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An essential link between the kidney and blood pressure control has long been known. Here, we review evidence 
supporting the premise that an impaired capacity of the kidney to excrete sodium in response to elevated blood pres-
sure is a major contributor to hypertension, irrespective of the initiating cause. In this regard, recent work suggests 
that novel pathways controlling key sodium transporters in kidney epithelia have a critical impact on hypertension 
pathogenesis, supporting a model in which impaired renal sodium excretion is a final common pathway through 
which vascular, neural, and inflammatory responses raise blood pressure. We also address recent findings calling 
into question long-standing notions regarding the relationship between sodium intake and changes in body fluid 
volume. Expanded understanding of the role of the kidney as both a cause and target of hypertension highlights key 
aspects of pathophysiology and may lead to identification of new strategies for prevention and treatment.

Introduction
Hypertension is one of the most common chronic diseases of 
humankind, affecting more than 1 billion people worldwide (1). 
Although elevated blood pressure per se does not typically cause 
overt symptoms, the consequences of chronic hypertension, 
including cardiac hypertrophy, heart failure, stroke, and kidney 
disease, are responsible for substantial morbidity and mortality 
(2). Treatments that effectively reduce blood pressure can prevent 
these complications (2–4). However, in a recent analysis of data 
from the National Health and Nutrition Examination Survey 
(NHANES) covering the period from 2009 to 2010, blood pressures 
were reduced to target levels in less than 50% of patients receiving 
hypertension treatment, and this rate was under 40% in individuals 
who also had chronic kidney disease (CKD) (5). The reasons for 
these poor outcomes are complex and include health services issues 
around processes of care, compliance, and patient education. More-
over, the precise cause of hypertension is not apparent in the vast 
majority of patients with hypertension. Limitations in our under-
standing of hypertension pathogenesis in individual patients are an 
obstacle to applying individualized approaches for prevention and 
treatment and to identifying new, specific therapies.

A connection between the kidney and blood pressure 
control
The idea that the kidney plays a role in hypertension dates back 
almost 200 years. In the 19th century, Richard Bright proposed that 
abnormalities in urine production by the kidney altered blood in 
such a way as to increase vascular resistance, leading to high blood 
pressure and increased cardiac mass (6). A century later, Harry Gold-
blatt induced malignant hypertension in dogs by obstructing one of 
the renal arteries (7). In the 1970’s, Arthur Guyton and colleagues 
advanced a mature hypothesis suggesting that the kidney governs the 
level of blood pressure by regulating extracellular fluid volume. They 
argued that balance is normally achieved by matching urinary excre-
tion of salt and water with dietary intake, thereby maintaining a con-
stant extracellular fluid volume and blood pressure (8). In this con-
struct, when blood pressure increases from any cause, renal perfusion 
pressure increases with a consequent enhancement of sodium and 
water excretion, which Guyton called pressure-natriuresis. Based on 

the substantial capacity for the kidney to excrete sodium, this blood 
pressure-tempering mechanism should have sufficient gain to limit 
intravascular volume and thereby lower blood pressure in response 
to a range of stimuli from increased heart rate to elevated periph-
eral vascular resistance (9, 10). Furthermore, the hypothesis predicts 
that a permissive modification of the pressure-natriuresis response is 
required to perpetuate a chronic elevation in intra-arterial pressure, 
whereby the equilibrium point for salt and water excretion is shifted 
to a higher level of arterial blood pressure (8). While this hypothesis 
has been largely embraced by the nephrology community, it remains 
controversial in some circles based on work suggesting indepen-
dent control of blood pressure by neural and vascular pathways, for 
example (11–13). In addition, as discussed below, classic assumptions 
about direct associations between sodium retention and expansion 
of extracellular fluid volume have recently been questioned.

Hypertension follows the kidney
Over the years, a series of kidney cross-transplantation studies 
have supported a key role for intrinsic functions of the kidney in 
the pathogenesis of hypertension (14–17). Generally, these stud-
ies have been performed using genetically compatible donor and 
recipient strains to circumvent rejection, with both native kidneys 
removed such that the full extent of excretory function is pro-
vided by the transplanted kidney. For example, transplantation of 
a kidney from a Dahl hypertensive rat into a normotensive, salt- 
resistant recipient causes hypertension in the recipient regardless 
of whether the transplant is performed before or after a high salt 
diet is introduced (14, 15). By contrast, reciprocal transplantation 
of a kidney from a normotensive, salt-resistant animal into a Dahl 
salt-sensitive rat abrogates hypertension (14, 15). Likewise, stud-
ies in spontaneously hypertensive rats and Milan hypertensive rats 
recapitulated these findings (16, 17). The same principle seems to 
also hold true in humans where resistant hypertension can be alle-
viated after successful kidney transplantation (18). Collectively, 
these studies indicate that a defect in sodium excretion by the kid-
ney confers susceptibility to elevated blood pressure.

Intrarenal actions of the renin-angiotensin system in 
blood pressure control
The renin-angiotensin system (RAS) is a powerful modulator of 
blood pressure, and dysregulation of the RAS causes hyperten-
sion. Pharmacological blockade of the RAS with renin inhibitors, 
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angiotensin-converting enzyme (ACE) inhibitors, or angiotensin 
receptor blockers effectively lowers blood pressure in a substan-
tial proportion of patients with hypertension (19), reflecting the 
important role for RAS activation as a cause of human hyperten-
sion. Similarly, in rodent models, deletion of RAS genes lowers 
blood pressure whereas overexpression causes hypertension (20).

A role for the actions of angiotensin II in the kidney to influ-
ence blood pressure is well established. For example, studies by 
John Hall and associates in the 1980s showed that chronic infu-
sion of low doses of angiotensin II directly into the kidney caused 
hypertension with impaired natriuresis due to a shift of the pres-
sure-natriuresis relationship (21). In addition, Navar and associ-
ates have posited the existence of local and independent control 
of RAS activity within the kidney influencing sodium excretion 
and blood pressure regulation (ref. 22 and Figure 1). In this hypo-
thetical construct, elevated circulating levels of angiotensin II are 
associated with accumulation of angiotensin peptides in the kid-
ney, upregulated expression of angiotensinogen, the primary RAS 
substrate, in proximal tubule epithelium, and increased excretion 
of angiotensinogen and angiotensin peptides in urine (23). In this 
feed-forward pathway, angiotensin II acting via type 1 angioten-
sin (AT1) receptors in the kidney induces local activation of the 
RAS inside the kidney and increases generation of angiotensin II 
in the lumen of renal tubules, resulting in autocrine and paracrine 
stimulation of epithelial transporters (24, 25). Consistent with this 
idea, recent studies have verified the critical requirement of ACE 
within the kidney to fully manifest stimulation of sodium trans-
porter expression, renal sodium reabsorption, and hypertension in 
the setting of RAS activation (26, 27).

Recent work by Matsusaka and Ichikawa using mice with 
cell-specific deletion of angiotensinogen from the kidney or liver 
have called into question some features of this scheme (28). Their 
study indicated that most of the angiotensinogen and angiotensin 
II within the kidney arise from angiotensinogen produced by the 
liver. On the other hand, genetic elimination of angiotensinogen 
from the kidney significantly reduced excretion of angiotensino-
gen in urine, consistent with a major tenet of Navar’s theory that 
angiotensin II acting on the luminal surface of the nephron is the 
critical effector component of the intrarenal RAS, where it directly 
modulates sodium transporters along the nephron. Subsequent 
work by Peti-Peterdi using intravital microscopy is consistent with 
the idea that the major source of angiotensinogen in the urine is, 
indeed, the renal epithelium (29).

To assess the capacity of RAS activation in the kidney to affect 
blood pressure, we turned to the strategy of kidney cross trans-
plantation discussed above. In this case, we carried out trans-
plants between mice with genetic deletion of the AT1A angioten-
sin receptor and congenic wild-type controls (30). AT1 receptors 
mediate the classical actions of the RAS including vasoconstric-
tion and stimulation of aldosterone release; the AT1A receptor is 
the major murine AT1 receptor representing the homologue to 
the human AT1 receptor. In our cross-transplantation studies, we 
found that expression of AT1 receptors in the kidney is both nec-
essary and sufficient for induction of angiotensin II-dependent 
hypertension (31).

To further dissect the specific cellular targets of angiotensin II 
driving the development of hypertension, we subsequently gener-
ated mice with cell-specific deletion of AT1 receptors in key cell 
lineages in the kidney (32). These studies identified the population 
of AT1 receptors in the proximal tubular epithelium as critical 

mediators of angiotensin II-dependent hypertension. Specifically, 
conditional deletion of AT1A receptors from the proximal tubule 
provided robust protection from hypertension and facilitated 
natriuresis by reducing the accumulation of key epithelial sodium 
transporters (32). In addition, recent studies have suggested that 
direct actions of angiotensin II on AT1 receptors in the collecting 
duct can directly stimulate the activity of the epithelial sodium 
channel (ENaC) (33 and Figure 1). Moreover, relative to aldoster-
one, these direct effects of angiotensin II in the collecting duct 
have a predominant effect on ENaC abundance and activity in 
angiotensin II-dependent hypertension.

In aggregate, these studies indicate that the powerful RAS medi-
ates its effects on blood pressure through direct effects on the kid-
ney. Furthermore, there is compartmentalized control of the RAS 
along the nephron contributing to hypertension pathogenesis.

Novel control mechanisms and sites of action for 
aldosterone in hypertension
AT1 receptors in the zona glomerulosa of the adrenal gland stim-
ulate aldosterone release, making aldosterone a downstream effec-
tor of the RAS. Classically, activation of the mineralocorticoid 
receptor (MR) in aldosterone-sensitive nephron segments stim-
ulates assembly and translocation of the subunits of the ENaC. 
Mutations in ENaC subunits that impair its degradation result in 
enhanced membrane density and open probability of the channels, 
resulting in Liddle’s syndrome, characterized by severe, early onset 
hypertension resembling hyperaldosteronism, but with low levels 
of aldosterone (34, 35). Similarly, activating mutations in the gene 
encoding the MR also cause hypertension that is exacerbated by ste-
roid hormone alterations during pregnancy (36). While rare, these 
syndromes highlight the capacity for dysregulation of the MR/
ENaC signaling pathway in the kidney to promote hypertension.

In addition to stimulation of sodium reabsorption as dis-
cussed above, aldosterone also has important actions to promote 
secretion of potassium into urine. Until recently, it has not been 
clear how the kidney distinguishes between the need for these 
distinct functions. Recent studies from Shibata et al. indicate 
that regulated phosphorylation of the MR modulates aldoster-
one responses in the kidney (Figure 1). They showed that phos-
phorylation of S843 on the MR prevents ligand binding. In the 
kidney, this form of the MR is present only in intercalated cells 
of the collecting duct where its phosphorylation is differentially 
regulated by volume depletion and hyperkalemia. For example, 
in volume depletion, the MR in intercalated cells is dephospho-
rylated, resulting in potentiation of chloride and sodium reab-
sorption, allowing a distinct response to volume depletion (37). 
Although the MR is classically activated by aldosterone, recent 
studies suggest that the small GTPase Rac1 may promote hyper-
tension through an MR-dependent pathway, even in the setting 
of suppressed aldosterone levels (38 and Figure 1).

The WNKs: novel pathways regulating renal solute 
transport
Some of the most powerful lines of evidence implicating a pre-
dominant role for the kidney in the regulation of blood pressure 
are the classic studies from the Lifton laboratory, which have 
defined the genetic basis of virtually all of the known Mendelian 
disorders associated with abnormal blood pressure phenotypes 
in humans (36, 39, 40). In each case, these mutations impact 
sodium and fluid reabsorption along the nephron (39). One of 
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these disorders is pseudo-hypoaldosteronism type II (PHAII), a 
Mendelian syndrome characterized by the unusual combination 
of hypertension and hyperkalemia, found to be caused by muta-
tions in the genes encoding WNK1 (with no lysine [K]) kinase 
and WNK4 (40). This discovery triggered intense study of these 
unique kinases, identifying roles for WNK1 and WNK4 in the 
regulation of sodium and potassium flux in the distal nephron 
(refs. 41, 42, and Figure 2). These actions are primarily mediated 
through control of the relative levels and activities of the thiazide-
sensitive sodium chloride cotransporter (NCC) and/or the renal 
outer medullary potassium channel (ROMK) (41, 42). The NCC 
represents a major pathway for sodium reabsorption in the distal 
nephron and is the target for thiazide diuretics, which are effec-
tive and widely used antihypertensive agents (43). Thiazides are 
a mainstay of treatment for PHAII, consistent with findings that 

NCC overactivity is a key feature of the disorder (44). It is worth 
noting that while the actions of WNK4 to suppress ROMK activity 
have been consistent in these studies, variable effects of WNK4 on 
NCC activity have been observed, perhaps relating to the relative 
levels of WNK4 in experimental systems. In this regard, mutations 
causing accumulation of endogenous WNK4 enhance NCC activ-
ity possibly through phosphorylation of STE20/SPS-1–related 
proline-alanine–rich protein kinase (SPAK), whereas deliberate 
overexpression of WNK4 appears to target NCC for lysosomal 
degradation (42, 45, 46).

Enhanced activity of NCC through modulation of WNKs seems 
to be a final common pathway for the development of hyperten-
sion in a number of scenarios. For example, β-adrenergic stimula-
tion increases blood pressure by suppressing WNK4 and, in turn, 
enhancing NCC activity (47). In addition, calcineurin inhibitors, 

Figure 1
A model for local control of RAS activity within the kidney. High levels of angiotensin II (ANGII) in circulation, derived from angiotensinogen (AGT) 
generated primarily by the liver, are associated with (i) increased ANGII in the kidney, (ii) upregulation of AGT in the proximal tubule epithelium, (iii) 
increased levels of AGT in the tubular lumen, (iv) generation of ANGII requiring angiotensin-converting enzyme (ACE) expression in the brush bor-
der of the proximal tubule (PT), and (v) increased excretion of AGT and ANG peptides in urine. Within the kidney circulation and the tubule lumen, 
ANGII binds to AT1 receptors (AT1Rs) stimulating AGT transcription in renal epithelial cells and influencing the synthesis and activity of epithelial 
solute transporters with critical actions to influence body fluid volume and blood pressure. These transporters include NHE3, the major luminal 
sodium transporter in PT epithelia, along with paracrine stimulation of downstream epithelial transporters such as ENaC and PENDRIN in the 
collecting duct. In the collecting duct, control of sodium transport involves complex interactions between ANGII, acting via AT1Rs, and aldosterone 
(ALDO), acting via the mineralocorticoid receptor (MR). In principal cells, ANGII and ALDO both stimulate the abundance and activity of ENaC, but 
direct effects of ANGII seem to predominate. Rac1 signaling may also stimulate ENaC, independent of ALDO. In intercalated cells, ANGII influences 
responsiveness of the MR to ALDO by regulating dephosphorylation of the MR at S893, allowing ALDO to bind, leading to activation of PENDRIN 
and enhanced chloride and sodium reabsorption.
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commonly used to treat autoimmune disease and prevent trans-
plant rejection, frequently cause hypertension. Recent studies by 
Ellison and colleagues indicate that the mechanism of hyperten-
sion associated with calcineurin inhibitor use involves stimulation 
of NCC through upregulation of WNK3 (48).

While the ongoing delineation of WNK functions has provided 
significant insights into kidney physiology, only a small subset of 
patients with PHAII have mutations in WNK genes. Using exome 
sequencing, Lifton’s group uncovered mutations in the kelch-like 
3 (KLHL3) and cullin 3 (CUL3) genes in patients with PHAII (49). 
Moreover, mutations in these two genes accounted for disease 
in approximately 80% of individuals affected with PHAII (49). 
KLHL3 is one of a family of more than 50 broad-complex, tram-
track, bric-a-brac complex–containing (BTB-containing) kelch 
proteins, characterized by six-bladed, β-propeller domains for 
binding specific target proteins. CUL3 provides the scaffold for 
the complex, which includes BTB-domain proteins such as KLHL3 
and a RING domain protein that serves as an E3 ubiquitin ligase, 
targeting specific protein substrates for ubiquitination (50).

The observations that KLHL3 and CUL3 mutations result in 
similar phenotypes suggests that disrupted ubiquitination of 
KLHL3-specific substrates might be a common mechanistic path-
way in PHAII. Subsequent studies showed that KLHL3 binds both 
WNK1 and WNK4, and these interactions are required for polyubiq-
uitination and degradation of WNK4 (51). Furthermore, abrogation 
of this pathway for ubiquitination resulted in intracellular accumu-
lation of WNK4. Finally, this alteration in WNK4 ubiquitination 
reduced levels of cell surface-associated ROMK, which, in kidney 
tubules, results in diminished excretion of potassium in urine, lead-
ing to hyperkalemia characteristic of PHAII (51). These studies raise 
a number of interesting questions regarding the role of this path-
way in regulating NCC, its role in global regulation of electrolyte 
excretion in the distal nephron and, perhaps most importantly, the 
relevance of these findings to more common forms of hypertension.

Salt homeostasis gets under your skin
Salt sensitivity, defined as an exaggerated change in blood pressure 
in response to extremes in dietary salt intake, is relatively com-
mon and is associated with an increased risk for the development 
of hypertension. Classic Guytonian models suggest that a defect 
in sodium excretion by the kidney is the basis for salt sensitivity, 
with impaired elimination of sodium during high-salt feeding 
leading directly to expanded extracellular fluid volume, which 
promotes increased blood pressure (8). This model presumes that 
the two major components of extracellular volume within the 
intravascular and interstitial spaces are in equilibrium. As such, 
accumulation of sodium would be accompanied by commen-
surate retention of water to maintain iso-osmolality and would 
thereby proportionally expand the intravascular volume. On the 
other hand, recent innovative studies by Titze and associates indi-
cate that sodium handling is more complex than this classical 
two-compartment model; the interstitium of the skin may act as 
a sodium reservoir, buffering the impact of sodium accumulation 
on intravascular volume and blood pressure (52). During high-
salt feeding, sodium accumulates in the subdermal interstitium 
at hypertonic concentrations in complexes with proteoglycans  
(52, 53). Macrophages infiltrating the interstitial space sense 
hypertonicity caused by this accumulation of sodium in excess of 
water, triggering expression of TonEBP, a transcription factor reg-
ulating the expression of osmo-protective genes. One of the genes 

induced downstream of TonEBP is vascular endothelial growth 
factor-C (VEGF-C) (52), a potent inducer of lymphangiogenesis.

Indeed, in response to high-salt feeding, Titze’s group found 
robust lymphatic vessel hyperplasia in the dermal interstitium (52). 
Depletion of macrophages, cell-specific deletion of TonEBP from 
macrophages, or specific blockade of VEGF-C prevented hyperpla-
sia of lymphatic vessels and enhanced the level of sodium-depen-
dent hypertension (52–54), demonstrating that this pathway has 
a key role in the extrarenal control of sodium and fluid volumes.

The nature and regulation of proteoglycans mediating hyper-
tonic storage of sodium in the skin, as well as mechanisms for 
control of macrophage gene expression by hypertonicity, remain 
unclear. The authors have found elevated plasma levels of VEGF-C 
in patients with refractory hypertension, indicating that this sys-
tem might be perturbed in the human disorder. However, preclin-
ical models predict that reduced levels of VEGF-C would promote 
hypertension. Consistent with this notion, a recent report showed 
that overexpression of VEGF-C lowered blood pressure in a model 
of salt-sensitive hypertension, whereas blocking VEGF-C activity 
exaggerated the severity of hypertension (55). Nonetheless, chronic 
hypertension in humans is a complex disorder; it is possible that the 
observed elevation in VEGF-C levels may reflect tissue resistance to 
VEGF-C or even a compensatory response. The specific relevance 
of this pathway in human hypertension and its potential value as a 
therapeutic target are interesting questions for future studies.

A subsequent study by Titze et al. described a unique, long-term 
evaluation of physiological responses within the highly controlled 
environment of a space travel-simulation training program called 
Mars500 (56). In this enclosed, restricted environment, subjects 
were provided diets with scrupulously defined sodium content 
while undergoing continuous monitoring of a range of parameters 
including urinary sodium excretion, blood pressure, body weight, 
and steroid hormone levels. Aspects of these findings are consis-
tent with Guytonian principles whereby abrupt increases of salt 
intake caused expansion of total-body sodium and extracellular 
water, brisk suppression of aldosterone, and consequent increases 
in urinary sodium excretion. However, the authors unexpectedly 
found considerable day-to-day variability in 24 hour urinary 
sodium excretion, accompanied by fluctuations in excretion of 
aldosterone, cortisol, and cortisone, despite the fixed sodium 
content in the diet. Power spectral analysis demonstrated a reg-
ular pattern, peaking with a period interval of about 6 days. Reg-
ular fluctuations of total body sodium (TBNa), estimated using 
bioimpedance spectroscopy, were also observed but with much 
longer periodicity. This uncoupling of changes in TBNa from 
body weight and blood pressure may reflect this process of sodium 
storage in the subdermal interstitium (52). Dissociation of blood 
pressure from fluid volumes likely reflects complexities of sodium 
handling not accounted for by Guyton’s hypothesis. Along with 
the endogenous rhythms of sodium balance, the authors also 
observed increases in blood pressure and urinary aldosterone 
excretion following night shift duty, reminiscent of mouse studies 
wherein disruption of the clock gene Cry is associated with hyper-
tension caused by chronically enhanced aldosterone levels (57).

Immune mechanisms in hypertension
A prominent emerging area of hypertension research over the past 
decade suggests that the immune system may provide an indepen-
dent cardiovascular control mechanism, whereby its cellular con-
stituents and inflammatory mediators regulate blood pressure. 
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Moreover, we suggest below that immunological effector mech-
anisms impacting blood pressure can be mapped to the kidney.

Although not rigorously controlled, small clinical studies 
indicate that broad immunosuppression lowers blood pres-
sure in hypertensive patients with rheumatologic disorders 
(58), pointing to a role for immune activation in human hyper-
tension. Within the innate immune system, adoptive trans-
fer of monocytes, which are precursors to dendritic cells and 
macrophages, promotes the hypertensive response to angioten-
sin II (59). Studies by Guzik and associates convincingly estab-
lished a role for the adaptive immune response in hypertension 
pathogenesis, showing that mice with targeted disruption of 
the recombinase-activating gene-1 (Rag1), and thus lacking  
T and B cells, were resistant to the development of hypertension 
induced by chronic infusion of angiotensin II. Adoptive transfer 
of T but not B cells restored the hypertensive response, clearly 
illustrating the capacity for T lymphocytes to drive blood pres-
sure elevation (60). Although specific antigens triggering hyper-
tension have not been identified, dual involvement of antigen 
presenting cells (APCs) and T cells has been well documented. 
Furthermore, blocking the interaction of B7 ligands on APCs 
with costimulatory molecules on T cells can abrogate hyper-
tension, indicating that both T cell receptor engagement and 
costimulation are required (61).

While susceptibility to hypertension primarily depends on CD8+ 
rather than CD4+ T cells (62), the CD4+ population also may mod-
ulate hypertension and hypertensive end-organ damage. In this 
regard, Th1 cells, a proinflammatory CD4+ T cell subset character-
ized by expression of the transcription factor Tbet, promote renal 
damage during hypertension without altering blood pressure (63). 
Moreover, Th17 cells, another CD4+ subset secreting IL-17, poten-
tiate chronic hypertension (64). In contrast, CD4+ Foxp3+ T regu-
latory cells, which suppress immune responses, have been reported 
to protect against hypertension in one study (65), a finding that 
was not confirmed in work from another group (66). In the first 
study, three separate doses of T regulatory cells were administered, 
whereas only one adoptive transfer was performed in the second 
study, suggesting that the beneficial response may depend on the 
absolute number of regulatory cells present.

In immune responses, the NF-κB signaling cascade is a prototyp-
ical inflammatory pathway mobilizing cytokine transcription and 
triggering reactive oxygen species (ROS) generation. This path-
way seems to play a central role in blood pressure control since 
its blockade protects against hypertension (67). NF-κB activation 
within the vascular endothelium drives hypertensive renal damage 
without measurable effects on blood pressure suggesting a direct 
role in end-organ damage (68). Within cardiovascular control cen-
ters in the brain, NF-κB activation potently enhances sympathetic 
outflow (69–71), which could potentially promote sodium reten-
tion in the kidney via stimulation of renal sympathetic nerves. 
Within kidney parenchymal cells, induction of oxidative stress 
leads to NF-κB nuclear translocation, impaired sodium excretion, 
and blood pressure elevation by disrupting D1 dopamine receptor 
function (72). Thus, NF-κB signaling may directly contribute to 
the hypertensive response in kidney cells.

Once activated, macrophages and T cells release cytokines. 
These soluble mediators may drive blood pressure elevation or 
mediate end-organ injury in hypertension as illustrated in sev-
eral experiments using gene knockout models. For example, 
genetic deletion of the receptor for interferon-γ, the prototypical  

inflammatory cytokine produced by immune cells, affords protec-
tion against end-organ damage in hypertension without altering 
blood pressure (73). On the other hand, interleukin-6 (IL-6) pro-
motes blood pressure elevation, as mice genetically deficient in 
IL-6 have a blunted hypertensive response to chronic angiotensin 
II infusion (74). Finally, tumor necrosis factor-α (TNF-α) seems 
to have complex effects on blood pressure regulation. In this 
regard, some studies have shown that genetic deficiency of TNF-α 
protects against hypertension (60, 75), whereas others indicate 
TNF-α may have negative or neutral effects on blood pressure 
(76, 77). Perhaps the influence of TNF-α on blood pressure con-
trol may depend on its local levels or the relative expression of 
its two receptor isoforms (78). In sum, inflammatory cytokines 
have pleiotropic effects on blood pressure elevation and/or target 
organ damage in hypertension. As discussed below, several lines 
of evidence suggest that these cytokines may influence blood 
pressure by modulating sodium handling by the kidney.

Regardless of the initial trigger for immune activation, 
immune cells and the inflammatory mediators they secrete 
appear to alter blood pressure through effects on kidney func-
tion. During hypertension, clusters of T lymphocytes infil-
trate the adventitia surrounding blood vessels in the kidney, 
while macrophages disperse throughout the renal interstitium  
(60, 79, 80). These cells release ROS that can interfere with 
vascular relaxation to reduce renal blood flow, and thereby 
diminish sodium excretion following a hypertensive stimulus. 
Accordingly, scid mice lacking functional T cells have attenu-

Figure 2
Mechanisms regulating sodium and potassium flux in the distal 
nephron. WNK family kinases control the activity of the sodium chlo-
ride cotransporter (NCC) and the renal outer medullary potassium 
channel (ROMK) in distal convoluted tubule (DCT) cells in the kid-
ney. WNK1 phosphorylates and stimulates the SPS1-related proline/
alanine-rich kinase (SPAK) and oxidative stress-responsive kinase 1  
(OSR1) protein kinases, which in turn, promotes NCC-dependent 
sodium transport. WNK1 may also inhibit ROMK. WNK4 inhibits 
ROMK but has been reported to have both stimulating and inhibitory 
actions on NCC depending on the experimental system used. Levels 
of WNK4 are regulated by the activity of the cullin 3-KLHL3 ubiquitin 
ligase, which has also been suggested to modulate WNK1. Individual 
mutations in WNK1, WNK4, cullin 3, and KLHL3 generate a simi-
lar phenotype: the syndrome of pseudo-hypoaldosteronism type II 
(PHAII), a Mendelian syndrome characterized by the unusual combi-
nation of hypertension and hyperkalemia, highlighting the continuity 
and importance of this pathway in the normal control of sodium and 
potassium handling in the distal nephron.
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ated renal oxidative stress, exaggerated natriuresis, and blunted 
hypertension during chronic angiotensin II infusion (81). Sim-
ilarly, preventing infiltration of immune cells into the kidney 
reduces oxidative stress and lowers blood pressure in rat models 
of salt-sensitive hypertension (82). Various cytokines prominent 
in inflammatory responses have direct effects on kidney func-
tion. For example, IL-6 stimulates ENaC activity in the collect-
ing duct, promoting sodium retention (83). Similarly, although 
its role in hypertension is not clearly established, IL-1 stimu-
lates vasoconstriction and modulates sodium excretion (84, 85). 
Finally, in the thick ascending limb of the loop of Henle, TNF-α 
suppresses eNOS expression (86), which would enhance sodium 
retention and increase blood pressure. Thus, in hypertension,  
T lymphocytes infiltrate the kidney, propagating oxidative stress 
and the secretion of prohypertensive cytokines, which promotes 
sodium reabsorption and blood pressure elevation.

Conclusions
Sodium handling by the kidney is a major determinant of the level 
of arterial pressure and is under complex physiological control 
by hormones, inflammatory mediators, and the sympathetic ner-
vous system. It is self-evident that a basic mechanism of efficacy 

for diuretics and dietary sodium restriction in hypertension is to 
favorably influence sodium balance and homeostasis. We submit 
that other antihypertensive agents such as RAS inhibitors, vasodi-
lators, and β-blockers work through a similar mechanism by facil-
itating pressure-natriuresis. Recent studies reviewed above suggest 
that WNK signaling pathways, soluble inflammatory mediators, 
and pathways regulating extra-renal sodium disposition might 
also be useful targets for enhancing elimination of sodium and 
reducing blood pressure in hypertension.
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