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Abstract

It is well known that the onset of essential hypertension occurs earlier in men than women. 

Numerous studies have shown sex differences in the vasculature, kidney and sympathetic nervous 

system contribute to this sex difference in the development of hypertension. The immune system 

also contributes to the development of hypertension; however, sex differences in immune system 

modulation of blood pressure (BP) and the development of hypertension has only recently begun 

to be explored. Here we review findings on the effect of one's sex on the immune system and 

specifically how these effects impact BP and the development of primary hypertension. We also 

propose a hypothesis for why mechanisms underlying inflammation-induced hypertension are sex-

specific. These studies underscore the value of and need for studying both sexes in the basic 

science exploration of the pathophysiology of hypertension as well as other diseases.
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1.0 Introduction

The onset of essential hypertension occurs earlier in men than women [1]. This BP sex 

difference in humans is also observed in experimental animal studies. Females have lower 

BP than males in numerous animal models of hypertension [2]. There has been an 

exponential growth over the last ten years in our understanding of how multiple end organs 

including the kidney, peripheral vasculature and key brain regions involved in central 

regulation of sympathetic outflow contribute to sex differences in the development of 

hypertension and within the past couple of years, several excellent reviews have been 

written on this topic [3–11].
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We and others have shown that the gonadal hormones play a key role in sex differences in 

the development of hypertension. Ovarian hormone deficiency due to premature ovarian 

failure [12] or menopause [13] is associated with an increased frequency of hypertension in 

women and numerous animal models of hypertension have shown that 17β-estradiol 

replacement prevents the rise in BP due to ovarian hormone depletion [2]. For example, we 

have shown that the increase in BP induced by ovariectomy in the angiotensin II (Ang II) 

[14]- and aldosterone [15]- infusion models of hypertension can be prevented by 17β-

estradiol replacement. As in other models of hypertension, the young female spontaneously 

hypertensive rat (SHR) has lower BP than the male SHR. Once the female SHR reaches the 

age at which the estrous cycle ceases, the sex difference in BP disappears [5]. In contrast to 

many experimental models of hypertension, ovariectomy in the young SHR has no effect on 

BP, rather studies suggest testosterone plays a key role in the sex differences in BP in SHR. 

Reducing the levels of testosterone in the male SHR lowered BP [16]. Furthermore, 

congenic studies in which the SHR Y chromosome was replaced with a Y chromosome from 

the normotensive Wystar Kyoto (WKY) rat lowered BP as well as testosterone levels [17, 

18]. The sex chromosomes can also contribute to sex differences in hypertension 

independently of the gonadal hormones. Using the four core genotype mouse model, which 

enables separation of sex chromosome effects from gonadal sex effects, we showed that BP 

was higher in gonadectomized XX mice compared to gonadectomized XY mice regardless 

of whether they were male (born with testes) or female (born with ovaries) [19]. Thus, the 

ovarian and testicular hormone status along with the sex chromosome complement and age 

of the animal all contribute to sex differences in the development of hypertension.

Recently, studies have demonstrated the immune system is activated in hypertension [20]. 

Inflammation and adaptive immunity in particular have emerged from both clinical and 

experimental data as important contributors to the development of hypertension [21, 22]. 

Inflammatory mechanisms in the kidney, peripheral vasculature, and central nervous system 

(CNS) all have been shown to be involved [23–27]; however, these studies were conducted 

primarily in males. Recent studies in females demonstrate sex-specific modulation of the 

immune system in hypertension. The focus of this review is to examine our current 

knowledge of the impact of one's sex on immune modulation of BP and the development of 

the primary cause of hypertension, namely, essential hypertension. Immune modulation of 

other causes of hypertension such as pulmonary hypertension and preeclampsia are beyond 

the scope of this review. We also propose a new hypothesis regarding the mechanisms by 

which the sex chromosomes and gonadal hormones regulate inflammation-induced 

hypertension. Identification of the cellular mechanisms underlying these robust sex 

differences in BP may lead to sex-specific preventive strategies and therapeutics that 

ultimately result in reductions in the incidence of hypertension, delays in the onset of this 

disease and improved treatments for high blood pressure in both men and women.
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2.0 Materials and Methods

2.1 Animals

Rag-1−/− and wild type (WT) mice on the C57BL/6 background were purchased from 

Jackson Labs. All methods were approved by the Georgetown University and the University 

of Arizona Animal Care and Use Committees.

2.2 T-cell isolations

Mature CD3+ T-cells were isolated from the spleens of male or female WT mice using Pan 

T-cell isolation kits (Miltenyi) and negative magnetic sorting for CD3+ isolation. The CD4+ 

and CD8+ T-cell subpopulations were then isolated by flow cytometry, as described 

previously [28].

2.3 Adoptive transfer

Both male and female Rag-1−/− mice (10–11 weeks old) were injected via the jugular vein 

with CD4+ or CD8+ T-cells (2 × 107/mouse), as described previously [28].

2.4 Telemetry

Four weeks after adoptive transfer, radiotransmitters (Data Sciences Int.) were implanted 

into Rag-1−/− mice. One week later and after a stable baseline was established, osmotic 

minipumps containing Ang II (490 ng/kg/min) were inserted subcutaneously, then mean 

arterial pressure (MAP), heart rate (HR), and body weight were recorded for two weeks, as 

described previously [28].

2.5 Immunohistochemistry assessment of infiltrating T-cells in the subfornical organ

Immunoperoxidase staining—Primary antibodies against CD3+ T-cells were obtained 

from AbCam. Sections were incubated overnight at 4°C with primary antibody, 1:200, 

diluted in Tris buffer, pH 7.4, containing 2% normal goat serum and 0.2% Triton X-100. 

The presence of IgGs in the sections was probed by skipping the primary antibody 

incubation and directly incubating the tissue samples with biotinylated anti-mouse IgGs. 

Sections were washed and incubated for 120 min in biotinylated secondary antibodies 

(1:300; Jackson ImmunoResearch), followed by Avidin/Biotinylated enzyme Complex 

(ABC) complex for 30 min (Vectastain Elite kit; Vector Laboratories) and reaction with 

diaminobenzidine tetrahydrochloride (Sigma-Aldrich) for 5–15 min in Tris, pH 7.7. Finally, 

sections were washed thoroughly, mounted onto gelatin-coated slides, air-dried overnight, 

dehydrated, and coverslipped. Using an Olympus XI microscope fitted with a digital camera, 

photomicrographs of the SFO from the different groups following immunohistochemical 

processing were obtained.

3.0 The Role of Immune System in Sex Differences in the Development of 

Hypertension

One of the earliest studies implicating a role for the immune system in hypertension was 

performed by Grollman and colleagues in 1967. They demonstrated that hypertension could 
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be induced in a normal male rat by transplanting this animal with lymph cells from the renal 

infarction rat model of hypertension [29]. Blood pressure was also shown to be increased in 

a normal rat by adoptive transfer of splenocytes isolated from a male rat made hypertensive 

by deoxycorticosterone acetate and sodium chloride treatment [30]. The converse to these 

gain of function studies was shown in the male SHR. Blood pressure was attenuated in the 

SHR by transplanting the thymus from a normotensive WKY male rat into the male SHR 

[31]. While these early studies demonstrated the immune system plays an important role in 

the development of hypertension, the cellular and molecular mechanisms of specific 

immune cell types responsible for driving the inflammation-induced hypertension was not 

defined.

A seminal study published by Guzik et al. [23] in 2007 showed that mice which lack both B- 

and T-cells due to a deficiency in the recombinant activating gene-1 (Rag-1−/−) had lower 

BP following two weeks of Ang II infusion compared to WT mice. When mature T-cells 

(CD3+) isolated from WT mouse spleen were replaced in these Rag-1−/− mice through 

adoptive transfer (CD3→Rag-1−/−), the magnitude of the Ang II-induced hypertension was 

restored to WT levels. T-cells were also shown to contribute to hypertension in the male 

Dahl salt-sensitive (DSS) rat. The T-cell surface glycoprotein CD3 zeta chain (CD247) and 

the Rag-1 gene were recently deleted in DSS rats resulting in the elimination of mature 

CD3+ T-cells [32, 33]. This new DSS strain exhibited lower BP than their DSS littermates.

In the Guzik et al. paper, the sex of the animals used was not reported. When this 

experiment was repeated in both male and female mice, we discovered that both the sex of 

the T-cell and the sex of the Rag-1−/− host were critical biological determinants of 

susceptibility and resistance to T-cell-induced hypertension. The female Rag-1−/− mouse 

(Rag-1−/−-F) was resistant to T-cell induced hypertension compared to the male Rag-1−/− 

mouse (Rag-1−/−-M) independently of the sex of the transferred T-cells, i.e., 

CD3F→Rag-1−/−-F and CD3M-Rag-1−/−-F both had lower BP than CD3M-Rag-1−/−-M mice 

after Ang II infusion [34]. We also found that the sex of the T-cells was critical since 

CD3F→Rag-1−/−-M had lower BP than CD3M→Rag-1−/−-M after Ang II infusion, i.e., the 

only difference between these hypertensive and normotensive male mice was the sex of the 

T-cell [28].

To further investigate which T-cell populations were contributing to the sex-specific T-cell 

effects on BP, we isolated CD4+ and CD8+ T-cell populations from the spleen of WT male 

and female mice and transferred these cells into the male Rag-1−/− host. Four weeks after 

adoptive transfer, there was little difference in basal MAP or basal HR between 

CD4M→Rag-1−/−-M and CD4F→Rag-1−/−-M or between CD8M→Rag-1−/−-M and 

CD8F→Rag-1−/−-M. Figure 1 shows that adoptive transfer of both CD4M and CD8M 

→Rag-1−/−-M resulted in a greater MAP response to Ang II compared to either CD4F or 

CD8F Tcells. In fact, no differences in MAP were observed in the Ang II time course 

between the CD4F→Rag-1−/−-M and the Rag-1−/−-M mice and transferring CD8F T-cells 

actually attenuated the magnitude of Ang II-induced hypertension compared to the 

Rag-1−/−-M (p<0.01 by 2-way ANOVA). These differences in MAP were not due to 

differences in body weight since no differences were observed among these four groups 

(data now shown). Figure 1 also shows that there were no significant differences in the 
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largest drop in HR or in HR at the end of the infusion period between CD4M→Rag-1−/−-M 

and CD4F→Rag-1−/−-M or between CD8M→Rag-1−/−-M and CD8F→Rag-1−/−-M. Taken 

together these results indicate that the CD4+ and CD8+ T-cell populations are distinctly 

different in males and females and sex-specific effects of these T-cells determine the 

magnitude of Ang II-induced hypertension.

Not all male T-cell populations increase BP in a model of Ang II-dependent hypertension. 

Increasing the number of regulatory T-cells (Tregs) by adoptive transfer protected mice 

from both Ang II- and aldosterone-induced hypertension [35, 36]. Furthermore, female SHR 

have a higher frequency of Tregs in their kidneys than male SHR [37]; however, female T-

cell protection from hypertension is not necessarily due to higher levels of Tregs since we 

have shown the frequency of the Treg population in the circulation and kidneys is actually 

higher in the male Rag-1−/− mouse after adoptive transfer of CD3M compared to CD3F T-

cells. These observations suggest the possibility that the higher frequencies of Tregs in 

CD3M→Rag-1−/−-M compared to CD4F→Rag-1−/−-M are a compensatory response to the 

greater magnitude of the hypertension in CD3M→Rag-1−/−-M [28].

Studies showing how the sex of the host and the sex of the T-cell markedly impact the 

development of hypertension is an example of the rationale underlying why the National 

Institutes of Health (NIH) announced this past May in the journal Nature that the agency 

will address the overreliance of male cells and animals in preclinical research [38]. Sex-

specific T cell modulation of blood pressure demonstrates how extrapolating to the female 

from data obtained in males would lead to erroneous conclusions. The NIH announcement is 

based on the concern that the lack of representation of females in preclinical research could 

compromise advancements in women's health. Furthermore, the NIH is concerned that not 

taking into account the influence of biological sex in preclinical research has contributed to 

the problem of irreproducibility of basic science findings. At the very least, the sex of the 

experimental animals needs to be reported so that investigators intending to repeat published 

work as a springboard for further studies can effectively and efficiently do so.

4.0 The Role of the Kidney and Vasculature in Sex-specific T cell regulation 

of Blood Pressure

There is a growing body of evidence suggesting that T-cell infiltration into end organs is an 

important contributor to the pathology of hypertension and progression of the disease in 

males [20]. The initial studies by Guzik et al [23] showed that Ang II infusion in [male] WT 

mice increased the expression of the chemokine receptor CCR5 and the hyaluronon receptor 

CD44 in circulating CD4+ lymphocytes and CCR5-ligand and RANTES in vascular tissue. 

Infiltration of both CD4+ and CD8+ T-cell populations into the vascular endothelium, 

perivascular fat, renal tissue and recently into brain circumventricular organs correlates with 

increased BP in male experimental models of hypertension [27, 34, 39]. Greater numbers of 

CD4+ and CD8+ T-cells were found in the kidney of the male SHR compared to the kidneys 

of WKY normotensive rats. Similarly, the frequency of CD3+ T-cells was shown to increase 

in the kidney after sodium-induced hypertension in the male DSS rat [40, 41]. These studies 

suggest T-cell infiltration into the kidney contributes to hypertension in the male.
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Sullivan and colleagues were the first to show that immune cells contribute to hypertension 

in a female experimental model by demonstrating that the immunosuppressant drug 

mycophenolate mofetil reduced BP in female SHRs [37]. Furthermore, the authors showed 

that the T-cell profiles in SHR were sex-specific. Female SHR had more circulating T-cells 

including the CD4+ and pro-inflammatory CD3+CD4+RORγ+ populations than the male 

SHR whereas the male SHR had a higher frequency of circulating CD3+CD4+Foxp3+ Tregs. 

Our studies in male and female WT mice support these observations since we found females 

had more circulating CD3+ and CD4+ cells than the males after Ang II infusion [28].

In contrast to the circulation, the female SHR kidney had higher frequencies of CD8+ T-cells 

and Tregs whereas the male SHR kidney had higher frequencies of CD4+ and interleukin 

(IL)-17+ cells. Mycophenolate mofetil caused greater reductions in BP in the female SHR 

and this larger drop in BP was associated with greater decreases in CD4+ and IL-17+ cells in 

the circulation and CD8+ cells in the kidney compared to the male SHR. These findings 

suggest that sex differences in hypertension may not only be due to male female differences 

in T cell subtype populations but also to sex-specific regulation of certain T cell subtypes, 

e.g., Th17 and Treg cells. Furthermore, these comparisons of immune mechanisms in males 

and females suggests it is not simply the extent of T-cell infiltration into end organ target 

tissues that dictates the magnitude of the hypertension since greater T-cell infiltration does 

not necessarily correlate with higher BP when the sex of the T-cell is female. These studies 

also illustrate the need to investigate immune mechanisms of BP regulation in the female 

since findings in males are not reproduced in females.

Sex differences are also observed in renal infiltration of CD4+, CD8+, and CD4+ Foxp3+-

Tregs after adoptive transfer of male CD3+ T-cells into male and female Rag-1−/− mice and 

two weeks of Ang II infusion [34]. We found a higher frequency of these T-cell populations 

in the kidneys of male Rag-1−/− mice compared to female Rag-1−/− mice. In addition, Ang II 

infusion induced increases in renal expression of interleukin-2, tumor necrosis factor-α and 

monocyte chemoattractant protein-1 in the male Rag-1−/− mice but not in the females. These 

results suggest that the pro-hypertensive effects of male T-cells during Ang II infusion are 

inhibited in females and that reduced T-cell infiltration of the female kidneys may protect 

females against the hypertensive actions of Ang II.

Importantly, when the subpopulations of T-cells were compared between CD3M→Rag-1−/−-

M and CD3F→Rag-1−/−-M, the Rag-1−/− mice receiving male T-cells had significantly 

higher frequencies of T-cells producing the pro-inflammatory cytokines including tumor 

necrosis factor and IL-17 and the mice receiving female T-cells had significantly higher 

levels of circulating IL-10 compared to mice receiving male T-cells. These differential T-

cell subtype responses are likely contributors to male susceptibility and female resistance to 

T-cell mediated hypertension.

T-cell renal infiltration during the development of hypertension was shown to require nitric 

oxide synthase (NOS) activation in the female SHR [42]. When nitric oxide production was 

inhibited by treatment with the NOS inhibitor NG-nitro-L-arginine methyl ester (L-NAME), 

BP increased in both males and females; however, the increase in BP was greater in the 

females. This L-NAME-induced increase in BP in the SHR was accompanied by increases 
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in renal T-cell infiltration in both males and females; however, there was a higher frequency 

of Th17 cells and a lower frequency of Tregs in the kidneys of female rats compared to 

males. Interestingly, when the L-NAME induced increase in BP was prevented 

pharmacologically, the numbers of T-cells infiltrating the kidney were reduced suggesting 

that T-cell infiltration of the kidney requires both increases in BP and NOS inhibition. These 

findings suggest the higher levels of nitric oxide in the kidney of females compared to males 

may contribute to the sex differences in renal T-cell infiltration and BP regulation.

The role of BP and gonadal hormones in T-cell kidney infiltration has also been examined 

[43]. In studies using male and female SHR, decreasing BP with hydrochlorothiazide and 

reserpine did not alter the frequency of the two major CD3+ T-cell populations, i.e., CD4+ or 

CD8+, in the kidney. The drop in BP though was associated with a greater decrease in the 

CD4+Foxp3+ Treg population in the female kidney as compared to the males. Gonadectomy 

increased the proinflammatory markers in both male and female SHR; however, little is 

known regarding the role gonadal hormones and sex chromosomes on the regulation of the 

immune system in hypertension.

5.0 The Role of the Brain in Sex-specific T-cell modulation of Blood 

Pressure

A number of studies suggest sex hormones defend the brain against pro-inflammatory 

processes and stimulate cell survival by activating anti-apoptotic pathways, decreasing 

reactive oxygen species (ROS) production and reducing glutamate excitotoxicity [44, 45]. 

Both astrocytes and the brain resident macrophage, microglia, express the two estrogen 

receptor (ER) subtypes (ERα and ERβ). Furthermore, 17β-estradiol actions on these cells 

contributes to the sex differences in brain inflammatory responses [46]. For example, in the 

experimental autoimmune encephalomyelitis mouse model for neuroinflammatory multiple 

sclerosis, specific expression of ERα on astroglia but not on neurons is required for 17β-

estradiol protection from inflammation, T-cell infiltration and axonal loss in the CNS [47].

Sex differences in the ability of Ang II to induce hypertension has been shown to involve a 

sex difference in the ability of Ang II to increase sympathetic outflow and activate central 

neurons involved in BP regulation [48, 49]. Recent studies by Harrison and colleagues 

suggest that T-cell facilitation of Ang II-induced hypertension in males requires an increase 

in sympathetic outflow [50]. Indeed, lesioning of the anteroventral third cerebral ventricle 

(AV3V) in male mice, prevented not only the hypertension but also the Ang II-induced 

activation of circulating T-cells and vascular inflammation [51]. These findings in males 

suggest that Ang II-induced increases in sympathetic outflow is required in order to observe 

the full extent of the proinflammatory effects and T-cell activation triggered by Ang II. We 

know much less about immune modulation of hypertension in the female and in particular, 

the role of the CNS in female protection from T-cell facilitated hypertension remains poorly 

understood.

Central brain regions involved in the regulation of sympathetic neuronal activity and 

therefore BP include numerous brain stem and forebrain nuclei including the nucleus of the 

solitary tract (NTS), caudal ventral lateral medulla (CVLM), rostral ventral lateral medulla 
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(RVLM), paraventricular nucleus of the hypothalamus (PVN), and circumventricular organs 

which lack a blood-brain barrier such as the area postrema (AP) and the SFO. Importantly, 

all of these key structures involved in BP regulation express ERs [52, 53].

The role of the CNS in sex differences in hypertension and the role of sex hormones was 

shown in a number of studies in which 17β-estradiol replacement was limited to the brain 

[54]. For example in both male and ovariectomized female mice, central 

intracerebroventricular infusion of estradiol attenuated the pressor effect of Ang II and this 

effect was prevented if brain ERs were blocked [55]. Similarly, in aldosterone/salt-induced 

hypertension, sex differences observed in this model were normalized by blocking brain ERs 

in females or by activating brain ERs in males [15]. Thus, brain ERs in both males and 

females modulate the development of multiple forms of hypertension and therefore, these 

receptors may also modulate the brain inflammatory mechanisms contributing to 

hypertension.

The role of central ERs in the sex differences in T-cell mediated hypertension has not been 

explored. However, in studies of intact male and female Rag-1−/− mice [34], we hypothesize 

that the inability of male T-cells to increase the magnitude of Ang II-induced hypertension 

in female Rag-1−/− mice is due to reduced levels of sympathoexcitation following Ang II 

infusion in females compared to the levels in males. It has been suggested that ER action at 

the level of both neurons and microglia in brain regions involved in BP regulation contribute 

to the mechanisms underlying female protection from the development of hypertension [54, 

56]. Indeed preliminary studies have shown that microglia activation and proliferation in the 

NTS, AP and SFO by Ang II infusion in male rats is significantly higher than the levels 

observed in female rats [57].

Circulating peptides such as Ang II can act on the SFO because it is a forebrain 

circumventricular organ that lacks a blood-brain barrier. The SFO has primary projections to 

the PVN and Ang II acting at the level of SFO neurons is required for Ang II-mediated 

increases in sympathetic outflow and hypertension [58]. Increases in circulating Ang II were 

shown to increase the firing rate of SFO neurons [59, 60]. Importantly, the SFO also 

expresses ERs which co-localize on the same neurons that express angiotensin type 1 

receptors (AT1R) [61]. In male animals, maintaining Ang II-induced hypertension requires 

activation of inflammatory processes and ROS production within the SFO [58, 62, 63]. 

Furthermore, it has been shown that 17β-estradiol acting in the SFO via ERs inhibits Ang-II-

induced inflammatory processes such as Ang II-induced production of ROS [49, 55]. Thus, 

17β-estradiol inhibition of Ang II induced increases in brain ROS and neuronal activation 

may be a contributory mechanism underlying sex differences in Ang II hypertension.

The role of T-cell infiltration into brain regions known to be involved in Ang II-induced 

hypertension has been studied in both male and female Rag-1−/− mice. In studies employing 

Rag-1−/− mice, when male T-cells were transferred into males and females during Ang II-

induced hypertension, we found significant sex differences in T-cell trafficking into the SFO 

[34]. Figure 2A is a photomicrograph example of CD3+ T-cell infiltration into the SFO from 

male and female Rag-1−/− mice following Ang II infusion. The males show significantly 

more T-cells within the perinchyma of the SFO compared to the females. In a second set of 
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studies investigating the effects of the sex of the T-cell on Ang II dependent hypertension, 

T-cells from males and females differed markedly in their ability to induce hypertension in 

the Rag-1−/− mouse [28]. When T-cell infiltration was assessed in the brains from these 

animals, only the mice receiving male T-cells exhibited T-cell infiltration into the SFO. 

Figure 2B is a photomicrograph example of CD3+ T-cell infiltration into the SFO compared 

to a male Rag-1−/− receiving female T-cells. Together, these results suggest that both the sex 

of the animal and the sex of the T-cell are critically important in regulating T-cell infiltration 

into the brain during Ang II-induced hypertension.

From these studies reviewed above and from others in the literature, we have hypothesized 

that in males, Ang II activation of NADPH oxidase and ROS production in the SFO and 

cytokine production in the kidney acts as a signal to attract specific populations of T-cells to 

traffic into these end organs. This infiltration of T-cells results in an escalation of the 

inflammatory cascade during Ang II infusion resulting in a sustained increase in sympathetic 

outflow and hypertension. Figure 3 illustrates this T-cell-mediated “priming” of the 

inflammatory cascade within the SFO and potential sites where activation of ERs via 17β-

estradiol inhibits the pro-inflammatory pathway. The T-cells, attracted by AT1R-activated 

brain endothelial cells, neurons and increases in chemokines such as CCL2, migrate across 

the open blood-brain barrier of the SFO. T-cell infiltration into the SFO results in microglia 

and astrocyte activation thus further increasing cytokine production and activation of 

neurons. These events ultimately result in sustained increases in sympathetic outflow and 

BP. We hypothesize that in ovarian hormone replete females, 17β-estradiol activates ERs 

leading to inhibition of Ang II-induced increases in intracellular calcium and ROS at the 

level of the SFO along with inhibition of proinflammatory chemokines and cytokine 

expression, decreases in T-cell trafficking into the SFO. Accordingly, decreased neuronal 

activation prevents increases in sympathetic outflow thereby protecting the female from 

hypertension.

6.0 Concluding Remarks

In summary, there are significant sex differences in the role of the adaptive immune system 

in the modulation of BP and the development of essential hypertension. These sex 

differences may explain why males are more susceptible to hypertension than ovarian 

hormone replete females. The immune system mechanisms that result in hypertension in 

males are not extrapolatable to females. The studies reviewed above suggest that multiple 

factors contribute to these sex differences in immune modulation of BP including, but not 

limited to: 1) the ratio of Tregs to T helper cells and the infiltration of these cells into end 

organs; 2) sex differences in tissue expression of NOS and ROS modulation; 3) the sex of 

the T-cell itself; 4) the ability of female T-cells to mobilize anti-inflammatory T-cells 

including IL-10-producing cells; and, 5) the endogenous hormonal milieu of the host. The 

underlying role of sex hormones and sex chromosomes in these observed sex differences in 

inflammation-related hypertension have yet to be explored. These studies clearly underscore 

the importance and need for the study of both sexes as the cellular and molecular 

mechanisms underlying hypertension are further explored. This will be essential for the 

translation of these findings into improved antihypertensive treatments for both men and 

women.
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Highlights

• Critical sex differences exist in the immune system in hypertension.

• New model for how sex impacts T-cell end organ infiltration and hypertension.

• Sex and the immune system contribute to hypertension differences in men and 

women.
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Figure 1. 
Effect of the sex of T cell subpopulations on MAP and HR responses to Ang II in the male 

Rag1−/− host during Ang II infusion. Shown is MAP (A,C) and HR (B,D) as a function of 

time in Rag1−/−-M (closed square; n=13/group) and in Rag1−/−-M after adoptive transfer of 

CD4+ (A,B) (diamond; CD4F→Rag1−/−-M; n=11/group) or CD8+ (C,D) (hexagon; 

CD8F→Rag1−/−-M; n=11/group) T-cells isolated from female (open symbol) or male 

(closed symbol) WT mouse spleens.
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Figure 2. 
CD3+ T-cell infiltration into the SFO of male Rag-1−/− mice. Shown are photomicrographs 

of representative CD3+ immunohistochemical stained 30 micron sections from the SFO of a 

Rag-1−/−-F (A, left), and a Rag-1−/−-M (A, right) mouse following Ang II infusion. (B) 

Photomicrographs of representative CD3+ immunohistochemical stained 30 micron sections 

from the SFO of Rag-1−/−-M after adoptive transfer of female CD3+ cells (C, left), or male 

CD3+ cells (C, right) following Ang II infusion.
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Figure 3. 
Hypothesis of the 17β-estradiol inhibitory mechanism of T cell “priming” of SFO 

inflammatory pathways. 17β-Estradiol activation of ERs in the SFO (green pentagons) acts 

at multiple sites within the SFO to modulate Ang II-induced brain inflammation, T cell 

infiltration, microglia activation, increased sympathetic activity and BP. 17β-Estradiol: 1) 

inhibits AT1R-mediated increases in intracellular calcium; 2) inhibits Ang II-induced ROS 

formation in the SFO and decreases microglia activation; 3) inhibits expression of CCL2 and 

blocks translocation of T-cells; and, 4) inhibits Ang IIinduced activation of SFO neurons, 

thereby ultimately preventing increases in sympathetic outflow and subsequent 

hypertension.
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