

injections will prove to be a valuable tool for the study of hormonal influence on T cell-

mediated hypertensive responses throughout the menopause transition. 

 

  

121



 

         
 

 

Figure 5.8- VCD-induced onset of ovarian failure. Average day of onset of ovarian 

failure in 4-vinylcyclohexene diepoxide-treated mice, as defined by 10 consecutive days 

of diestrus, was not significantly different between either VCD-treated groups of Rag-1
-/-

 

mice. N= 10 mice/group. 
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DISCUSSION 

 The T cell-dependent portion of hypertension is prevented in premenopausal 

female mice and helps establish their marked resistance against Ang II hypertension 

(157). Ang II-induced BP is significantly increased in menopausal female mice, however 

it is unknown whether T cell-mediated processes are required this increased response. 

Therefore, we utilized the VCD mouse model of menopause in Rag-1
-/-

 mice to examine 

whether the loss of estrogen led to T cell mediated hypertension in menopausal female 

mice. The major findings of this study are that 1) Ang II-induced hypertension in 

menopausal Rag-1
-/- 

mice requires the presence of T cells, and 2) Ang II-induced 

expression of pro-inflammatory markers in the kidney of menopausal Rag-1
-/- 

mice is 

significantly upregulated by T cell-adoptive transfer. These findings suggest that pro-

inflammatory T cell-mediated processes underlie the increase in hypertension after 

menopause, and targeting this system may be an effective way to lower blood pressure in 

postmenopausal women. 

 

Role of T cells in postmenopausal hypertension. 

The current study tested the hypothesis that T cells are required for an increased 

Ang II-induced blood pressure response and pro-inflammatory cytokine expression in 

menopausal female mice. While Ang II induced a small increase in blood pressure in 

menopausal Rag-1
-/-

 mice without T cells, we show for the first time that T cells are 

required for the increased hypertensive response in Ang II infused menopausal mice. 

Unlike their premenopausal counterparts (157), VCD-treated menopausal Rag-1
-/-

 female 

mice were not able to prevent the T cell-mediated portion of the Ang II-induced 
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hypertensive response. Importantly, it should be noted that BP data from early time 

points prior to Ang II infusion indicate that neither the onset of menopause nor the 

presence of T cells by themselves induces hypertension without the presence of a 

stimulus, such as Ang II. The existence of a T cell-dependent BP response in menopausal 

female Rag-1
-/-

mice is similar to the results in male Rag-1
-/-

 mice first described by Guzik 

et al. (70) and confirmed by our laboratory (157), and demonstrate that T cell-mediated 

processes also underlie the increased hypertensive response in females after menopause.  

Previous studies in ovariectomized menopausal rodents have suggested a link 

between the immune system and postmenopausal hypertension (67) (109). Several well-

demonstrated hypertensive responses under the control of the immune system are 

associated with the increased blood pressure response in ovariectomized animals, 

including renal macrophage infiltration, glomerular sclerosis, proteinuria, and endothelial 

dysfunction (182) (85) (127) (79). Estrogen replacement could reduce blood pressure and 

prevent renal and vascular dysfunction in these animals, indicating an immunoregulatory 

component of estrogen-induced blood pressure control that is lost after menopause. 

Despite being menopausal, which would normally increase the susceptibility to 

hypertension (219) (156), T cell-deficient Rag-1
-/-

 mice remained protected against Ang 

II hypertension, suggesting that inhibiting T cell function in females after menopause 

may improve BP control. Indeed, targeting T cell function to prevent hypertension has 

produced promising results in male rodents. Genetic deletion of IL-17 (124), the major 

pro-inflammatory cytokine produced by Th17 T cells, or administration of the non-

selective immunosuppressant mycophenolate mofetil (MMF) (166) (131) (19) are both 

capable of attenuating Ang II-induced and salt sensitive hypertension. Studies in 
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preeclamptic hypertension models support the notion that targeting the immune system 

may also confer a beneficial effect in females (199). Preeclampsia is associated with an 

increase in the pro-inflammatory Th17 T cell subtype and a downregulation of anti-

inflammatory regulatory T cells (44) (176). Similar to its effects in hypertensive male 

rats, suppression of T cell function by MMF administration in a preeclampic rat model 

improved endothelial and renal function, and restored BP to normal levels (199). 

However, the capacity of estrogen to influence the adaptive immune system is not 

limited explicitly to T cells themselves. Antigen presenting cells, including dendritic 

cells, are also activated during hypertensive conditions and can influence T cell 

differentiation and activation (98) (90). While the influence of the hormonal environment 

on dendritic cell-induced T cell activation was outside the scope of the current study, it is 

possible that dendritic cell regulation was also altered and may have contributed to the T 

cell-dependent increased hypertensive response in VCD-treated menopausal Rag-1
-/-

 

mice (106) (105). It was recently demonstrated that dendritic cells derived from 

preeclamptic patients can influence T cell polarization when co-cultured in vitro, driving 

the differentiation towards pro-hypertensive Th17 T cells (207), and suggests a link 

between dendritic cell-induced T cell differentiation/activation and hypertension in 

women. Both elevated levels of Ang II and high salt diet in male rodents can increase 

production of isoketals and cause the activation of dendritic cells in male mice, and the 

adoptive transfer of activated dendritic cells from hypertensive to normotensive male 

mice augments the BP response to a subpresser dose of Ang II (98) (97). Despite these 

findings, there have thus far been no experimental studies investigating the role of 

dendritic cell function during hypertension in females, either before or after menopause. 
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The current literature suggests the existence of a complex, multi-cellular network that 

influences T cell expression and function, and thus future studies should also address the 

ways in which estrogen influences dendritic cell activation in response to antigen 

production and the subsequent effect on T cell expression/proliferation during 

hypertension, as well as the extent to which changes in this system as a result of estrogen 

loss can augment hypertension in females after menopause.  

 

T cell-mediated renal inflammation during Ang II hypertension in menopausal female 

mice. 

Critical to sustaining hypertension and the development of end organ damage is 

the release of inflammatory cytokines and recruitment of immune cells (75) (73). T 

lymphocytes have been shown to play an important role in both of these processes. Our 

lab has demonstrated that the Ang II-induced expression of pro-inflammatory cytokines 

in renal tissue, including IL-2, TNF-α, and MCP-1, are upregulated by adoptively 

transferred T cells in male Rag-1
-/-

 mice (157). This T cell-mediated inflammatory 

response during Ang II infusion was prevented by premenopausal female Rag-1
-/-

 mice, 

and was associated with a reduction in BP response and renal T cell infiltration. The 

current study also sought to determine whether T cell-mediated inflammation was 

prevalent during hypertension in female mice after menopause. 

In stark contrast to the suppression of T cell-mediated renal inflammation in 

premenopausal female Rag-1
-/-

 mice (157), the Ang II-induced expression of IL-2, TNF-

α, and MCP-1 were upregulated by the adoptive transfer of T cells in menopausal Rag-1
-/-

 

mice, and were on par with the responses observed in male Rag-1
-/-

 mice. While the 
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relative expression of splenic and renal CD4
+
 T cells in menopausal female Rag-1

-/-
 mice 

was similar to that previously reported by our lab in premenopausal Rag-1
-/-

 females, 

Foxp3
+
 T cell infiltration was significantly reduced, suggesting that the relative reduction 

in anti-inflammatory regulatory T cells may be promoting the increased inflammatory 

and hypertensive responses after menopause. While few studies have directly assessed 

the role of T cell-mediated inflammatory responses during hypertension in menopausal 

rodent models, it was recently reported that pro-inflammatory T cell cytokine release is 

upregulated in the kidneys of ovariectomized Dahl SS rats (54). This correlated with the 

highest blood pressure and greatest degree of proteinuria, and supports a role of increased 

T cell-mediated cytokine release in hypertension pathophysiology after menopause. 

The current study suggests that Ang II-induced pro-inflammatory T cell cytokine 

production increases as a result of the loss of estrogen signaling in VCD-treated 

menopausal Rag-1
-/-

 female mice, and may contribute to the increased severity of 

hypertension. Indeed, “accessory receptors”, including estrogen and angiotensin 

receptors, are expressed on T cells, and while unable to stimulate T cell activation on 

their own, these receptors have the capacity to influence polarization and proliferation, 

and modulate cytokine responses upon antigen activation (74) (80). Estrogen, primarily 

through ERα-mediated signaling, reduces IL-2 and TNF-α release from activated T cells 

in vitro (93), and has also been shown to suppress IL-17 production in an experimental 

model of autoimmune disease (115). While T cell-specific estrogen signaling has not 

been investigated during hypertension in females, it is likely that the absence of the anti-

inflammatory actions of this system in females after menopause has significant 
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implications in the T cell-mediated responses that contribute to disease pathology, and 

warrant further investigation for their potential in drug development. 

In contrast to the absence of research of estrogen signaling within T cells during 

hypertension, much attention in the last few years has focused on the ability of Ang II to 

directly affect T cell function (74) (142). T cells contain an endogenous renin-angiotensin 

system, capable of modulating T cell function and cytokine production (80). Similar to 

the previously described in vitro effect of estrogen, treating cultured T cells with ACE 

inhibitors to block their endogenous RAS system promotes regulatory T cell polarization 

and suppresses Th17 cells (74). Modulating the relative expression of these opposing T 

cell subsets in vivo through regulatory T cell adoptive transfer or IL-17 knock out 

significantly reduces Ang II hypertension in male mice (124) (10). In agreement with our 

results from menopausal female Rag-1
-/-

 mice, Wei et al. found that kidney-derived T 

cells from Ang II-infused hypertensive male C57BL/6J mice produce nearly twice as 

much MCP-1 as saline-infused normotensive (210), and may explain the T cell-

dependent macrophage recruitment in the current study. Collectively, these results 

suggest the increase in T cell-mediated cytokine release in menopausal mice from the 

current study may be a result of insufficient suppression of Ang II signaling within 

activated T cells as a result of estrogen loss. Future studies should address the capacity 

for estrogen to mitigate the deleterious effects of Ang II on T cell polarization and 

function, and the extent to which loss of this potential inhibition contributes to increased 

Ang II-inflammation and hypertension in females after menopause.  

In the study discussed in CHAPTER 5, we have demonstrated that the etiology of 

hypertension in menopausal females is strikingly similar to that which our laboratory and 
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others have previously reported in male rodents (157) (70). While it is clear that T cells 

are contributing to the increased blood pressure response in menopausal females, the 

ways in which the hormonal environment can influence the differentiation, interaction, 

and function of the different subtypes of T cells, particularly regulatory T cells, and how 

this ultimately affects hypertension remains uncertain. In vitro work has been conducted 

almost exclusively in T cells isolated from male rodents (74) (142), and thus it is unclear 

whether the same degree of receptor expression or functional regulation exists in cells of 

female origin. Clarifying the ways in which estrogen influences the unique function of T 

cell subtypes and understanding how these regulatory events change after menopause 

could shed additional insight into the capacity of T cells to mediate hypertension and will 

help identify potential targets for the development of a new generation of anti-

hypertensive therapeutics with broad applications in hypertensive individuals across both 

sexes. 
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CHAPTER 6:  REGULATORY T CELLS ARE REQUIRED FOR THE RESITANCE 

AGAINST ANG II HYPERTENSION IN PREMENOPAUSAL FEMALE MICE 

 

INTRODUCTION 

 As previously described, premenopausal women have a reduced risk of 

hypertension compared to age-matched men, and this protection is lost after menopause, 

resulting in an increased incidence and severity of hypertension and associated 

complications (116) (2). While experimental studies have demonstrated that this 

protection prior to menopause is induced by the presence of estrogen (156) (219) (79), 

the underlying mechanisms mediating this protection remain unclear. Evidence suggests 

that regulatory T cells of the adaptive immune system may be a major regulator of blood 

pressure and disease pathology (10) (217) (37) (176), and significant sex differences have 

been identified in T cell-mediated hypertensive and inflammatory responses (157).  

Our lab has recently demonstrated that premenopausal female mice are protected 

from the T cell-mediated component of Ang II hypertension (157). As shown in the 

previous chapter, this capacity to prevent T cell-mediated hypertension is lost after 

menopause, in conjunction with the loss of estrogen, contributing to the robust increase in 

hypertension and pro-inflammatory cytokine expression by the kidney (156). Adoptive 

transfer of regulatory T cells attenuates the hypertensive response to Ang II in male mice 

(10), exerting a protection similar in breadth as estrogen-induced protection in 

premenopausal females. In vitro experiments have demonstrated that physiologic levels 

of estrogen found during pregnancy can induce regulatory T cell polarization upon 

activation by anti-CD3 and CD28 antibodies (194). The relative expression of these cells 
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has also been shown to increase in response to elevations in blood pressure in female, but 

not male SHR (200) (201), suggesting that regulatory T cells may be an important 

component of premenopausal resistance to hypertension. However, the role of anti-

inflammatory regulatory T cells in the resistance against Ang II hypertension in 

premenopausal female mice has not been explicitly investigated, and stands as a potential 

novel mechanism of blood pressure control. 

The anti-CD25 antibody PC-61 targets the alpha subunit of the IL-2 receptor and 

has been shown to selectively deplete CD25
+
Foxp3

+
 regulatory T cells in vivo (191) 

(187), making this model a useful tool to study the role of regulatory T cells in 

premenopausal resistance against hypertension in female mice. Therefore, the study 

described here employed PC-61-induced regulatory T cell depletion in order to determine 

whether regulatory T cells are required for the suppression of Ang II hypertension in 

premenopausal female mice. We hypothesized that regulatory T cells mediate 

suppression of Ang II hypertension in female mice, and their depletion would augment 

the blood pressure response to Ang II. 

 

METHODS 

Animals: 8 week old 129S6/SvEvTac (129S6) female mice were purchased from Taconic 

Biosciences. Four animal groups were studied, including regulatory T cell-depleted 

animals (PC-61, N=10), Ang II-infused animals with or without regulatory T cell 

depletion (Ang II, N=10; PC-61+Ang II, N=10), and vehicle-treated controls (Con, 

N=10). Mice were housed in standard polypropylene cages in a temperature- and 

humidity-controlled facility, and were maintained on a 12:12-h light-dark cycle (6 AM to 
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6 PM) with normal (0.25% NaCl; Harlan Teklad, 7013) mouse chow and water available 

ad libitum. All methods were approved by the University of Arizona Animal Care and 

Use Committee.  

 

Experimental Protocol: Ang II was infused for 2 weeks into 8 week old 129S6 female 

mice. To determine whether regulatory T cells are required for the resistance against Ang 

II hypertension in premenopausal female mice, one group of Ang II-infused animals 

received PC-61 antibody injections on 4 separate occasions throughout the study, as 

depicted in Figure 6.1. Blood pressure and heart rate were measured immediately before, 

and at day 7 and day 14 of Ang II infusion. All groups were sacrificed after day 14 of 

Ang II infusion. Spleen and kidneys from five animals per group were collected for flow 

cytometry. Kidneys from the remaining animals were collected and processed for protein 

and RNA isolation. 
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Figure 6.1- Experimental protocol. Eight week old female 129S6 mice were infused with 

angiotensin II (Ang II; 800ng/kg/min) for 14 days via osmotic minipump. In one group of 

mice, 250μg of the anti-CD25mAb, PC-61, was injected (i.p.) on 4 occasions to deplete 

regulatory T cells.  

  

133



 

Ang II Infusion and Blood Pressure Measurements: Under isoflurane-induced anesthesia, 

osmotic minipumps (Alzet, model 1004) containing Ang II (Sigma, A9525, infusion rate 

800 ng/kg/min) were implanted subcutaneously above the right shoulder.  

A non-invasive tail cuff machine (Hatteras Instruments, MC4000) was used to 

monitor blood pressure and heart rate. Measurements were taken 1) immediately prior to 

Ang II infusion, 2) day 7 of Ang II infusion, and 3) day 14 of Ang II infusion.  

 

Regulatory T cell Depletion: To deplete the regulatory T cell population, 250μg PC-61 

(anti-CD25, BioXCell, [4mg/ml], i.p.) was injected on 4 occasions concurrent with Ang 

II infusion. The first dose was injected 12 hours prior to Ang II mini pump implantation 

surgeries. The remaining injections occurred equally separated over the next 14 days, 

occurring every 84 hours throughout the duration of the study. Control animals received 

saline vehicle. 

 

Tissue Protein Sample Preparation: Upon Sacrifice, right kidneys were excised, 

dissected, and processed from five animals of each group, as described in Chapter 3 

METHODS. Briefly, whole kidney samples were homogenized by the PowerGen
TM

 125 

tissue homogenizer (Fisher Scientific) in isolation solution. Protein concentration was 

determined by the Pierce
®
 BCA Protein Assay Kit (Thermo Scientific, 23227). Lammeli 

sample buffer was added to each sample, denatured at 60ºC for 15 minutes, and stored at 

-80ºC. 5µg of protein from each sample was run on 12% polyacrylamide gels and stained 

with Coomasie blue to confirm equal loading of protein samples. 
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Western Blot: Western blot analysis of whole kidney protein samples was performed as 

described in Chapter 5 METHODS. The primary antibodies used were as follows; rabbit 

anti-mouse alpha ENaC (1:1000 dilution, StressMarq Biosciences SPC-403D); rabbit 

anti-mouse beta ENaC (1:1000 dilution, StressMarq Biosciences SPC-404D); rabbit anti-

mouse gamma ENaC (1:1000 dilution, StressMarq Biosciences SPC-405D); rabbit anti-

mouse NKCC2 (1:1000 dilution, StressMarq Biosciences SPC-401D); goat-anti-mouse 

AQP2 (1:1000 dilution, Santa Cruz Biotechnology SC-9882). Secondary antibodies used 

were horseradish peroxidase-conjugated goat anti-rabbit antibody (1:2000 dilution, Cell 

Signaling 7074) or donkey anti-goat antibody (1:2000 dilution, Santa Cruz 

Biotechnology SC-2304) 

Western blot images were visualized with Supersignal West Femto Maximum 

Sensitivity Substrate (Fisher, 34095) by Quantity One software (Bio-Rad). Density values 

were quantified by the Quantity One system and normalized such that the mean value of 

the control group was defined as 100% expression. All quantification was performed on 

samples run on the same gel. 

 

RNA Isolation and Real-Time Quantitative PCR: RNA isolation and real-time 

quantitative PCR experiments were conducted as described in Chapter 3 METHODS. 

Briefly, whole kidney RNA samples were isolated from the remaining half of the right 

kidney tissue using an RNeasy Mini Kit (Qiagen, 74101) and quantified with a Nanodrop 

ND 1000 spectophotometer. 2.5μg RNA was reverse transcribed with resulting cDNA 

diluted to 8ng/μl. Experiments were performed on a RotorGene RG3000 (Qiagen). 

Primer sequences were as follows: MCP-1 F- CAAGAAGGAATGGGTCCAGA, R- 
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AGACCTTAGGGCAGATGCAG; TNF-α F- CTTGTTGCCTCCTCTTTTGC, R- 

ACCCGTAGGGCGATTACAGT; TGF-β1 F- TTGCTTCAGCTCCACAGAGA, R- 

TGGTTGTAGAGGGCAAGGAC; ICAM-1 F- CCATGCCTTAGCAGCTGAAC, R- 

AGCTTGCACGACCCTTCTAA; interleukin-2 F- AAAGGGCTCTGACAACACATT, 

R- AGGGCTTGTTGAGATGATGC; Foxp3 F- GCCTGCTCCATACCTTGAAC, R- 

GCCCAAGATGTGCACTGATA.  

 

Flow Cytometry: Flow cytometric analysis was performed on spleen and kidneys from 

the remaining animals from each group (N=5/group) as outlined in the Chapter 3 

METHODS. Briefly, spleen and kidneys from each animal were harvested and 

mined/digested with Accutase (eBioscience) for 30 min at 37°C. Both kidneys from each 

animal were pooled together for analysis. Isolated lymphocytes were stained with surface 

antibodies overnight at 4°C and followed by a live/dead discriminator dye (Life 

Technologies) and then fixation and permeabilization with the Foxp3 Staining Buffer Set 

(eBioscience) and intracellular staining with Foxp3 antibody. A BD Fortessa instrument 

using BD FACS Diva software (Becton Dickinson) was used to acquire flow 

cytofluorometric (FCM) data. Analysis was performed using FlowJo software (Tree 

Star). 

 

Statistics: Data was analyzed by Graph Pad Prism Software v6 (GraphPad Software) 

using one-way ANOVA followed by Tukey’s multiple-comparison post hoc test or 

Student’s t-test. Data are expressed as mean ± SE. P ≤ 0.05 was considered significant. 
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RESULTS 

4 doses of PC-61 over 14 days selectively depletes Foxp3
+
 regulatory T cells.  

 Flow cytometric analysis was performed on spleen and kidney tissue to confirm 

regulatory T cell-specific depletion. As shown in Fig 6.2, the relative expression of CD3
+
 

T cells in the spleen was not significantly different between any group (CD3
+
 T cells: 

Con 40 ±  1%, Ang II 42 ± 1%, PC-61+Ang II 41 ± 1%; data not significant vs. Con).  

However, compared to control, the expression of regulatory T cells were significantly 

decreased in PC-61 treated animals (Foxp3
+
 T cells: Con 14.4 ±  0.3%, Ang II 15.5 ± 

0.9%, PC-61+Ang II 9.5 ± 0.8%*; *P<0.05 vs. Con). A similar expression pattern existed 

in the kidney, where the expression of CD3
+ 

T cells was not significantly different in any 

group (CD3
+
 T cells: Con 23 ±  1%, Ang II 25 ± 4%, PC-61+Ang II 26 ± 2%; data not 

significant vs. Con). However, PC-61 administration significantly decreased the 

expression of Foxp3
+
 regulatory T cells   (Foxp3

+
 T cells: Con 16 ±  3%, Ang II 18 ± 2%, 

PC-61+Ang II 10 ± 1%*; *P<0.05 vs. Con) (Fig 6.2c-d), demonstrating a regulatory T 

cell-specific depletion occurred in response to PC-61 administration in premenopausal 

female mice.  
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Figure 6.2- Effect of PC-61 on splenic and renal T cell expression profiles in angiotensin 

(Ang) II-infused premenopausal female 129S6 mice. Flow cytofluorometric analysis 

demonstrated that A: Splenic CD3
+
 T cell expression was not significantly different. B: 

Splenic Foxp3
+
 regulatory T cell expression was significantly decreased by PC-61 

treatment in Ang II-infused premenopausal female mice. C: Renal CD3
+
 T cell 

infiltration was also not significantly different between any group. However, D: renal 

Foxp3
+
 regulatory T cell expression was significantly decreased by PC-61 administration. 

Results are expressed as mean + SE; N=4-5 mice/group. *P<0.05 vs. Control  
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Regulatory T cell depletion in premenopausal female mice eliminates resistance against 

Ang II hypertension. 

 To determine whether regulatory T cells are required for the resistance against 

hypertension in premenopausal female mice, blood pressure was measured via non-

invasive tail cuff machine in control and Ang II-infused female mice with or without PC-

61-induced regulatory T cell depletion. Baseline BP was not significantly different 

between any group (SBP: Con 137 ± 3mmHg, PC-61 131 ± 3mmHg, Ang II 143 ± 

4mmHg, PC-61+Ang II 136 ± 6mmHg; data not significant vs. Con) (Fig 6.3a).  

PC-61 treatment alone did not impact blood pressure. Compared to control, BP in 

vehicle-injected animals was slightly but significantly elevated after 14 days of Ang II 

infusion, demonstrating a resistance against severe Ang II hypertension characteristic of 

premenopausal females. However, regulatory T cell depletion via PC-61 administration 

in premenopausal females eliminated this resistance, resulting in a significantly greater 

blood pressure (SBP: Con 141 ± 4mmHg, PC-61 130 ± 3mmHg*, Ang II 151 ± 7mmHg, 

PC-61+Ang II 164 ± 6mmHg*; *P<0.05 Con) (Fig 6.3b). 

To normalize day post-Ang BP levels for potential differences in pre-Ang BP, 

delta BP values were determined by subtracting each mouse’s BP level prior to Ang II 

infusion from respective BP values obtained after 14 days of Ang II. This demonstrated 

that the Ang II-induced increase in BP in menopausal mice was significantly greater in 

regulatory T cell-depleted female mice (ΔSBP: Con Δ6 ± 6mmHg, PC-61 Δ0 ± 1mmHg, 

Ang II Δ11 ± 7mmHg, PC-61+Ang II Δ28 ± 9mmHg*; *P<0.05 Con) (Fig 6.3c). 
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Figure 6.3- Hemodynamic responses to angiotensin II (Ang II) infusion in 

premenopausal female 129S6 mice with or without PC-61-induced regulatory T cell 

depletion. A: systolic blood pressure (SBP) was not significantly different between any 

group prior to Ang II infusion. B: After 14 days of Ang II, SBP was significantly greater 

in regulatory T cell-depleted premenopausal mice (PC-61+Ang) compared to intact mice 

(Ang II). C: Changes in SBP are presented as Δ change from day 0 to day 14 after onset 

of Ang II infusion. Results are expressed as mean + SE; N=10 mice/group. *P<0.05 vs. 

Control. 
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Depleting regulatory T cells increases Ang II-induced renal MCP-1 mRNA expression. 

 Inflammatory cytokine release is known to contribute to the progression of Ang II 

hypertension and associated end organ damage (75) (73). These processes are reduced in 

premenopausal females and contribute to their resistance against hypertension (157) (54). 

Monocyte chemoattractant protein-1 (MCP-1), primarily released by macrophages and 

dendritic cells, recruits monocytes, T cells and dendritic cells to sites of inflammation 

(31). We have previously demonstrated that Ang II-induced upregulation of MCP-1 

mRNA expression in the kidney is suppressed by premenopausal but not menopausal 

female mice, and correlates with a reduced hypertensive response in premenopausal 

animals (157) (CHAPTER 5, unpublished data). To determine whether changes in the 

renal inflammatory environment were associated with regulatory T cell-dependent BP 

responses, we measured whole kidney mRNA expression of MCP-1 and other 

inflammatory markers in intact or regulatory T cell-depleted premenopausal female mice.  

 Compared to control, whole kidney real time qPCR analysis demonstrated that 

Ang II infusion increased MCP-1 mRNA expression in both groups of animals regardless 

of regulatory T cell depletion (Con (fold): 1.0 ± 0.1, Ang II: 1.7 ± 0.4, PC-61 + Ang II: 

1.8 ± 0.2*; *P<0.05 vs Con) (Table 6.1) However, Ang II infusion did not change the 

expression of TGF-β1 (Con (fold): 1.0 ± 0.1, Ang II: 0.9 ± 0.02, PC-61 + Ang II: 1.0 ± 

0.1). TNF-α (Con (fold): 1.0 ± 0.1, Ang II: 1.3 ± 0.7, PC-61 + Ang II: 1.0 ± 0.4) and 

ICAM-1 (Con (fold): 1.0 ± 0.2, Ang II: 0.8 ± 0.1, PC-61 + Ang II: 1.0 ± 0.2) were also 

unchanged by Ang II infusion. Similarly, Ang II infusion did not significantly increase 

the renal expression of the cytokines IL-2 (Con (fold): 1.0 ± 0.6, Ang II: 1.6 ±1.6, PC-61 

+ Ang II: 1.6 ± 1.0) and IL-6 (Con (fold): 1.0 ± 0.2, Ang II: 2.2 ± 1.0, PC-61 + Ang II: 
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1.9 ± 0.7), or the transcription factor Foxp3 (Con (fold): 1.0 ± 0.3, Ang II: 1.8 ± 0.6, PC-

61 + Ang II: 1.9 ± 0.3) compared to control values.  

 

  

143



 

Gene Control (fold) Ang II PC-61 + Ang II 

MCP-1 1.0 ± 0.12 1.64 ± 0.37 1.78 ± 0.22* 

TGF-β1 1.0 ± 0.11 0.94 ± 0.02 0.99 ± 0.11 

TNF-α 1.0 ± 0.11 1.28 ± 0.65 1.02 ± 0.35 

ICAM-1 1.0 ± 0.18 0.80 ± 0.11 1.02 ± 0.22 

Interleukin-2 1.0 ± 0.61 1.58 ± 1.56 1.59 ± 1.04 

Interleukin-6 1.0 ± 0.16 2.20 ± 0.98 1.90 ± 0.70 

Foxp3 1.0 ± 0.33 1.81 ± 0.62 1.86 ± 0.32 

 

 

Table 6.1- Renal cytokine mRNA expression. Ang II, angiotensin II; PC-61, anti-

CD25mAb (regulatory T cell depletion); MCP-1, monocyte chemoattractant protein; 

TGF-1, transforming growth factor-; TNF- tumor necrosis factor-; ICAM-1, 

intercellular adhesion molecule; Foxp3, forkhead box p3; alpha ENaC, alpha epithelial 

sodium channel. N=4 mice/group. *P<0.05 vs Control.  
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Regulatory T cell depletion alters renal sodium and water transporter expression is Ang 

II-infused premenopausal female mice. 

 Our lab and others have previously reported alterations in salt and water 

transporter protein expression in the kidney during Ang II hypertension, including the 

amiloride-sensitive sodium channel ENaC and the collecting duct water transporter 

AQP2 (156) (101). Protein expression from whole kidney samples were measured in 

order to identify potential disruption of transport capacity during Ang II infusion.  

 Compared to control animals, Ang II infusion induced a significant increase in 

alpha ENaC protein expression in saline-treated premenopausal females, and this increase 

was exacerbated by regulatory T cell depletion (alpha ENaC: Con 100 + 4%, Ang II 124 

+ 9%*, PC-61+Ang II 134 + 3%*; *P<0.05 vs. Con) (Fig 6.4a). Conversely, the renal 

protein expression of beta ENaC was not significantly different from control in either 

treatment group (beta ENaC: Con 100 + 18%, Ang II 110 + 7%*, PC-61+Ang II 89 + 

6%; data not significant vs. Con) (Fig 6.4b). Gamma ENaC protein expression was 

significantly decreased in Ang II-infused mice compared to control animals, and this 

decrease was exacerbated by regulatory T cell depletion (gamma ENaC: Con 100 + 5%, 

Ang II 68 + 12%*, PC-61+Ang II 53 + 3%*; *P<0.05 vs. Con) (Fig 6.4c).  

 NKCC2 is a sodium-potassium-chloride cotransporter expressed in the thick 

ascending limb of the loop of henle and in the macula dense. Western blot analysis 

demonstrated that NKCC2 protein expression was not significantly changed by Ang II 

infusion in female mice. Infusing Ang II into regulatory T cell-depleted mice also did not 

significantly impact NKCC2 protein expression levels (NKCC2: Con 100 + 18%, Ang II 

77 + 17%, PC-61+Ang II 136 + 17%; data not significant vs. Con) (Fig 6.4d).   
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 In agreement with our previous findings from Ang II-infused female mice (156), 

whole kidney protein expression of the collecting duct water transporter AQP2 was 

reduced in Ang II-infused animals, inversely related to blood pressure (AQP2- Con 100 + 

18%, Ang II 40 + 12%*; *P<0.05 vs. Con) (Fig 6.4e). However, the reduction in 

expression was attenuated in regulatory T cell-depleted mice, despite a significantly 

greater increase in blood pressure (AQP2- PC-61+Ang II 70 + 15%; data not significant 

vs. Con), suggesting that the water handling mechanisms in response to Ang II infusion 

may be negatively impacted by regulatory T cell depletion in these animals, potentially 

contributing to the increased hypertensive response. 
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Figure 6.4- Ang II-induced expression of renal salt and water transporters is altered by 

regulatory T cell depletion in female 129S6 mice. Whole kidney protein abundance was 

analyzed by Western blot for A) alpha epithelial sodium channel (alpha ENaC) B) beta 

epithelial sodium channel (beta ENaC) C) gamma epithelial sodium channel (gamma 

ENaC) D) Na-K-Cl cotransporter (NKCC2), and E) aquaporin-2 (AQP2). Each lane 

represents a homogenate from an individual mouse kidney. Densitometry are presented as 

mean + SE. Values are normalized to control (100%) to facilitate comparison. N=4 

mice/group. *P<0.05 vs. Con. 
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DISCUSSION 

 In male mice, Ang II hypertension is associated with the development of a T cell-

dependent pro-inflammatory cytokine environment within the kidney (157) (75), and 

adoptive transfer of anti-inflammatory Foxp3
+
 regulatory T cells attenuates the 

hypertensive response to Ang II in these animals (10). Premenopausal female rodents 

express a greater ratio of regulatory T cells in the kidney compared to males (200), and 

are resistant to the development of hypertension and T cell-dependent inflammation (157) 

(201) (54). However, whether these anti-inflammatory regulatory T cells mediate the 

resistance against hypertension in premenopausal females has thus far not been directly 

tested. Therefore, the study of CHAPTER 6 sought to determine whether anti-

inflammatory regulatory T cells are required for the resistance against Ang II 

hypertension in premenopausal female mice. We found that 4 doses of 250μg PC-61 

significantly reduced regulatory T cell populations in the spleen and kidney of 

premenopausal female mice, and that this depletion in regulatory T cells resulted in a 

significantly greater Ang II-induced BP response. These results demonstrate that the anti-

inflammatory regulatory T cells are required for the resistance against hypertension in 

premenopausal female mice. 

 

PC-61-mediated depletion of regulatory T cells:   

 PC-61 is an antibody against the alpha subunit of the IL-2 receptor, also known as 

CD25, and has been shown to specifically deplete the regulatory T cell population in vivo 

(191) (187), thus making a suitable tool for studying the role of regulatory T cells in 

females during Ang II hypertension. Rapid depletion of regulatory T cells by PC-61 can 
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reach 70% of control levels within 24 hours of administration and has primarily been 

utilized to investigate the role of these cells in mitigating acute insults, including viral 

infections (187) (41). This depletion is transient in nature, and repopulation occurs within 

days after a single administration. Preliminary studies by our lab determined that 4 i.p. 

injections containing 250μg PC-61 equally spaced over the course of 14 days is necessary 

to maintain a suppressed level of regulatory T cells.  

While 4 doses of PC-61 in the current study significantly reduced splenic and 

renal regulatory T cell expression without impacting overall T cell expression, expression 

levels at the time of harvest were reduced by only ~35-40% compared to untreated mice. 

Because the final antibody dose was injected at day 11 of Ang II infusion and the harvest 

was conducted 3 days later on day 14, significant repopulation could likely have occurred 

by the time of tissue collection at harvest. It is possible that the degree of depletion 

fluctuated throughout the 14 days of Ang II infusion, depending upon the proximity to 

each round of antibody injection. Another possible approach to maintain a consistently 

depleted level of regulatory T cells is through the use of diphtheria toxin administration 

to transgenic DEREG mice, which express eGFP and diphtheria toxin receptors on 

Foxp3
+
 regulatory T cells (133) (108). However, the less than total knockdown and 

transient nature of PC-61-induced depletion may prove to be a beneficial quality, as it 

will allow for experiments testing the threshold required of regulatory T cell depletion to 

impact blood pressure responses and whether resistance against Ang II hypertension in 

premenopausal female mice can be restored once repopulation occurs. To better interpret 

the results induced by PC-61-mediated regulatory T cell depletion, additional studies 

should be conducted to determine how the time course of T cell depletion and 
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repopulation relative to multiple rounds of PC-61 injection impacts relative expression 

levels and hormonal regulation of Ang II hypertension.  

 

Role of regulatory T cells in mediating premenopausal resistance against Ang II 

hypertension: 

 Ang II hypertension is associated with the recruitment of immune cells and an 

increase in pro-inflammatory cytokine production in the kidney in male rodents (70) 

(157). These responses are promoted by the pro-inflammatory Th17 T cells, as genetic 

deletion of its primary cytokine, interleukin-17, is capable of suppressing Ang II-induced 

hypertension and inflammation (124). In vitro and in vivo experiments demonstrate that 

the actions of Th17 T cells are suppressed by anti-inflammatory regulatory T cells (217) 

(37) (176), and that adoptive transfer of these cells into male mice attenuates Ang II 

hypertension and subsequent inflammation (11). While it is known that premenopausal 

female mice are resistant to the hypertensive and inflammatory actions of Ang II (157) 

(156) (86), the contributions of regulatory T cells to this resistance have not previously 

been explored. 

 We found that PC-61-mediated regulatory T cell depletion significantly increased 

the hypertensive response to Ang II in premenopausal female mice, eliminating their 

resistance. Because it has been shown that the presence of estrogen is central to the 

resistance against Ang II hypertension in premenopausal mice (157) (219) (116), these 

results would suggest that estrogen-induced suppression of hypertension is mediated by 

anti-inflammatory regulatory T cells. Indeed, as described in CHAPTER 5, direct 

estrogen signaling is present within T cells and is capable of promoting regulatory T cell 
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proliferation and the suppression of Th17 T cell expansion in vitro (194) (37), although 

less is known regarding the Th17 suppressive capacity of regulatory T cells in vivo, 

particularly during hypertension.  

The results of the current study build upon previously work reporting T cell 

profiles from male and female spontaneously hypertensive rats (SHR), in which it was 

first demonstrated that sex differences exist in T cell profiles in a rodent model of 

hypertension (200) (201). The authors demonstrated that female SHR have a significantly 

greater expression of regulatory T cells and decreased presence of Th17 T cells in the 

kidney compared to males. This increased ratio of regulatory T cells to Th17 T cells in the 

females was associated with a reduction in blood pressure. While this study did not 

investigate a causative relationship between regulatory T cell expression and resistance 

against hypertension in premenopausal female rodents, it suggests that regulatory T cell-

mediated resistance is preserved in females across multiple animal models of 

hypertension. Increasing the expression of regulatory T cells through adoptive transfer 

also exerts a resistance against hypertension in male mice, despite the pre-existing 

presence of a full complement of T cells (10), suggesting that the ratio of pro- vs. anti-

inflammatory T cells is a major determinant of the degree of T cell-mediated 

hypertensive responses. While PC-61-induced depletion of regulatory T cells the current 

study was able to increase the Ang II-induced BP response, it should be noted that a 

majority of regulatory T cells remained present upon harvest, underscoring the notion 

that the relative ratio of anti-inflammatory to pro-inflammatory T cell subtypes may be 

the most critical component dictating the type of T cell-mediated response to Ang II, and 
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could represent a novel regulatory mechanism of protection against hypertension in these 

animals. 

 

Impact of regulatory T cell depletion on Ang II-induced pro-inflammatory cytokine 

expression: 

 As detailed in CHAPTER 5, a primary function of T cells is the regulation and 

control of inflammatory responses through cytokine release (73). Ang II has been shown 

to promote hypertension, in part, through stimulating the release of pro-inflammatory 

cytokines (124). Ang II induces pro-inflammatory T cell polarization in vitro (74); a 

process that can be counteracted by the presence of ACE inhibitors (154). We have 

previously shown that premenopausal female mice are capable of suppressing the T cell-

mediated expression of pro-inflammatory cytokines in the kidney (157), and that this 

capacity is lost after menopause, corresponding with the increased susceptibility to Ang 

II hypertension (CHAPTER 5, unpublished data), suggesting that preventing T cell-

dependent pro-inflammatory cytokine expression contributes to the resistance against 

Ang II hypertension in premenopausal females. 

 In the current study, regulatory T cell depletion increased the Ang II-induced 

mRNA expression of MCP-1 in the kidney. However, other markers of inflammation that 

we have previously demonstrated to increase during Ang II hypertension, including IL-2, 

TNF-α, TGF-β1, and ICAM-1(157) (CHAPTER 5, unpublished data) were unchanged, 

despite a significantly greater increase in blood pressure. In vitro studies have 

demonstrated that estrogen induces regulatory T cell differentiation and function (194), 

and regulatory T cell populations have been shown to increase in response to Ang II 
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infusion in female, but not male SHR (200) (201). Because the repopulation of regulatory 

T cells after PC-61-induced depletion is expedited by the onset inflammatory responses 

(41), and the harvest in the current study was conducted 3 days after the final injection, a 

repopulation of regulatory T cells hastened by the presence of estrogen in premenopausal 

mice may have prevented detection of an Ang II-induced increase in inflammatory 

cytokine expression at the time of harvest, despite the maintenance of an increased SBP. 

Additional work is necessary to determine the impact of the hormonal environment on 

the rate of regulatory T cell repopulation during Ang II infusion, and its effect on 

functional capacity, cytokine production, and the degree of hypertension and associated 

end organ damage. 

The results of the study outlined in CHAPTER 6 demonstrate that regulatory T 

cells are required for the resistance against Ang II hypertension in premenopausal female 

mice. Despite an incomplete depletion of regulatory T cells by PC-61 administration, 

Ang II-induced BP was significantly elevated compared to T cell-intact animals and 

suggests that minor changes in T cell expression or function may impart a major impact 

on hypertensive responses. However, the underlying mechanisms responsible for 

regulatory T cell-mediated suppression of hypertension remain unclear. Future studies are 

needed to identify the specific interactions of estrogen and regulatory T cells in vivo, and 

how these impact BP and inflammatory responses during hypertension. The results of 

these studies stand to greatly expand our knowledge of immunoregulation of blood 

pressure and identify potential targets new anti-hypertensive therapeutics.  
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CHAPTER 7: DISCUSSION 

 

Brief summary of results 

The incidence and severity of hypertension and its associated cardiovascular 

complications are rapidly accelerated in postmenopausal women (3). Prior to menopause, 

women are protected against hypertension and end organ damage compared to men, and 

the loss of this protection after menopause contributes to the sharp increase in 

hypertension-related complications (2) (116) (218). The most widely prescribed anti-

hypertensive therapeutics, including ACE inhibitors and ARBs, target components of the 

renin-angiotensin-system (RAS) and are less effective in women compared to men, with 

this discrepancy worsening as women age (174). As a consequence of limited 

experimental investigation using female animals, the mechanisms underlying the increase 

in a woman’s blood pressure after menopause are not well understood. The purpose of 

these studies is to examine the role of the immune system in the progression of 

hypertension in females, and to identify novel mechanisms through which menopause 

alters T cell regulation of hypertension. 

T cells are an important component of the adaptive immune system, and have 

recently been indicated to play a critical role in the development of hypertension in male 

mice (70) (73). In T cell-deficient Rag-1
-/-

 male mice, the blood pressure response to Ang 

II infusion is attenuated compared to wild-type C57BL/6 mice (70). Adoptive transfer of 

T cells into Rag-1
-/-

 males restores Ang II-induced hypertension and inflammatory cell 

infiltration. However, research into the role of T cells in blood pressure regulation in 

females is lacking. It is unknown whether sex differences in blood pressure regulation 
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and the increased prevalence of hypertension in women after menopause are due to 

differences in the ability of the adaptive immune system to promote Ang II hypertension. 

The overall hypothesis of this project is that suppression of T cell-dependent pro-

inflammatory responses promotes premenopausal resistance against Ang II hypertension, 

and that an increase in these T cell-mediates responses is required for the rise in 

hypertension severity after menopause.  

 We have demonstrated in our published study, summarized in CHAPTER 2 and 

included as APPENDIX I, that the VCD mouse model of menopause is a robust model to 

investigate the mechanisms through which the gradual transition to menopause impacts 

blood pressure regulation and the progression of hypertension. We found that Ang II-

induced blood pressure is significantly greater in VCD-treated postmenopausal mice 

compared to cycling premenopausal mice, and that this increase is the result of VCD-

induced estrogen depletion. Conversely, resistance against Ang II hypertension is 

maintained during the perimenopause transition. AQP2 protein expression is inversely 

correlated with blood pressure, as its reduction in Ang II-infused mice was augmented by 

the increase in blood pressure after menopause. Glomerular area was increased in all Ang 

II-infused mice, independent of hormonal status. 

 In CHAPTER 3, VCD-treated postmenopausal female 129S6 mice received either 

daily injections of the endothelin Type A (ETA) receptor antagonist ABT-627 

(atrasentan), or 17-estradiol replacement via pellet implantation concomitant with 2 

weeks of Ang II infusion. Both ETA receptor antagonism and 17-estradiol replacement 

prevented the increased Ang II-induced blood pressure response in menopausal females. 

ETA receptor antagonism reduced the splenic expression of pro-inflammatory Th17 cells, 
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while 17-estradiol replacement increased the expression of anti-inflammatory regulatory 

T cells. No differences in renal T cell expression were noted. A similar pattern emerged 

in mRNA pro-inflammatory cytokine expression in whole kidney samples, in which ETA 

receptor antagonism was more effective than 17-estradiol replacement at attenuating the 

increase in interleukin (IL)-2 expression in menopausal mice, whereas 17-estradiol 

replacement but not ETA receptor antagonism reduced IL-1 expression.  

 The manuscript summarized in CHAPTER 4 and included as APPENDIX III 

demonstrates that sex differences in Ang II hypertension result from suppression of the T 

cell-mediated component of Ang II hypertension by premenopausal female mice. Both 

male and female T cell-deficient Rag-1
-/-

 mice exhibited a small Ang II-induced increase 

in blood pressure. Adoptive transfer of male CD3
+
 T cells significantly increased the 

blood pressure response in male mice, however no additional increase occurred in 

females. The increased blood pressure response in male Rag-1
-/-

 mice after adoptive 

transfer was associated with a T cell-dependent increase in Ang II-induced pro-

inflammatory cytokine expression, including IL-2, monocyte chemoattractant protein-1 

(MCP-1), and tumor necrosis factor alpha, (TNF-a). This T cell-depended upregulation of 

pro-inflammatory cytokines was prevented by female mice. 

 In CHAPTER 5, female Rag-1
-/-

 mice were treated with VCD for 20 days to 

induce menopause. The increased blood pressure response to Ang II infusion in 

menopausal mice was prevented in T cell deficient Rag-1
-/-

 mice, and could be restored 

by adoptive transfer of male CD3
+
 T cells. Total splenic and renal T cell expression was 

similar after adoptive transfer in VCD-treated menopausal mice compared to 

premenopausal Rag-1
-/-

 mice from CHAPTER 4. However, infiltration of anti-
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inflammatory regulatory T cells was significantly reduced in both the spleen and kidney 

of menopausal mice. T cell adoptive transfer increased Ang II-induced renal mRNA 

expression of IL-2, MCP-1 and TNF- in menopausal female mice, and increased the 

Ang II-induced infiltration of F4/80 positive macrophages into renal cortical tissue. 

 In CHAPTER 6, the anti-CD25 antibody PC-61 was administered to 

premenopausal female 129S6 mice to deplete regulatory T cells. Flow cytometric 

analysis of splenic and renal tissue demonstrated that 4 doses of 250µg PC-61 

significantly reduced the expression of Foxp3
+
 regulatory T cells without affecting 

overall T cell expression levels. Regulatory T cell depletion significantly increased the 

blood pressure response to Ang II infusion compared to intact animals. Ang II-induced 

increases in MCP-1 and ENaC-α mRNA and protein were augmented by regulatory T 

cell depletion. 

 

Hormonal regulation of blood pressure in female mice  

The impact of the VCD-induced transition from premenopause-perimenopause-

menopause was summarized in CHAPTER 2 (included in published form as APPENDIX 

I). We hypothesized that VCD induction of menopause would increase the hypertensive 

response to Ang II infusion compared to premenopausal mice, while perimenopausal 

mice would retain resistance against hypertension. Previously published studies utilizing 

the ovariectomy (OVX) model of menopause demonstrated that the loss of estrogen 

production capacity increases Ang II-induced blood pressure in female mice (219). 

However, this model does not include a perimenopause transition period or residual 

androgen production. The study of CHAPTER 2 conducted in the VCD model of 
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menopause supported the results from OVX animals, in which Ang II-induced blood 

pressure was increased after menopause, and demonstrated that the resistance against 

hypertension is maintained throughout the perimenopause transition.  

The increased Ang II-induced hypertensive response in VCD-treated menopausal 

mice resulted from the loss of estrogen production capacity, as resistance could be 

restored in menopausal animals by estrogen replacement in the form of 17-estradiol 

pellets. The estrogen-dependent nature of Ang II hypertension in female mice 

underscores the importance of hormonal environments in blood pressure regulation. As 

estrogen production by ovarian tissue ceases after menopause, androgen production 

continues, and skews the hormonal balance to favor an androgen-dominated milieu (204). 

Studies in male mice have clearly demonstrated the hypertension-promoting effect of 

testosterone (175) (220). Castration reduced blood pressure in male animals, while 

treatment with testosterone can increase blood pressure in both normotensive female rats 

and castrated males (52) (161). These effects are mediated through androgen receptors, as 

their chronic blockade via flutamide reduces blood pressure in males to levels found in 

premenopausal females. A 2008 study from Wright et al. found that while 17b-estradiol 

levels were similar in OVX and VCD menopausal animals, androgen levels were nearly 

12 times lower in OVX animals than VCD-treated (216), and may have a significant 

influence on cell-specific signaling events during Ang II infusion. 

Changes to components of the RAS system after menopause also play a critical 

role in Ang II hypertension in females. ACE2 predominates in premenopausal women, 

which directs the conversion of Angiotensin I to Angiotensin-(1-7), and away from the 

hypertension-inducing Ang II form (179). After menopause levels of ACE increase at the 
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expense of ACE2, resulting in a similar expression pattern as males (24) (137). Perhaps 

more relevant to the current study, the relative expression of angiotensin receptors is also 

dependent upon estrogen status. Expression of the pro-hypertensive AT1R is normally 

suppressed in females prior to menopause in favor of protective AT2R. After menopause 

AT1R expression increases and contributes to a decline in renal sodium handling capacity 

and resistance against Ang II hypertension (138) (137). Both adaptations are associated 

with an increase in oxidative stress and inflammatory responses in the vasculature and in 

the kidney (35) (159) (63). However, the extent to which these changes are a direct result 

of loss of estrogen signaling or secondary to removal of inhibitor effects on other relevant 

pathways is currently unknown. 

An important consideration when interpreting the results of hormone replacement 

studies is the timing of replacement in relation to the onset of menopause. This was first 

identified during a subsequent analysis of the results from the Women’s Health Initiative 

(WHI), and led to the development of the “timing theory” (192). The best available 

evidence from clinical trials suggests that HRT is most effective as a preventative 

measure. HRT initiated in close proximity to the onset of menopause was most effective 

at preventing cardiovascular outcomes in a cohort of postmenopausal women. However, 

delaying HRT by 10 years or more may actually be contraindicated. As is the case with 

the current study, the overwhelming majority of experimental studies have investigated 

the preventative properties of estrogen replacement on suppressing postmenopausal 

hypertensive and end organ damage (219) (35) (79). While estrogen replacement in OVX 

animals is not initiated until after the surgery has been completed and estrogen 

production has ceased, utilizing the VCD model of menopause allowed us to implant 
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17-estradiol pellets during the middle of the perimenopause period, and maintain 

elevated estrogen levels throughout the study. However, the extent to which initiating 

estrogen replacement in an already hypertensive menopausal animal can reverse 

elevations in blood pressure, and more importantly tissue damage, is not currently 

known. Additional studies are necessary to investigate the ability of estrogen to reverse 

hypertension and hypertension-induced end-organ damage, as well as to determine the 

efficacy of initiating interventions during the perimenopause period to prevent the onset 

of postmenopausal disease. The unique characteristics of the VCD mouse model of 

menopause will allow for such studies to be completed, and stands to greatly improve our 

understanding of hormonal blood pressure regulation and CVD outcomes. 

 

Role of the endothelin-1 system in postmenopausal hypertension 

Several pathways that are known to promote hypertension in males are suppressed 

in females, including endothelin-1 (ET-1) (221) (81) (14) (99) (100). The efficacy of 

targeting the ET-1 system to prevent hypertension in postmenopausal female mice was 

investigated in CHAPTER 3. We hypothesized that ET-1-mediated signaling contributes 

to increased hypertension after menopause, and that ETA receptor antagonism via ABT-

627 (atrasentan) will attenuate Ang II hypertension in VCD-treated menopausal female 

mice. Clinical studies have demonstrated that endothelin levels are elevated in women 

after menopause (104), and that hypertensive postmenopausal women have increased 

plasma concentrations compared to normotensive women (212), suggesting that 

activation of the ET-1 system contributes to postmenopausal hypertension. We found that 

the increased blood pressure response to Ang II in VCD-treated menopausal female mice 
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can be prevented by ABT-627 administration, and that the degree of suppression was 

equivalent to that induced by 17-estradiol replacement. 

Recent clinical studies have produced variable results in the efficacy of currently 

available HRT approaches to reduce hypertension and CVD risk, and as a result their use 

has significantly declined (174) (192) (40) (78). Therefore, the identification and 

development of other types of therapeutic interventions are necessary to improve blood 

pressure control in hypertensive women after menopause. Our results suggest that the use 

of ETA receptor-specific antagonists may improve blood pressure in hypertensive 

postmenopausal women. Indeed ETA receptor antagonism can reduce blood pressure in 

aging acyclic female rats to a greater extent than young female rats, suggesting the ET-1 

system plays a greater role in blood pressure regulation after menopause (222). However, 

as noted by the authors, ETA receptor antagonism was not capable of restoring blood 

pressure to normotensive levels in these animals, and suggests other mechanisms are also 

involved. 

Pro-inflammatory cytokine production and immune cell infiltration are associated 

with Ang II hypertension, and ET-1 activation can stimulate inflammatory responses 

(20). Because ETA receptor antagonism and 17-estradiol replacement differentially 

impacted T cell expression profiles and pro-inflammatory cytokine expression by the 

kidney in the current study, it is likely that the reduction in blood pressure in these groups 

occurred through independent mechanisms. Indeed, multiple ET-1 and 17-estradiol 

receptors are known to be expressed on T cells (56) (152) (115). ET-1 induces 

differentiation of pro-inflammatory Th17 cells, while 17-estradiol promotes regulatory T 

cell polarization, suggesting that reducing ET-1 signaling or increasing 17-estradiol 
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activity may work through complimentary mechanisms to increase the relative expression 

of anti-inflammatory to pro-inflammatory T cells (197) (152) (115). While neither 

intervention restored blood pressure to baseline, these results suggest that the benefit of 

combination therapy targeting these multiple blood pressure regulatory systems may 

extend beyond the blood pressure effects, and could be a more effective strategy to treat 

hypertension in women after menopause. 

However, Phase III clinical trials such as DORADO and DORADO-AC, which 

tested the selective ETA receptor antagonist darusentan on resistant hypertension failed 

to produce sufficient reductions in blood pressure to warrant further testing, and thus 

subsequent development of ET-targeted drugs was discontinued (209) (102). While the 

doses utilized in such trials have been identified as a point of criticism, the true 

specificity of the drug may also have contributed to the underwhelming results (95). The 

relative expression of ETA and ETB receptors vary considerably between vascular beds 

and with CVD (29), and serve tissue specific functions, including vasoconstriction or 

dilation, ET-1 clearance, and natriuresis (183) (123) (8) (64). It is possible that secondary 

effects of systemic administration of ET receptor-targeted drugs may limit the efficacy of 

such an approach to reduce blood pressure of other cardiovascular outcomes. Additional 

studies could benefit from the development of cell-specific targeting to increase treatment 

specificity and the clinical viability of anti-ET-1 therapeutics as anti-hypertensive 

medications.  

 

Sex differences in T cell-mediated blood pressure regulation 
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The published manuscript summarized in CHAPTER 4 (included as APPENDIX 

III) and the study in CHAPTER 6 investigated the role of T cells of the adaptive immune 

system in the development of hypertension in premenopausal female mice. We 

hypothesized that premenopausal females would prevent the T cell-dependent 

hypertensive response to Ang II, and that anti-inflammatory regulatory T cells would 

mediate this resistance. It was recently demonstrated that T cells are required for the 

development of hypertension in male mice (70). However, the contribution of T cells to 

blood pressure regulation in females, and whether differences in T cell function 

contribute to sex differences in hypertension was unknown. The results of CHAPTER 4 

and CHAPTER 6 confirmed that T cells are required for hypertension in male mice, and 

expand upon this by demonstrating sex differences in Ang II hypertension result from 

prevention of T cell-mediated blood pressure increases in females. The anti-inflammatory 

and anti-hypertensive regulatory T cell subset is required to establish this resistance in 

premenopausal females. 

The results from the Guzik et al. study and our published work from CHAPTER 4 

utilized adoptive transfer of CD3
+
 lymphocytes to demonstrate the predominating effects 

of T cells on Ang II hypertension in males and females (70) (157). However, CD3 is a 

general marker expressed by all T cells, and thus these studies were not capable of 

distinguishing potential differences between the relative contributions of various T cell 

subsets. This is a non-trival point, as sex differences exist in T cell expression profiles 

(200), and sex hormones have been shown to influence T cell polarization and functional 

capacity in vitro (194) (115). The majority of research in this area has focused on the 

opposing actions of pro-inflammatory Th17 cells and anti-inflammatory regulatory T cells 
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for their role in Ang II hypertension, however CD8
+
 T cells have also recently been 

suggested to influence blood pressure responses to a high salt diet (203).  

The results of CHAPTER 6 show that regulatory T cells play a prominent role in 

the suppression of Ang II hypertension in premenopausal females. This is in line with 

previous studies in male mice in which increasing the ratio of regulatory T cells through 

adoptive transfer attenuated Ang II-induced blood pressure to levels found in 

premenopausal females (10). PC-61 administration was utilized to deplete regulatory T 

cells in the current study, and was effective at reducing Foxp3
+
 lymphocytes in the spleen 

and kidney by about 40%. The ability of an incomplete regulatory T cell depletion to 

impart such a robust impact on blood pressure responses underscores the importance of 

relative expression of T cell sub-types during hypertension, similar to the impact of 

estrogen:androgen ratio in women after menopause. Additionally, PC-61 targets CD25, 

which is expressed by regulatory T cells, but also other immune cells as well (58) (4) 

(47), and thus it is possible that a reduction in other cell types may have contributed to 

the results. Studies using the PC-61 depletion method have found that the majority of 

Foxp3
+
 T cells that remain after administration are CD25

-
, however differences in blood 

pressure regulatory capacity between CD25
+
 vs CD25

-
 regulatory T cells have not been 

previously explored (187). The results of the current study could be strengthened by a 

more specific and more complete depletion strategy, including the use of transgenic 

DEREG (DEpletion of REGulatory T cells) mice (133) (108). The transient nature of 

such a depletion strategy could be advantageous, as telemetric devices could be 

implanted to measure day-to-day changes in Ang II-induced blood pressure over the time 

course of regulatory T cell depletion and recovery. 
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The study in CHAPTER 4 found that renal T cell infiltration was blunted in 

female Rag-1
-/-

 mice compared to males, and was associated with a prevention of T cell-

dependent pro-inflammatory cytokine expression in the kidney. Hypertension is 

associated with pro-inflammatory cytokine production and inflammatory responses in 

male rodents, and these responses are attenuated in females (75) (50) (63) (35).  Results 

from the current study would suggest that differential cytokine production and 

inflammatory responses during hypertension are influenced by sex differences in T cell 

function. However cytokine expression was measured from homogenized whole kidney 

tissue, which encompasses numerous cell types. Additional investigations are necessary 

to determine cellular origin, and could benefit from measuring expression in T cells 

isolated from renal tissue. 

Importantly, in order to minimize the number of variables in the current study, T 

cells adoptively transferred into male and female recipient mice were exclusively of male 

origin, and the potential for functional differences between male and female T cells 

exists. While Ji et al. demonstrated there are no sex differences in the production of IFN-

γ, IL-17A, or TNFα when T0-polarized T cells isolated from normotensive C57BL/6 mice 

are stimulated in the presence of Ang II, the IL-17A production from cells polarized to 

Th17 was significantly greater in male cells compared to females (Ji 2014}. Because only 

male T cells were transferred in the current study, our results would indicate that the 

environment in which T cells are transferred to also plays a significant role in their 

subsequent function. Additional studies should address the potential for sex differences in 

mRNA expression and cytokine production of T cells subsets isolated from hypertensive 

male and female mice. 
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Effect of menopause on T cell-mediated blood pressure regulation  

The contribution of T cells to the increased hypertensive response after 

menopause was investigated in CHAPTER 5. We hypothesized that T cells are required 

for increases in Ang II-induced blood pressure and pro-inflammatory cytokine expression 

in menopausal female mice. Upregulation of immune cell infiltration and inflammatory 

cytokine production are associated with the increased severity of hypertension in 

experimental models of hypertension, and suggest that T cells may promote 

postmenopausal hypertension (70) (18) (168) (75). Our study expanded upon these data 

and demonstrated that T cells are required for the increased hypertensive response in 

menopausal mice, and that pro-inflammatory cytokine expression and macrophage 

infiltration in the kidney are increased in a T cell-dependent fashion. 

The results of this study build upon the published work of CHAPTER 2, and 

shows that the capacity to prevent T cell-mediated hypertensive responses is lost in 

females after the onset of menopause (157). We also demonstrated in CHAPTER 2 that 

17-estradiol replacement prevents the postmenopausal rise in hypertension, however the 

principle site of action remains unclear. Previous work suggests that estrogen can 

influence blood pressure by promoting vasodilatory responses (34) (213) and increasing 

relative expression levels of key anti-hypertensive RAS components (144) (170) (24). 

The results from CHAPTER 6 would suggest that estrogen may also suppress 

hypertension by influencing T cell function, and thus the removal of this regulation after 

menopause may result in an increase of T cell-mediated hypertensive responses. Indeed, 

estrogen and angiotensin receptors are expressed by T cells (80) (74) (115), but the 
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contribution of T cell-specific signaling in the development of hypertension has not been 

studied. In vitro and in vivo experiments of T cells isolated from estrogen and 

angiotensin receptor-specific knockout mice, including adoptive transfer experiments, 

could greatly improve our understanding of the underlying mechanisms of T cell-

mediated blood pressure regulation.  

Unlike premenopausal mice, we found that postmenopausal mice were unable to 

suppress T cell-mediated pro-inflammatory cytokine expression by the kidney. While the 

results of CHAPTER 5 suggest a relationship exists between increased T cell-dependent 

cytokine expression and blood pressure responses, a causative role has not yet 

definitively been established. It is also unclear whether T cell functional capacity changes 

as a result of estrogen loss after menopause. However, it is intriguing that the relative 

expression of regulatory T cells was significantly reduced in menopausal Rag-1
-/-

 mice 

compared to premenopausal mice from CHAPTER 2, despite similar overall expression 

of CD4
+
 T cells. Adoptively transferring regulatory T cells into menopausal mice could 

determine whether restoring the relative expression of these cells helps combat the rise in 

hypertension. Cytokine production assays should be conducted to compare production 

capacity of T cells isolated from the kidney of Ang II infused pre- and postmenopausal 

mice. qPCR analysis should also be explored to determine whether changes found in 

whole kidney expression can be replicated and localized to T cell-specific changes. 

Importantly, the source of T cell activation during hypertension in menopausal 

mice was outside the scope of the current study, and is presently unknown. It is likely that 

other immune cells are involved, and the roles of such cell types, including the critical 

antigen-presenting dendritic cells, are just now beginning to be explored. Investigations 

168



 

have thus far focused almost exclusively on male rodents, and very little is known 

regarding their contributions to hypertension in females, before or after menopause (98). 

It is possible that Ang II and/or estrogen can influence T cell-mediated blood pressure 

responses by regulating T cell-activating dendritic cells. Genetic and pharmacologic 

suppression of T cell interactions with dendritic cells attenuates both Ang II and DOCA-

salt hypertension in male mice, however the influence of estrogen on this process has not 

yet been determined (205). Elevated levels of Ang II can increase isoketal production and 

induce dendritic cell activation in vitro, which can drive T cell polarization towards the 

pro-hypertensive Th17 T cell subtype (98) (90) (207). Adoptive transfer of activated 

dendritic cells from hypertensive to normotensive mice has also been shown to augment 

BP responses to subpresser doses of Ang II in male mice, suggesting an important role 

for dendritic cells in T cell-mediated blood pressure regulation (97). Estrogen receptors 

are expressed on dendritic cells and are required for optimal in vitro differentiation and 

acquisition of effector function (107), therefore understanding the interactions between 

dendritic cells and T cells in females, and the extent to which changes in the hormonal 

environment influence these interactions is a critical step in order to fully understand the 

complex blood pressure regulatory mechanisms of the adaptive immune system and 

develop anti-hypertensive therapeutics that target these processes.  

 

Conclusion 

Taken together, the data presented in this thesis characterize a novel mouse model 

of menopause for the study of blood pressure regulation by female sex hormones, and 

identify a novel role for T lymphocytes of the adaptive immune system in the promotion 
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of hypertension after menopause. These studies also identify a role for anti-inflammatory 

regulatory T cell-mediated prevention of hypertension in premenopausal females, and 

suggests targeting specific aspects of the adaptive immune system may be an effective 

approach to improve blood pressure control in hypertensive women, particularly after 

menopausal. Further identification and characterization of the underlying T cell-

dependent regulatory mechanisms that contribute to postmenopausal hypertension, 

including T cell antigen specificity and degree of auto-reactivity during the progression 

of hypertension, will be a substantial step forward in the treatment of hypertension and 

cardiovascular disease in women. The results of the studies presented in this thesis will 

aid in the development of novel anti-hypertensive pharmaceuticals, and stands to reduce 

the number of hypertensive individuals with uncontrolled blood pressure. 
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PUBLISHED STUDY 

 

Pollow DP, Romero-Aleshire MJ, Sanchez JN, Konhilas JP, Brooks HL. Ang II-

induced hypertension in the VCD mouse model of menopause is prevented by estrogen 

replacement during perimenopause. Am J Physiol Regul Integr Comp Physiol 309: 

R1546-R1552, 2015. 
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ANG II-induced hypertension in the VCD mouse model of menopause is
prevented by estrogen replacement during perimenopause

Dennis P. Pollow, Jr.,1 Melissa J. Romero-Aleshire,1 Jessica N. Sanchez,1,2 John P. Konhilas,1,2

and Heddwen L. Brooks1,2

1Department of Physiology, University of Arizona, Tucson, Arizona; and 2Sarver Heart Center, University of Arizona,
Tucson, Arizona

Submitted 24 April 2015; accepted in final form 20 October 2015

Pollow DP, Romero-Aleshire MJ, Sanchez JN, Konhilas JP,
Brooks HL. ANG II-induced hypertension in the VCD mouse model of
menopause is prevented by estrogen replacement during perimenopause.
Am J Physiol Regul Integr Comp Physiol 309: R1546–R1552, 2015. First
published October 21, 2015; doi:10.1152/ajpregu.00170.2015.—Pre-
menopausal females are resistant to the development of hypertension,
and this protection is lost after the onset of menopause, resulting in a
sharp increase in disease onset and severity. However, it is unknown
how a fluctuating ovarian hormone environment during the transition
from perimenopause to menopause impacts the onset of hypertension,
and whether interventions during perimenopause prevent disease
onset after menopause. A gradual transition to menopause was in-
duced by repeated daily injections of 4-vinylcyclohexene diepoxide
(VCD). ANG II (800 ng·kg�1·min�1) was infused into perimeno-
pausal and menopausal female mice for 14 days. A separate cohort of
mice received 17�-estradiol replacement during perimenopause. ANG
II infusion produced significantly higher mean arterial pressure
(MAP) in menopausal vs. cycling females, and 17�-estradiol replace-
ment prevented this increase. In contrast, MAP was not significantly
different when ANG II was infused into perimenopausal and cycling
females, suggesting that female resistance to ANG II-induced hyper-
tension is intact during perimenopause. ANG II infusion caused a
significant glomerular hypertrophy, and hypertrophy was not im-
pacted by hormonal status. Expression levels of aquaporin-2 (AQP2),
a collecting duct protein, have been suggested to reflect blood pres-
sure. AQP2 protein expression was significantly downregulated in the
renal cortex of the ANG II-infused menopause group, where blood
pressure was increased. AQP2 expression levels were restored to
control levels with 17�-estradiol replacement. This study indicates
that the changing hormonal environment in the VCD model of
menopause impacts the severity of ANG II-induced hypertension.
These data highlight the utility of the ovary-intact VCD model of
menopause as a clinically relevant model to investigate the physio-
logical mechanisms of hypertension that occur in women during the
transition into menopause.

aquaporin-2; glomerular hypertrophy; collecting duct; estrogen

PREMENOPAUSAL FEMALES are resistant to the development of
hypertension, and this protection is lost after the onset of
menopause, resulting in a sharp increase in disease incidence
and severity (20). Similarly, resistance to ANG II-induced
hypertension has been demonstrated in female rodents. Ovari-
ectomy (the abrupt induction of menopause via the removal of
gonads) removes this resistance to ANG II, resulting in a
robust ANG II-induced hypertensive response (39). Pharma-
cological inhibition or genetic ablation of estrogen receptors

also increases the hypertensive response to ANG II infusion,
suggesting that the loss of 17�-estradiol signaling during
menopause is in part responsible for the shift in blood pressure
regulation (40).

Repeated daily injections of 4-vinylcyclohexene diepoxide
(VCD) can be utilized to gradually induce ovarian failure in
mice (termed a mouse model of menopause). After ovarian
failure (menopause) residual ovarian tissue remains intact in
the VCD model and, similar to that in humans, continues to be
hormonally active, secreting androgens (14, 21, 25, 33, 38).

In humans, the transition period preceding menopause is
termed “perimenopause” and may last up to 10 yr. Perimeno-
pause is characterized by prolonged periods with low levels of
estrogen interspersed with periods of high estrogen (35), and
cycle lengths become variable. Similar to the progression of
menopause in humans, VCD-treated mice display variations in
cycle length, decreased circulating estrogen levels, and in-
creased follicle-stimulating hormone levels as they progress
from perimenopause into ovarian failure.

The abrupt loss of ovarian tissue in an ovariectomy model
eliminates both the perimenopause period and any potential
contributions from residual androgen secretion. Thus it is
unknown how the transition from perimenopause to meno-
pause impacts the onset of ANG II-induced hypertension and
whether interventions during perimenopause can prevent dis-
ease onset after menopause.

In this study, we hypothesized that menopause would pro-
mote the development of ANG II-induced hypertension in
female mice. In contrast, we hypothesized that in perimeno-
pause the ANG II hypertensive response would remain
blunted, as mice continue to cycle and produce estrogen. To
test this hypothesis we infused ANG II into mice during either
perimenopause or menopause and examined blood pressure
responses. We included an estrogen replacement group in the
menopause study. We examined renal damage, including glo-
merular hypertrophy, to determine the role of sex hormones in
this disease process (17, 30).

METHODS

Animals

Eight-week-old female C57BL/6J mice were purchased from The
Jackson Laboratory. Mice were housed in standard polypropylene
cages placed in a temperature- and humidity-controlled facility. The
mice were maintained on a 12:12-h light-dark cycle (6 AM to 6 PM)
and were fed normal (0.25% NaCl; Harlan Teklad, 7013) mouse chow
with water available ad libitum. All methods were approved by the
University of Arizona Animal Care and Use Committee.

Address for reprint requests and other correspondence: H. Brooks, Dept. of
Physiology, College of Medicine, Univ. of Arizona, 1656 E. Mabel St./Rm.
417, PO Box 245218, Tucson, AZ 85724-5218 (e-mail: brooksh@email.
arizona.edu).
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Experimental Protocol

To determine whether VCD-induced menopause augments the
development of ANG II-induced hypertension, female C57BL/6J
mice received daily intraperitoneal injections of VCD (Sigma, V3630)
at a concentration of 160 mg/kg or sesame oil vehicle for 20 consec-
utive days (22). Vaginal cytology was monitored daily to determine
the onset of menopause (ovarian failure), defined as 10 consecutive
days of diestrus, as previously described (25). All experimental
groups from both the perimenopause and the menopause study are
listed with treatments in Table 1, and the study designs are shown in
Fig. 1. The VCD model of menopause is well characterized, and
similar to previous studies in which VCD was given for 20 consec-
utive days (21, 22), the average day of ovarian failure in VCD-treated
mice occurred on day 54 � 0.5 days (Meno group); this was not
significantly different in the VCD-treated ANG II-infused group
(Meno/ANG II), where ovarian failure occurred on day 55 � 0.5 days.

Angiotensin II Infusion and Blood Pressure Measurements

Under isoflurane-induced anesthesia, osmotic minipumps (Alzet,
model 1004) containing ANG II (Sigma, A9525; infusion rate 800

ng·kg�1·min�1) were implanted subcutaneously above the right
shoulder. In the perimenopause study ANG II was implanted on day
34, 2 wk after the end of VCD dosing and �20 days before ovarian
failure would occur. In the menopause study, ANG II was implanted
after all animals had entered menopause.

Blood pressure and heart rate were measured noninvasively via tail
cuff (Hatteras Instruments, MC4000) immediately prior to the onset of
VCD dosing, immediately prior to ANG II infusion, and after 7 and 14
days of ANG II infusion. All experimental groups are listed in Table
1. All groups were killed after 14 days from the beginning of ANG II
infusion.

Glomerular Area Determination and Mesangial Matrix Expression

Kidneys were fixed in 4% paraformaldehyde for 48 h, embedded in
paraffin, and sectioned (5 �m). Periodic acid Schiff (PAS) staining
was performed on paraffin-embedded kidney sections by the Univer-
sity of Arizona Histology Lab. PAS-stained slides were used to
measure glomerular area. To minimize the potential impact of mea-
suring glomeruli on nonidentical planes, 15 cortical images per slide
were captured at �20 magnification, resulting in the analysis of 45–55
glomeruli per slide, or �200 glomeruli per treatment group. The mean
area (�m2) of each glomerular profile was measured by manually
tracing the minimal convex polygon surrounding the glomerular
capillary tuft and calculating its area by computerized morphometry
using ImageJ software (National Institutes of Health).

To determine mesangial matrix expression, PAS-stained slides
were digitally scanned (AperioAT2 Digital Whole Slide Scanner,
Leica Biosystems) at �20 magnification. The minimal convex poly-
gons surrounding the glomerular capillary tuft of all open glomeruli
from the resulting images were manually traced and analyzed for
percent positive staining with the standard Positive Pixel Count v9
algorithm with the color saturation threshold adjusted to 0.14 (Image
Scope v12 viewing software). All analysis was conducted in a blinded
fashion.

Sample Preparation, SDS-PAGE, and Immunoblotting

In brief, samples were prepared and semiquantitative Western blot
analyses were performed on inner medullary, cortex, and whole
kidney samples as previously described, and full details are given in
previous studies (4, 5). Aquaporin-2 (AQP2) protein was quantified
with rabbit anti-AQP2 antibody (1:500 dilution; Novus Biologicals,
NB110-74682) overnight at 4°C, followed by horseradish peroxidase
(HRP)-conjugated goat anti-rabbit IgG (1:2,000 dilution; Cell Signal-
ing 7074) for 1 h at room temperature. AQP2 antibodies detect both
the 29-kDa AQP2 protein and the 35- to 50-kDa complex of AQP2
glycosylated proteins. Images were obtained and quantified with
Quantity One software (Bio-Rad), with intensity values normalized
such that the mean value of the control group was defined as 100%
expression. All quantification was performed on samples run on the
same gel.

Statistics

Data were analyzed by one-way ANOVA followed by Tukey’s
multiple-comparison post hoc test or Student’s t-test with Graph Pad
Prism Software v6 (GraphPad Software, La Jolla, CA) to identify
differences between groups. In all tests, P � 0.05 was considered
significant. Results are presented as means � SE.

RESULTS

Menopause Study

ANG II infusion in VCD-menopause model induces a sig-
nificant increase in mean arterial pressure, which is prevented
by 17�-estradiol replacement. The VCD model of menopause
mimics a female’s natural progression into ovarian senescence.

Table 1. Description of experimental groups/treatments

Description VCD ANG II E2

Perimenopause study
Control Cycling
Peri Impending ovarian failure �

ANG II Cycling
Angiotensin infusion

�

Peri/ANG II Impending ovarian failure
Angiotensin infusion

� �

Menopause study
Control Cycling
Meno Ovarian failure �

ANG II Cycling
Angiotensin infusion

�

Meno � ANG II Ovarian failure
Angiotensin infusion

� �

Meno � ANG II � E2 Ovarian failure
Angiotensin infusion
Estrogen replacement

� � �

Description of treatments given to mice: � indicates a substance that was
injected or infused. Otherwise, mice were injected/infused with appropriate
vehicle. VCD, 4-vinylcyclohexene diepoxide; ANG II, angiotensin II; Peri,
perimenopause; Meno, menopause; E2, 17�-estradiol.

Fig. 1. Timeline of experimental study groups. Eight-week-old female
C57BL/6J mice were separated into 2 study groups, perimenopause (A) and
menopause (B), and given intraperitoneal injections of 4-vinylcyclohexene
diepoxide (VCD) to induce ovarian failure. All mice were dosed with VCD or
vehicle for 20 consecutive days. Upward-pointing arrows indicate the initial
day of dosing. Angiotensin II (ANG II) was infused for 14 days via osmotic
minipump. A subset of menopausal mice received 17�-estradiol replacement
during the perimenopause transition, 3 wk prior to ANG II infusion.
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ANG II was infused for 14 days into cycling mice (ANG II),
VCD-induced menopausal mice (Meno/ANG II), or VCD-
induced menopausal mice with 17�-estradiol replacement
(Meno/ANG II/E2) (see Fig. 1 for study design). Infusing ANG

II into menopausal mice resulted in a significant increase in
mean arterial pressure (MAP) compared with ANG II infusion
in cycling females (Fig. 2). 17�-Estradiol replacement pre-
vented the ANG II-induced increase in MAP. In the absence of
ANG II, VCD induction of menopause had no impact on blood
pressure. Heart rate was not significantly changed in any group.

ANG II-induced glomerular hypertrophy in female mice
occurs independently of hormonal status. Glomerular hyper-
trophy is an early pathophysiological adaptation in response to
ANG II-induced hypertension. Therefore, we determined the
glomerular areas in PAS-stained renal sections to assess
whether the onset of menopause altered the susceptibility of
female mice to glomerular hypertrophy induced by ANG II.
Quantification with ImageJ software demonstrated that ANG II
infusion produced significant glomerular hypertrophy in all
groups (Fig. 3). Neither menopause nor 17�-estradiol replace-
ment impacted the degree of ANG II-induced hypertrophy,
suggesting that ANG II is acting independently of blood
pressure or hormonal status.

Mesangial matrix expansion does not occur in female mice
during ANG II-induced hypertension. The presence of mesan-
gial matrix expansion in glomeruli is a well-characterized
marker of early hypertensive renal disease, often accompanied
by glomerulosclerosis and a decline in renal function. There-
fore, glomerular composition was analyzed from digitally
scanned PAS-stained renal sections for mesangial matrix pos-
itive staining. Regardless of blood pressure or hormonal status,
ANG II infusion did not increase the degree of glomerular
mesangial matrix expression in any group (Fig. 4).

Aquaporin-2 protein expression decreases in response to
ANG II-induced hypertension. Elevated ANG II levels have
been demonstrated to alter the expression levels of many renal
proteins involved in the transport of salt and water. Previous
studies identified a reduction in the expression of collecting

Fig. 2. Hemodynamic responses in menopausal mice after ANG II infusion. A:
mean arterial pressure (MAP) was elevated in menopausal mice (Meno/ANGII)
compared with cycling mice (Con) after 14 days of ANG II infusion. The ANG
II-induced increase in MAP was prevented in menopausal mice by 17�-estradiol
infusion (Meno/ANGII/E2). B: changes in MAP are presented as 	 change from
day 0 to day 14 after onset of ANG II infusion. Results are expressed as means �
SE; n 
 7–11 mice/group. *Significant difference in MAP vs. control mice;
#significant difference vs. ANG II cycling mice (P � 0.05, ANOVA, Tukey).

Fig. 3. Renal morphological changes in menopausal and cycling mice in response to ANG II infusion. a–e: representative images of Periodic acid Schiff
(PAS)-stained renal sections from control (a), Meno (b), ANG II (c), Meno/ANG II (d), and Meno/ANG II/E2 (e). Magnification �200. f: quantification shows
that ANG II infusion induced similar glomerular hypertrophy in menopausal and cycling mice; n 
 3 mice/group. *P � 0.05 vs. control.
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duct protein AQP2 following ANG II infusion (16). Here we
examined the expression of AQP2 in ANG II-infused cycling
and menopausal females. As shown in Fig. 5A cortical AQP2
protein expression was significantly reduced in ANG II-infused

menopausal mice (control 100 � 5% vs. Meno/ANG II 63 �
6%, P � 0.05), while medullary AQP2 expression was un-
changed (Fig. 5B). In ANG II-infused menopausal mice treated
with 17�-estradiol, AQP2 protein expression was not different
from control (Fig. 5C) (control 100 � 14% vs. Meno/ANG
II/E2 100 � 12%, not significant).

Perimenopause Study

Perimenopausal female mice demonstrate blunted hyperten-
sive response to ANG II infusion compared with menopausal
mice. As previously described, a major strength of the VCD
model of menopause is perimenopause, a transition period
immediately preceding menopause. In a separate cohort of
mice, ANG II was infused into VCD-treated female mice
during perimenopause. As shown in Fig. 6, the MAP after
ANG II infusion was similar in the cycling and perimenopausal
mice, suggesting that resistance to ANG II-induced hyperten-
sion is retained during the perimenopause transition.

ANG II-induced glomerular hypertrophy occurs in peri-
menopausal mice. Glomerular area was measured in PAS-
stained renal sections as previously described. Similar to the
response observed in the menopausal cohort of mice, ANG II
infusion caused a significant glomerular hypertrophy in both
the cycling and perimenopausal groups (Fig. 7).

DISCUSSION

The results of this study solidify the ovary-intact VCD
mouse model of menopause as a clinically relevant model that
can be used to identify the physiological progression of hyper-
tension in females. The major findings of the present study are
as follows: 1) Perimenopausal mice produce a blunted hyper-

Fig. 4. Effect of ANG II infusion on mesangial matrix expansion in meno-
pausal mice. Glomeruli from digitally scanned PAS-stained renal sections were
analyzed for positive staining with Image Scope software. Quantification
shows that glomerular mesangial matrix expansion was not significantly
different in any group. n 
 3 mice/group.

Fig. 5. Aquaporin-2 (AQP2) protein expression is decreased in kidneys of
ANG II-infused menopausal mice. ANG II was infused into menopausal and
cycling mice. A–C: protein abundance was analyzed by Western blot. Each
lane represents a homogenate from an individual mouse. A and B: represen-
tative immunoblots examining AQP2 protein expression in renal cortex (A)
and renal inner medulla (B). In a separate cohort of mice, 17�-estradiol
replacement was given to Meno/ANG II mice, and whole kidney samples were
prepared. C: immunoblot demonstrating that decrease in AQP2 protein expres-
sion is prevented by 17�-estradiol replacement in ANG II-infused menopausal
mice. D–F: densitometric analysis of Western blots in A–C. Values were
normalized to a control (100%) to facilitate comparison. *Significant differ-
ence between control and ANG II-infused menopausal (MAII) mice (P �
0.05).

Fig. 6. Effect of ANG II infusion on hemodynamic responses in perimeno-
pausal mice. A: MAP response to ANG II was not different between peri-
menopausal mice (Peri) and cycling mice (Con). B: changes in MAP are
presented as delta change (	) change from day 0 to day 14 after onset of ANG
II infusion. Results are expressed as means � SE; n 
 10 mice/group. *P �
0.05 vs. control.
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tensive response to ANG II infusion; menopausal mice lose
this protection and demonstrate an augmented response to
ANG II infusion compared with perimenopausal mice. ANG II
infusion induced a significant increase in MAP, which was
prevented by 17�-estradiol replacement. 2) ANG II infusion
induced glomerular hypertrophy in all groups, independent of
hormonal status. 3) Renal collecting duct protein expression
for AQP2 was significantly reduced in hypertensive ANG
II-infused menopausal mice.

Menopause in humans involves a transition period called
perimenopause, with fluctuating hormone levels and cycle
length preceding the onset of menopause. Previous studies
utilizing the ovariectomy model of menopause have demon-
strated the dramatic impact that the loss of estrogen has on the
development of hypertension in several rodent models, e.g.,
ANG II, renal wrap, and high-salt diet (13, 24, 39). In the
present study, we demonstrate that during the transition from
perimenopause into menopause the hypertensive response to
ANG II infusion is augmented in female mice. We demon-
strated that this increase in blood pressure could be prevented
by 17�-estradiol replacement, underscoring again the impor-
tant role of female sex hormones in blood pressure regulation
(8, 20).

The contributions of sex steroids, including estrogen, to
blood pressure regulation have been extensively reviewed
elsewhere (31). Estrogen’s effect is known to be partially
dependent upon the abundance relative to androgens. Andro-
gens are known to promote ANG II-induced hypertension in
male mice, which can be prevented by castration (10, 12, 32).
In the VCD model of menopause, ovarian production of
estrogens ceases as follicle depletion occurs; however, residual

ovarian tissue remains in the animal, where it remains hormon-
ally active, secreting androgens (25, 33). This reversal to an
androgen-dominated hormonal milieu is likely to exert signif-
icant implications for the response to a hypertensive stimulus.

The mechanism for female resistance to hypertension before
menopause is unknown. In males, the majority of ANG II’s
prohypertensive responses are suggested to be mediated
through the angiotensin type 1 receptor (AT1). In contrast,
females preferentially express the angiotensin type 2 receptor
(AT2), which could partially mediate 17�-estradiol’s ability to
suppress ANG II-induced hypertension in vivo (1, 2). Aging
decreases AT2 receptor expression in favor of AT1 receptors in
female mice, and in doing so shifts the pressure natriuresis
curve to the right, rendering females more susceptible to the
effects of ANG II (11, 27, 28). Further studies are needed in the
VCD model of menopause to examine these pathways.

An important component of the VCD-treatment model of
menopause is the inclusion of the perimenopause transition
period prior to ovarian failure (14, 21, 26, 33). Previous studies
have examined menopause as a pre- vs. postmenopausal envi-
ronment; now we have the ability to investigate how disease
progression occurs during more physiological changes to the
hormonal milieu. Here we show that during perimenopause
ANG II infusion does not induce hypertension. These results
build upon our previous studies in which we investigated how
the transition from perimenopause to menopause impacted the
development of the metabolic syndrome (34). We demon-
strated that VCD-treated mice given a high-fat diet gained
significantly more weight and had impaired glucose tolerance
compared with cycling female mice on a high-fat diet. Diabetic
kidney damage also accelerates more rapidly in female mice
when diabetes is induced during menopause compared with
perimenopause (15). Together our data suggest that inclusion
of the perimenopause period for mechanistic evaluations will
likely be a useful tool to investigate the subsequent suscepti-
bility to disease onset and progression.

A classic early pathological response to hypertension is
glomerular hypertrophy (9). Significant hypertrophy occurs in
several models of hypertension including the ANG II, 5/6
nephrectomy, and salt-sensitive hypertension models (3, 23,
17, 30). Indeed, the concentration of ANG II in Bowman’s
space has been shown to be 1,000-fold higher than in the
systemic circulation (36). Additionally, a recent study in male
Dahl salt-sensitive rats suggests a link between glomerular
hypertrophy and oxidative stress (3). However, no sex differ-
ences have been reported for the role of ANG II in glomerular
hypertrophy, and our previous data suggested that ANG II-
induced hypertrophy is independent of sex (29). In this study,
we show that ANG II-induced glomerular hypertrophy was
independent of blood pressure or hormonal status, suggesting a
local role for ANG II in modifying renal architecture, separate
from changes in blood pressure. Indeed, angiotensin receptor
blocker administration in male Ren-2 transgenic rats can par-
tially prevent glomerular volume expansion in the 5/6 nephrec-
tomy model of hypertension (17), while the combination
therapy of a calcium channel blocker (azelnidipine) and an
angiotensin receptor blocker (olmesartan) given to male salt-
sensitive rats reduces mean glomerular area to a greater degree
than when either is given alone (30). Interestingly, blood
pressures in the treatment groups were also reduced, making it
difficult to determine whether the reduction in glomerular area

Fig. 7. Effect of ANG II infusion on renal morphological changes in peri-
menopausal and cycling mice. A: representative images of PAS-stained renal
sections from control (a), Peri (b), ANG II (c), and Peri � ANG II (d).
Magnification �200. B: quantification shows that ANG II infusion induced
similar glomerular hypertrophy in both perimenopausal and cycling mice.
Quantification: n 
 3 mice/group. *P � 0.05 vs. control.
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was a result of blood pressure normalization or a function of
angiotensin receptor antagonism. Our results would indicate
that the reduction in blood pressure per se is not entirely
responsible for the glomerular protection. However, since the
present study was conducted in female mice, the contribution
of sex or species differences in this process cannot be excluded
and remains to be fully elucidated.

Blood volume regulation and the role of renal sodium and
water excretion is another important component of long-term
blood pressure control. AQP2 protein expression in the prin-
cipal cells of the collecting duct is tightly coupled to water
balance (37), and thus it has been speculated that its expression
and trafficking may play a role in hypertension. Klein et al.
reported that AQP2 protein expression was decreased after the
onset of ANG II-induced hypertension; they also observed a
decrease in AQP2 expression in a norepinephrine-induced
hypertension model (16). The increase in blood pressure was
similar in all treatment groups, with no change in vasopressin
levels, suggesting that the decline in protein expression was a
response to the increased blood pressure. In contrast, others
have suggested that AQP2 expression increases in hyperten-
sion models and could contribute to the disease progression. In
the DOCA-salt and spontaneously hypertensive rat (SHR)
models of hypertension, AQP2 levels were increased relative
to nonhypertensive controls (6, 19). Additionally, antagonism
of the AT1 receptor during dDAVP treatment significantly
reduces AQP2 expression in NaCl-restricted rats (18). Here we
suggest that AQP2 protein expression was inversely associated
with blood pressure. In ANG II-infused menopausal mice
demonstrating a robust hypertensive response, AQP2 expres-
sion was significantly decreased. However, AQP2 expression
levels were restored to control levels when blood pressure was
normalized in the ANG II-infused menopausal mice after
17�-estradiol replacement. Little is known regarding the ef-
fects of estrogen on AQP2 protein expression or recycling
during hypertension. However, Armando et al. demonstrated
that female mice express fewer renal AT1 receptors compared
with males and that ovariectomy alters the AT1:AT2 receptor
balance in a segment-specific manner, which may manifest in
fundamental differences in ANG II/vasopressin-induced AQP2
regulation (1). However, considerable ambiguity regarding the
cause/effect relationship between sex hormones, arginine-va-
sopressin release, and AQP2 protein expression during ANG
II-induced hypertension exists, and additional investigations
are warranted.

Perspectives and Significance

The present study demonstrates the utility of the VCD-
treatment model of menopause for the study of hypertension
and associated renal disease. Female mice developed an aug-
mented ANG II-induced hypertension as they progressed into
menopause, similar to the increase in hypertension seen in the
human population. The timing of when to administer preven-
tative therapies in women is crucial to disease progression. The
inclusion of the perimenopause transition period in the VCD
model of menopause makes a useful intervention point for
future therapeutic studies, with the goal of understanding
mechanistically how to prevent the progression and severity of
hypertension and subsequent renal disease in postmenopausal
women.
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APPENDIX II 

 

 

Gene Con Ang II Meno/Ang 
Meno/ 

Ang+ETA 

Meno/ 

Ang+E2 

Endothelin 1.0 ± 0.1  1.2 ± 0.3 1.2 ± 0.1  1.3 ± 0.2 N/A 

MMP-9 1.0 ± 0.3  1.8 ± 0.1*  1.8 ± 0.1* 1.5 ± 0.3 N/A 

OPN 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.8 ± 0.1 N/A 

Col IV N/A 1.0 ± 0.1 0.9 ± 0.1 1.1 ± 0.5  0.6 ± 0.1
ϯ
 

MCP-1 N/A 1.0 ± 0.2 1.3 ± 0.1 1.7 ± 0.3 2.0 ± 0.3 

TGF-β1 N/A 1.0 ± 0.3 0.9 ± 0.1 1.0 ± 0.2 0.8 ± 0.3 

ICAM-1 N/A 1.0 ± 0.2 1.0 ± 0.1 1.3 ± 0.1 1.2 ± 0.1 

 

 

Supplemental Table 3.1- Renal gene expression in Ang II-infused premenopausal or 

menopausal mice. Con, control; Ang II, angiotensin II; Meno, menopause; ETA, 

endothelin type A receptor antagonist (ABT-627, atrasentan); E2, 17-estradiol; MMP-9, 

matrix metallopeptidase; OPN, osteopontin; Col IV, collagen type IV; MCP-1, monocyte 

chemoattractant protein; TGF-β1, transforming growth factor; ICAM-1, intercellular 

adhesion molecule; N/A, not applicable. Results are expressed as mean fold change + SE; 

N= 3-4 mice/group. *P<0.05 vs. Con, 
ϯ
P<0.05 vs. Ang II. 
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384

Emerging clinical and experimental data suggest that 
inflammation, and adaptive immunity in particular, is an 

important contributor to the development of hypertension.1,2 
Angiotensin II (Ang II)–induced hypertension has been 
shown to involve inflammatory mechanisms in the peripheral 
vasculature, the kidney, and the central nervous system.3–6 
Experimental studies have provided extensive evidence that the 
activation of the immune system is both necessary and required 
for the development of Ang II–induced hypertension in males.3 
In male mice deficient for the recombinant activating gene-1 
(Rag-1–/–), which lack both B and T cells, increases in blood 
pressure (BP) after Ang II infusion are significantly attenuated 
when compared with wild-type mice.3,7 When T cells were 
transferred back into the male Rag-1–/––deficient mice (adop-
tive transfer), the hypertensive effects of Ang II were restored.

Target organ lymphocyte infiltration is thought to contribute 
to the development of hypertension in males. Renal infiltration 

of lymphocytes is known to be associated with increases in BP 
in Ang II–dependent and salt-sensitive hypertension.8–10 Recent 
studies support an essential role for the central nervous system 
and subfornical organ (SFO) in the induction and maintenance 
of Ang II–dependent hypertension, which is associated with 
peripheral activation of lymphocytes and tissue infiltration.7,11

To date, however, there is limited information on the role 
of the immune system in the development of hypertension in 
females. Sex-specific differences in the development of hyper-
tension are well documented.12–14 It has been proposed that 
17β-estradiol delays or prevents the onset of cardiovascular 
disease and hypertension and may function to keep women 
cardiovascularly younger than men of the same age. Similar 
observations have been made in experimental models of car-
diovascular regulation and hypertension.15–19 The underlying 
mechanisms involved in the relative protection of females 
from hypertension involve multiple end organs and systems, 

Abstract—There is extensive evidence that activation of the immune system is both necessary and required for the development 
of angiotensin II (Ang II)–induced hypertension in males. The purpose of this study was to determine whether sex 
differences exist in the ability of the adaptive immune system to induce Ang II–dependent hypertension and whether 
central and renal T-cell infiltration during Ang II–induced hypertension is sex dependent. Recombinant activating gene-1 
(Rag-1)–/– mice, lacking both T and B cells, were used. Male and female Rag-1–/– mice received adoptive transfer of male 
CD3+ T cells 3 weeks before 14-day Ang II infusion (490 ng/kg per minute). Blood pressure was monitored via tail cuff. 
In the absence of T cells, systolic blood pressure responses to Ang II were similar between sexes (Δ22.1 mm Hg males 
versus Δ18 mm Hg females). After adoptive transfer of male T cells, Ang II significantly increased systolic blood pressure 
in males (Δ37.7 mm Hg; P<0.05) when compared with females (Δ13.7 mm Hg). Flow cytometric analysis of total T cells 
and CD4+, CD8+, and regulatory Foxp3+-CD4+ T-cell subsets identified that renal lymphocyte infiltration was significantly 
increased in males versus females in both control and Ang II–infused animals (P<0.05). Immunohistochemical staining 
for CD3+-positive T cells in the subfornical organ region of the brain was increased in males when compared with that 
in females. These results suggest that female Rag-1–/– mice are protected from male T-cell–mediated increases in Ang II–
induced hypertension when compared with their male counterparts, and this protection may involve sex differences in the 
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including the peripheral vasculature, renal function, central 
regulation of sympathetic outflow, and likely include the adap-
tive immune system.19–21

Both the kidney and the brain are known to be important in 
the development of Ang II–dependent hypertension. The SFO 
has dense angiotensin type 1 receptor expression and inner-
vates the parvocellular neurons of the periventricular nucleus, 
which are known to be involved in the regulation of sympa-
thetic outflow and BP. Important to the present study, the SFO 
is richly endowed with sex steroid receptors, including estro-
gen receptors α and β.22 Previously, we have demonstrated 
that estrogen receptor-α are expressed in SFO neurons, and 
it has been shown that 17β-estradiol alters the physiological 
responses of SFO neurons to Ang II.23

The purpose of the present study was to determine whether 
the sex of the Rag-1–/– host affects the ability of male T cells 
to restore the magnitude of the Ang II–induced hypertension. 
Furthermore, we investigated whether T-cell infiltration into 
the kidney and brain was affected by the sex of the Rag-1–/– 
host after adoptive transfer of male T cells and Ang II infusion.

Methods
Detailed descriptions of the animals, methods, and statistics can 
be found in the online-only Data Supplement. All methods were 
approved by the University of Arizona Animal Care and Use 
Committee (Figure 1).

Results

No Sex Differences Were Observed in Basal Systolic 
BP and Heart Rate in Rag-1–/– Mice
Baseline systolic BP (SBP) values prior to male T-cell adop-
tive transfer and Ang II infusion were not significantly differ-
ent between male and female Rag-1–/– mice (Table 1). Mean 
heart rate between groups was also similar at baseline.

No Sex Differences Were Observed in the 
Magnitude of Ang II–Induced Hypertension in 
T-Cell–Deficient Rag-1–/– Mice
Ang II infusion significantly increased SBP in both male 
and female Rag-1–/– mice; however, there were no sex differ-
ences in the magnitude of the hypertension (Rag1–/–-M+Ang 
II, Δ22.1±5 versus Rag1–/–-F+Ang II, Δ18±4 mm Hg; P<0.05 
versus baseline; Figure 2A). Ang II infusion did not signifi-
cantly change heart rate in either sex (Figure 2B).

Sex Differences Were Observed in Ang II–Induced 
Hypertension in Rag-1–/– Mice After Adoptive 
Transfer of Male T Lymphocytes
As reported previously,3,7 adoptive transfer of male T cells 
into male Rag-1–/– mice significantly augmented the Ang 
II–induced increase in SBP (Rag1–/–-M+Ang II, Δ22.1±5 
versus CD3M→Rag1–/–-M+Ang II, Δ37.7±7 mm Hg; P<0.05; 
Figure 2A). In contrast, there were no significant differences 
in the Ang II–induced SBP response after adoptive transfer 
of male T cells into female Rag-1–/– mice (Rag1–/–-F+Ang II, 
Δ18±4 versus CD3M→Rag1–/–-F+Ang II, Δ13.7±7 mm Hg; 
Figure 2A). There were no sex differences in heart rate in the 
Rag-1–/– mice after adoptive transfer of male T cells and Ang 
II infusion (Figure 2B).

Sex Differences in Renal T-Cell Infiltration Were 
Independent of Ang II Infusion in Rag-1–/– Mice 
After Adoptive Transfer of Male T Lymphocytes
After adoptive transfer of male T cells into male and female 
Rag-1–/– mice, kidney and brain tissues were analyzed via 
flow cytometry to determine whether there were sex differ-
ences in the degree of T-cell infiltration in the presence and 
absence of Ang II infusion. The number of CD3+, CD3+CD4+, 
CD3+CD8+, or CD3+CD4+Foxp3+ T cells found in the spleen 
(Figure 3A–3D) was similar among all groups, demonstrat-
ing that T-cell engraftment after adoptive transfer was similar 
between the sexes.

Basal renal T-cell infiltration for all T-cell subtypes mea-
sured was greater in the male when compared with the 
female Rag-1–/– host after adoptive transfer of male T cells 
(Figure 3E–3H); however, Ang II infusion had no effect on 
renal T-cell infiltration in either sex.

Flow cytometric analysis from whole-brain homogenates 
demonstrated a trend for greater T-cell infiltration in male 
when compared with that in female Rag-1–/– mice; how-
ever, this trend did not reach significance (Figure 4A–4D). 
Furthermore, similar to the kidney, there was no effect of Ang 
II on the number of brain infiltrating T cells.

Sex Differences Were Observed in the Ang II–
Induced Inflammatory Response in Rag-1–/– Mice 
After Adoptive Transfer of Male T Lymphocytes
Ang II–induced renal inflammation contributes to the hyper-
tensive response in male mice and is markedly attenuated 
in females.8,9,18 To determine whether altered T-cell func-
tion contributes to the reduction in Ang II–induced renal 
inflammation in females, we measured renal expression 

Figure 1. Experimental protocol. Timeline of blood pressure and heart rate recordings, male T-cell adoptive transfer, angiotensin II 
infusion, and tissue harvesting in male and female Rag-1–/– mice. FCM indicates flow cytofluorometric.
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of the inflammatory cytokines interleukin-2, tumor necro-
sis factor-α, and monocyte chemoattractant protein-1 using 
quantitative real-time polymerase chain reaction in male and 
female Rag-1–/– mice±T-cell transfer (Table 2). Renal expres-
sion of interleukin-2, tumor necrosis factor-α, and monocyte 
chemoattractant protein-1 was significantly upregulated by 
Ang II infusion in CD3M→Rag1–/–-M when compared with 
that in Rag1–/–-M. Conversely, there were no differences in the 
expression of these cytokines between CD3M→Rag1–/–-F and 
Rag1–/–-F after 14-day Ang II infusion, suggesting that during 
Ang II infusion, T-cell–dependent renal inflammation is atten-
uated in females and may contribute to the female resistance 
against Ang II–induced hypertension.

Sex Differences Were Observed in T-Cell Infiltration 
Into the SFO of Rag-1–/– Mice After Adoptive 
Transfer of Male T Cells and Ang II Infusion
Activation of inflammatory processes within the SFO con-
tributes to maintaining Ang II–induced hypertension.24–26 
These inflammatory processes, such as Ang II–induced 
production of reactive oxygen species, are inhibited by 
activation of estrogen receptors.27,28 Immunohistochemical 
techniques were used to determine whether sex differences 
exist in T-cell infiltration into the SFO of Rag-1–/– mice 
after adoptive transfer of male T cells and Ang II infusion. 
Photomicrographic visualization demonstrated that the 
degree of CD3+-positive staining in the SFO was greater 
in male when compared with that in female Rag-1–/– mice 
after adoptive transfer of male T cells and Ang II infusion 
(Figure 4E and 4F).

Sex Differences in Ang II–Induced Glomerular 
Hypertrophy Were Independent of T Cells in  
Rag-1–/– Mice
Glomerular hypertrophy is an early physiological adaptation 
of the kidney during hypertension.29 Thus, we compared glo-
merular areas in periodic acid Schiff–stained renal sections to 
determine whether sex differences exist in the susceptibility 
of the Rag-1–/– host to glomerular hypertrophy after adoptive 
transfer of male T cells and Ang II infusion (Figure 5A–5F). 
Quantification via ImageJ software revealed that the glomer-
ular area was significantly greater in male when compared 
with that in female Rag-1–/– mice at baseline (Figure 5G). Ang 

II infusion caused significant glomerular hypertrophy in both 
males and females. The glomerular area was greater in the 
male when compared with that in the female Rag-1–/– host 
after adoptive transfer of male T cells and Ang II infusion; 
however, adoptive transfer of male T cells had no effect on 
the magnitude of the glomerular hypertrophy induced by Ang 
II in either sex.

Discussion
The results of this study identify a sex difference in the ability 
of the adaptive immune system to facilitate Ang II–induced 
hypertension. The major findings of the present study are (1) 
male CD3+ T-cell adoptive transfer facilitates a significantly 
greater Ang II–induced increase in SBP in male when com-
pared with that in female Rag-1–/– mice; (2) renal T-cell infil-
tration after T-cell adoptive transfer is significantly greater 
in male versus female Rag-1–/– mice; however, this effect 
was independent of Ang II infusion; and (3) After adoptive 
transfer, there was a tendency for increased T-cell infiltration 
in whole-brain homogenates of male versus female  Rag-1–/– 
mice and examination of the SFO region identified higher 
numbers of T cells in males versus females. These results sug-
gest that the prohypertensive effects of male T cells on Ang 
II–induced hypertension are inhibited in the female host and 
that reduced T-cell infiltration of the kidneys and brain could 
protect females against the hypertensive actions of Ang II.

Emerging evidence about the importance of the adap-
tive immune system in the development of hypertension 
has been supported from several different laboratories and 
models of hypertension. Guzik et al3 were among the first to 
report that male mice lacking T lymphocytes have a reduced 
hypertensive response to both Ang II and deoxycorticoste-
rone acetate-salt. Furthermore, these studies demonstrated 

Table 1.  Baseline Hemodynamic Measurements in Male and 
Female Rag-1–/– Mice

Group SBP HR

Female

        CD3M→Rag1–/– 106.6±1.5 635.4±10.6

        Rag1–/–+Ang II 111.4±1.2 607.5±14.6

        CD3M→Rag1–/–+Ang II 108.8±4.2 639.1±11.4

Male

        CD3M→Rag1–/– 105.7±2.1 601.4±19.8

        Rag1–/–+Ang II 101.3±2.4 629.6±9.60

        CD3M→Rag1–/–+Ang II 103.4±2.8 641.4±14.9

Ang II indicates angiotensin II; HR, heart rate; Rag, recombinant activating 
gene; and SBP, systolic blood pressure.

Figure 2. Effect of angiotensin II (Ang II) infusion on 
hemodynamic responses in male and female Rag-1–/– mice with 
and without male T-cell adoptive transfer. A, Systolic blood 
pressure (SBP) response to Ang II was enhanced by the adoptive 
transfer of male T cells in males but not in females. B, Mean heart 
rate (HR) after 14-day Ang II infusion (490 ng/kg per minute) was 
similar across all groups. *P<0.05 vs CD3M→Rag1–/–-F+Ang II.
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that adoptive transfer of T cells, but not B cells, could restore 
the hypertensive effects of Ang II and deoxycorticosterone 
acetate-salt. Similar results on the role of lymphocytes in 
Ang II–induced hypertension have also been reported by 
others; however, all of these studies were performed in male  
animals.8,9 The present study confirmed and expanded these 
results by comparing the role of T cells in Ang II–induced 
hypertension in both sexes. We found that in male  Rag-1–/– 
mice, adoptive transfer of male CD3+ T cells markedly 
enhanced the hypertensive response to a 14-day infusion of 
Ang II (490 ng/kg per minute) when compared with their 
response in the absence of T cells. Similar to what has been 
previously reported, this suggests that the presence of T cells 
is essential for the full development of hypertension in male 
mice. However, in females, the effect of T cells was absent. 
The mechanism responsible for the protection of females from 
the prohypertensive effect of T cells is currently unknown.

Previously, we reported that there are sex differences in 
the ability of Ang II to induce an increase in sympathetic out-
flow.28,30 After 14 days of Ang II infusion, the drop in mean 
arterial pressure during ganglionic blockade with hexame-
thonium was greater in males than in females, suggesting 
that the higher levels of hypertension in males were a result 
of larger increases in sympathetic outflow in response to 
Ang II infusion. Marvar et al31 have recently suggested that 
an increase in sympathetic outflow may be required for T 
cells to facilitate Ang II–induced hypertension. Indeed, the 
removal of the central sympathoexcitatory sites of action for 
circulating Ang II, via lesioning of the anteroventral third 
cerebral ventricle, prevented not only the hypertension but 
also the Ang II–induced activation of circulating T cells and 
vascular inflammation. This study thus suggested that Ang 
II–induced increases in sympathetic outflow are necessary 
for the full expression of its proinflammatory effects and 
T-cell activation. In the present study, the inability of male 
T cells to facilitate Ang II–induced hypertension in female 

Rag-1–/– mice may be because of reduced levels of sympa-
thoexcitation after Ang II infusion in females when com-
pared with their male counterparts.30

Alternatively, the relatively high levels of 17β-estradiol 
found in cycling females may inhibit the formation of neoan-
tigens, which are purportedly necessary for the hypertensive 
properties of T cells. This notion is supported by the biphasic 
model of hypertension proposed by Marvar et al,31 which sug-
gests that increased sympathetic outflow during Ang II infu-
sion may only be directly responsible for an initial modest 
increase in BP, and that the formation of neoantigens induced 
by this rise in BP causes the activation and infiltration of T 
cells to the kidney and vasculature, subsequently increas-
ing cytokine release and promoting the genesis of severe 
hypertension. In the current study, the T-cell–dependent BP 
response exhibited by males supports this 2-phase hypothesis. 
The hypertensive response to Ang II in both female groups 
was similar to that in T-cell–deficient males, suggesting that 
the observed protection in females from the T-cell–dependent 
severe hypertension may be the result of a lack of neoantigen 
formation or T-cell activation. Additional studies are neces-
sary to examine this hypothesis further.

Figure 3. Effect of angiotensin II (Ang II) infusion on splenic and renal T-lymphocyte infiltration into male and female Rag-1–/– mice. Similar 
splenic infiltration of adoptively transferred CD3+ (A), CD3+-CD4+ (B), CD3+-CD4+-Foxp3+ (C), and CD3+-CD8+ (D) T lymphocytes at the 
time of euthanasia indicates equal engraftment occurred in both sexes. Male mice demonstrated greater renal infiltration of CD3+ (E), 
CD3+-CD4+ (F), CD3+-CD4+-Foxp3+ (G), and CD3+-CD8+ (H) T lymphocytes when compared with females at the time of euthanasia, and 
this sex difference was not affected by Ang II infusion. *P<0.05.

Table 2. Ang II–Induced Renal Cytokine mRNA Expression in 
Male and Female Rag-1–/– Mice

Male Female

Gene Rag1–/–+Ang II
CD3M→Rag1–/– 

+Ang II Rag1–/–+Ang II
CD3M→Rag1–/– 

+Ang II

TNF-α 1.00±0.15 2.87±0.5* 1.00±0.19 0.68±0.27

MCP-1 1.00±0.33 2.08±0.33* 1.00±0.16 0.99±0.25

IL-2 1.00±0.21 2.44±0.36* 1.00±0.34 0.72±0.25

Ang II indicates angiotensin II; IL-2, interleukin-2; MCP-1, monocyte 
chemoattractant protein; Rag, recombinant activating gene; and TNF-α, tumor 
necrosis factor-α. *P<0.05 vs Rag-1-/- + Ang II.
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Lymphocyte infiltration of the kidney has also been linked 
with the development of hypertension.8–10,32,33 It has been sug-
gested that the infiltration of T cells into the kidney in salt-
sensitive hypertension, Ang II–induced hypertension, and in 
the spontaneous hypertensive rat34 results in increased renal 
inflammation, including increased renal cytokine and reac-
tive oxygen species production. Subsequent inhibition of the 
inflammatory response with the immunosuppressive drug, 
mycophenolate mofetil, reduced hypertension and renal 
T-cell infiltration. Importantly, most of these studies investi-
gating the role of renal T-cell infiltration in the development 
of hypertension were conducted in male animals. However, 
a recent study by Tipton et al35 investigated sex differences 
in renal T-cell infiltration in the spontaneous hypertensive 
rat. They reported that lymphocytes are necessary for the 
development of hypertension in the spontaneous hyperten-
sive, and that there is a significant difference in the T-cell 
profile in the kidneys between males and females. In these 
studies, females had greater numbers of CD8+ and T regula-
tory cells than males, whereas males had greater numbers of 
CD4+ and Th17 T-cell infiltration. After adoptive transfer of 
male T cells, the male Rag-1–/– host exhibited significantly 

greater basal infiltration of renal CD4+, CD8+, and Foxp3+ T 
cells when compared with the female host, despite similar 
BP between the sexes. Although we did not detect greater 
T-cell infiltration after Ang II infusion in either male or 
female Rag-1–/– mice, it is possible that Ang II increased the 
number of activated T cells and that sex difference in the 
number of activated T cells contributed to the augmented 
hypertensive response in the male when compared with that 
in the female host.

The observed sex differences in renal T-cell infiltration are 
likely to be influenced by sex differences in the host hor-
monal milieu. On transfer of male T cells into the female 
host, the cells become exposed to an ovarian hormone 
milieu. Thus, the potential for an immunogenic response 
exists and the female host receiving male T cells could reject 
the transferred cells because of the presence of the male H-Y 
antigen. However, fluorescence-activated cell sorter analysis 
of splenic T-lymphocyte infiltration confirmed that the trans-
fer of male T cells into female Rag-1–/– recipients was well 
tolerated and did not generate an immunogenic response, at 
least during the course of the 5-week experiment. In addi-
tion, the pretransfer environment of the donor mouse can 

Figure 4. Effect of angiotensin II (Ang II) infusion on whole-brain and subfornical organ (SFO) T-lymphocyte infiltration into male and 
female Rag-1–/– mice. Whole-brain homogenate CD3+ (A), CD3+-CD4+ (B), CD3+-CD4+-Foxp3+ (C), and CD3+-CD8+ (D) T-lymphocyte 
infiltration did not differ between sex or among treatment groups. Representative images of CD3+-stained SFO sections demonstrate 
attenuated infiltration in female (E and F) when compared with that in male (G and H) mice. Slices shown for each sex are from 2 different 
animals.

Figure 5. Effect of angiotensin II (Ang II) infusion on renal morphological changes in male and female Rag-1–/– mice with and without male 
T-cell adoptive transfer. Representative images of periodic acid Schiff–stained renal sections from (A) CD3M→Rag1–/–-F, (B) Rag1–/–-F+Ang 
II, (C) CD3M→Rag1–/–-F+Ang II, (D) CD3M→Rag1–/–-M, (E) Rag1–/–-M+Ang II, and (F) CD3M→Rag1–/–-M+Ang II. G, Quantification shows 
that Ang II infusion induced significant glomerular hypertrophy in both males and females; however, this effect was independent of the 
presence of T cells. *P<0.05 vs CD3M→Rag1–/–, same sex; #P<0.05 vs female, same group.
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significantly affect the recipient’s hypertensive response.7 
Because of the known prohypertensive properties of male 
T cells in the genesis of Ang II hypertension, the inability 
of male T cells to generate a full hypertensive response in 
female recipients strongly suggests that female resistance 
to Ang II–induced hypertension involves inhibition of 
T-cell–mediated processes. The mechanisms responsible for 
preventing T-cell–mediated Ang II hypertension in females 
are unknown but are likely to involve hormonal differences 
between the sexes.12–14

In several different experimental models, Reckelhoff et 
al36–39 have shown that testosterone is an important mediator 
of hypertension and renal injury in males, and that castra-
tion slows the onset of hypertension and related renal dam-
age. Recently, a series of studies has offered convincing 
support for the hypothesis that androgens act in the kidney 
to increase 20-HETE, thereby activating an inflammatory 
cascade that alters renal vascular reactivity and results in 
the development of hypertension.40–42 In our studies, adop-
tively transferred T cells in male Rag-1–/– mice infiltrated 
the kidney in the absence of Ang II or hypertension. On 
the basis of above-mentioned studies into the effects of 
androgen on 20-HETE production, we hypothesize that 
our observed sex differences in basal renal T-cell infiltra-
tion could be because of a higher baseline inflammation, 
induced by higher testosterone levels in males, which thus 
serve as a signal for T-cell trafficking and predisposing 
them to renal tissue T-cell infiltration. Additional studies 
are needed to clarify the role of circulating androgens in 
renal T-cell infiltration.

We also observed sex differences in T-cell trafficking into 
the brain, specifically into the SFO. The mechanisms respon-
sible for the sex differences in T-cell infiltration of the SFO are 
unknown. In previous studies of Ang II–induced hypertension 
in mice, we have shown that central infusion of 17β-estradiol 
attenuates Ang II–induced hypertension in both males and 
ovariectomized females,21,27 suggesting that 17β-estradiol 
acting on the brain can inhibit Ang II–induced increases in 
sympathetic outflow and hypertension. We have also shown 
that 17β-estradiol inhibits Ang II–induced increases in SFO 
reactive oxygen species.27 Thus, differences in circulating 
17β-estradiol levels may be one potential mechanism under-
lying the protection of females from T-cell infiltration into 
the SFO. Additional studies are needed to characterize the 
effects of 17β-estradiol on T-cell infiltration into the kidney 
and SFO, and its ability to facilitate Ang II hypertension.

Perspectives
The present studies suggest that understanding the role of the 
adaptive immune system in the development of hypertension 
requires studies be conducted in both male and female animal 
models. Of the multiple factors that are known to contribute 
to the development of hypertension, the sex of the subject 
being studied must be taken into consideration. The clear sex 
differences that were observed in these studies highlight that 
translation of our understanding of the underlying physiology 
of hypertension to the development of new antihypertensive 
therapies for both men and women will require ongoing phys-
iological studies to include data from both sexes.
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What Is New?
•	There is growing evidence for a critical role of the adaptive immune 

system in the genesis of hypertension in males. We demonstrate for 
the first time that the ability of the adaptive immune system to induce 
hypertension is blunted in females and coincides with a reduction in T-
lymphocyte infiltration in the kidney.

What Is Relevant?
•	 Females are protected against the genesis of hypertension before meno-

pause; however, the mechanisms responsible for this protection are 
unclear.

Summary
Females are protected from the hypertensive properties of T lym-
phocytes when compared with males. Targeting these cells may 
prove to be an effective treatment against hypertension.

Novelty and Significance
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Supplemental Methods 

Animals 
Rag-1-/- mice on the B6-Ly5.1 background, with a genetic deletion of the recombinase-
activating gene and lacking both T and B cells were used in this study and purchased 
from The Jackson Laboratory. Six animal groups were studied including male (M) and 
female (F) Rag-1-/- mice treated with Ang II (Rag1-/--M+Ang II, n=7; Rag1-/--F+Ang II, 
n=7) and Rag-1-/- mice treated with or without Ang II three weeks after adoptive transfer 
of male CD3 T cells (CD3MRag1-/--M, n=7; CD3MRag1-/--M+Ang II, n=8; 
CD3MRag1-/--F, n=7; CD3MRag1-/--F+Ang II, n=8). Male B6-Ly5.1 (National Cancer 
Institute) mice were used as donors for the T cell adoptive transfer. Mice were housed 
in standard polypropylene cages placed in a temperature- and humidity-controlled 
facility. The mice were maintained in a 12:12-h light-dark cycle (6:00 AM to 6:00 PM) 
and were fed normal (0.25%) NaCl mouse chow with water available ad libitum. All 
methods were approved by the University of Arizona Animal Care and Use Committee. 

 
Experimental Protocol 
To determine if there are sex differences in the T cell-dependent genesis of 
hypertension, male and female Rag-1-/- mice received adoptive transfer of male CD3+ T 
cells three weeks prior to 14 days of Ang II infusion (490ng/kg/min). Control groups 
received Ang II or T cells alone. Systolic blood pressure (SBP) and heart rate (HR) were 
measured immediately prior to adoptive transfer of T cells, immediately prior to Ang II 
infusion and again 14 days following Ang II infusion (Figure 1). Animals were sacrificed 
after 14 days of Ang II infusion. Tissues from four animals per group were used for flow 
cytometry. Kidneys and brains from the remaining animals in each group were removed 
and processed for immunohistochemistry. 

Adoptive Transfer of Purified T cells 
Adoptive transfer of T cells was performed 3 weeks before Ang II infusion, similarly to 
the protocol described by Guzik et al1. Total splenocytes were isolated from B6-Ly5.1 
congenic male mice using a pan T cell isolation kit (Miltenyi Biotech) and negative 
magnetic separation (AutoMACS), yielding sterile and highly enriched CD3+ T cells. The 
purity of these was confirmed to be >95% by flow cytometry before injection. 
Immediately after the cell isolation, 7.5 x 106 cells were resuspended in 200 microliters 
of sterile phosphate buffered saline (PBS), passed through a 70 µm filter, and injected 
into male and female Rag-1-/- mice via tail vein. T cell engraftment was assessed in 
blood on day 8 post-transfer, prior to further treatment, and deemed successful as 
defined by an average of 1.5± 0.4 x 106 T cells in the spleen of Rag-1-/- mice at the final 
harvest. 

Blood Pressure Measurements and Angiotensin II Infusion  
BP and HR were monitored non-invasively via tail cuff (MC4000, Hatteras Instruments) 
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prior to T cell adoptive transfer, immediately prior to beginning the Ang II infusion and 
14 days post Ang II infusion.     

Osmotic pump implantation. Three weeks following T cell adoptive transfer, mice were 
anesthetized with inhalational isoflurane and implanted subcutaneoulsy on the back with 
osmotic minipumps (model 1002, Alzet) containing Ang II (Sigma Chemical) at a 
concentration sufficient to allow an infusion rate of 490 ng/kg/min.   
 
Flow Cytometry  
Spleen, kidney and brain from each group (n=4) were minced and digested with 
Accutase (eBioscience) for 30 min at 37 °C. Organs were passed through a 40-μm 
mesh screen to prepare a single-cell suspension for analysis (spleen) or to disassociate 
the tissue (kidney and brain).  Lymphocytes from kidney and brain were isolated over a 
30%/70% percoll gradient.  Cells were stained with surface antibodies overnight at +4 
°C and then with a live/dead discriminator dye (Life Technologies) followed by fixation 
and permeabilization with the Foxp3 Staining Buffer Set (eBioscience) and intracellular 
staining with Foxp3 antibody.  Lymphocyte counts were determined using Count Bright 
Absolute counting beads (Life Technologies) for kidney and brain or extrapolated from a 
complete blood count differential collected on a Hemavet 950LV (Drew Scientific Group) 
for spleen. Flow cytofluorometric (FCM) data was acquired on a BD Fortessa instrument 
using BD FACS Diva software (Becton Dickinson) and analysis was performed using 
FlowJo software (Tree Star). 
 
Immunoperoxidase staining in brain tissues 
Brains from three males and three females were fixed in 4% paraformaldehyde in 0.1 M 
PBS for one week. A total of 10 frozen, 30 uM subfornical organ (SFO) sections were 
analyzed from the females and a total of 7 SFO sections were analyzed from the males. 
Free floating sections were permeabilized with 0.3% H2O2 for one hour, blocked with 
5% goat serum with 0.3% Triton X-100 for 2 hours and incubated with primary CD3+ 
antibody for 48 hours (rabbit, 1:200, Calbiochem PC630). Sections were incubated with 
biotinylated anti-rabbit IgG (1:300, Vector Laboratories BA-100) followed by ABC 
complex for 30 minutes (Vectastain Elite kit, Vector Laboratories) and reaction with 
diaminobenzidine tetrahydrochloride (DAB) (Sigma-Aldrich) for 5-15 minutes in Tris, pH 
7.7. Sections were washed thoroughly, mounted onto gelatin-coated slides, air-dried 
overnight and coverslipped for analysis.  
 
RNA isolation and real-time quantitative PCR 
RNA isolation and real-time quantitative PCR experiments were performed as 
previously described2. Briefly, RNA was isolated from one kidney per mouse (Qiagen 
RNeasy Mini Kit, cat #74101) according to manufacturer instructions. A DNase (Qiagen, 
cat #79254) incubation was performed to remove potential DNA contamination. 
Nanodrop ND 1000 spectophotometer (Wilmington, DE) was used to quantify RNA. 
Real Time PCR experiments were performed on a RotorGene RG3000 (Qiagen). 2.5μg 
RNA was reverse transcribed. Resulting cDNA was diluted to 8ng/μl. Primer sequences 
were as follows: IL-2 forward: aaagggctctgacaacacattt, reverse: agggcttgttgagatgatgc; 
MCP-1 forward: caagaaggaatgggtccaga, reverse: agaccttagggcagatgcag; TNF- α 
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forward: cttgttgcctcctcttttgc, reverse: acccgtagggcgattacagt. Expression levels of the 
genes of interest were normalized to dynactin mRNA after running samples in parallel.  
 
Glomerular Area Determination 
Kidneys were fixed in 4% paraformaldehyde for 48 hours, embedded in paraffin and 
sectioned (5 μm). Sections were stained by the University of Arizona Histology Lab 
following a standard Periodic Acid Schiff (PAS) protocol. To minimize the potential 
impact of measuring glomeruli on non-identical planes, 15 cortical images per slide 
were captured at 200x magnification, resulting in the analysis of 45-55 glomeruli per 
slide, or approximately 200 glomeruli per treatment group. The mean area (μm2) of each 
glomerular profile was measured by manually tracing the minimal convex polygon 
surrounding the glomerular capillary tuft and calculating its area by computerized 
morphometry using ImageJ software (NIH). All imaging was conducted in a blinded 
fashion. 
 
Statistics  
Data are expressed as means  SEM. Differences between groups were assessed by 
Tukey’s multiple comparison test and Graph Pad Prism Software v5.0 (GraphPad 
Software Inc, La Jolla, CA). Paired t test was used to analyze pre- and post-treatment 
blood pressures within groups. Significance was defined as p<0.05. 
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