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Abstract

Hypertension is one of the most common chronic diseases of human, affecting more than one billion 
people worldwide. When it becomes chronic, hypertension leaves behind cardiac hypertrophy, heart failure, 
stroke, and kidney disease, resulting in substantial morbidity and mortality. Treatments that effectively reduce 
blood pressure can prevent these complications. Abnormalities in the production of urine by the kidneys have 
been implicated in increased vascular resistance, leading to high blood pressure and increased cardiac mass. By 
matching urinary excretion of salt and water with dietary intake, balance is usually attained, thereby maintaining 
a constant extracellular fl uid volume and blood pressure. Based on the capacity for the kidney to excrete 
sodium, this blood pressure-altering mechanism should have suffi cient advantage to limit intravascular volume 
and consequently lower blood pressure in response to a range of stimuli from elevated heart rate to increase 
peripheral vascular resistance. A major determinant of the level of intra- and extra- renal blood pressure is 
therefore sodium handling, and it is controlled by complex physiological mechanism by hormones, infl ammatory 
mediators, and the sympathetic nervous system. Homoeostasis and favourable infl uence sodium balance are 
a basic mechanism of effi cacy for diuretics and dietary sodium restriction in hypertension. Renin Angiotensin 
System (RAS) inhibitors, vasodilators, and β-blockers work to facilitate pressure-natriuresis. Also, WNK signaling 
pathways, soluble infl ammatory mediators, and pathways regulating extra-renal sodium disposition may be the 
focus towards elimination of sodium and reducing blood pressure in hypertension.
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Introduction

That the kidney plays a role in hypertension is a knowledge that dates back almost 
200 years some a researcher postulated that abnormalities in urine production by the 
kidney altered blood in such a way that tends to increase vascular resistance, leading 
to high blood pressure and increased cardiac mass. Many years later, Harry Goldblatt 
also induced malignant hypertension in dogs by obstructing one of the renal arteries 
[1]. Arthur Guyton and colleagues also advanced a hypothesis suggesting that the 
kidney governs the level of blood pressure by regulating extracellular ϐluid volume in 
1970. They argued that balance is normally achieved by matching urinary excretion of 
salt and water with dietary intake, thereby maintaining a constant extracellular ϐluid 
volume and blood pressure [2]. They explained that when blood pressure increases 
for any reason, renal perfusion pressure also increases thereby enhancing sodium and 
water excretion, which Guyton referred to as pressure-natriuresis. 

Based on the capacity for the kidney to excrete sodium, this blood pressure-
altering mechanism should have sufϐicient advantage to limit intravascular volume 
and consequently lower blood pressure in response to a range of stimuli from elevated 
heart rate to increase peripheral vascular resistance [2]. Furthermore, a permissive 
modiϐication of the pressure-natriuresis response has been predictably 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 
[3]. Also, a series of kidney cross-transplantation studies have supported a key role for 
intrinsic functions of the kidney in the pathogenesis of hypertension [4]. Genetically, 
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compatible donor and recipient strains were used to circumvent rejection, with both 
native kidneys removed such that the full extent of excretory function is provided by 
the transplanted kidney [4].

 Likewise, studies in spontaneously hypertensive rats and Milan hypertensive rats 
recapitulated these ϐindings. The same principle seems to also hold true in humans 
where resistant hypertension can be alleviated after successful kidney transplantation 
[5]. Collectively, these studies point to the fact that a defect in sodium excretion by the 
kidney confers susceptibility to elevated blood pressure.

Blood pressure and hypertension

Hypertension is one of the most common chronic diseases of human, affecting more 
than one billion people worldwide [6]. Although elevated blood pressure 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. Treatments that effectively reduce blood pressure can prevent 
these complications [7]. However, in recent times, 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) [8]. 

The reasons for these poor outcomes include health services issues around 
processes of care, compliance, and patient education. Moreover, the precise cause 
of hypertension is not apparent in the vast majority of patients with hypertension. 
Limitations in understanding of hypertension pathogenesis in individual patients are 
an obstacle to applying individualized approaches for prevention and treatment and to 
identifying new, speciϐic therapies.

The kidneys and their infl uence on blood pressure

The kidneys play a central role in the regulation of arterial blood pressure. A 
large body of experimental and physiological evidence indicates that renal control of 
extracellular volume and renal perfusion pressure are closely involved in maintaining 
the arterial circulation and blood pressure. Renal artery perfusion pressure directly 
regulates sodium excretion; a process known as pressure natriuresis, and inϐluences 
the activity of various vasoactive systems such as the renin–angiotensin–aldosterone 
(RAS) system [9]. Along with vessel morphology, blood viscosity is one of the key 
factors inϐluencing resistance and hence blood pressure. A key modulator of blood 
viscosity is the renin-angiotensin system (RAS) or the renin-angiotensin-aldosterone 
system (RAAS), a hormone system that regulates blood pressure and water balance.

The blood pressure in the body depends upon:

•   The force by which the heart pumps out blood from the ventricles of the heart 
- and this is dependent on how much the heart muscle gets stretched by the 
inϐlowing blood into the ventricles.

•  Τhe degree to which the arteries and arterioles constrict-- increases the resistance 
to blood ϐlow, thus requiring a higher blood pressure.

•  The volume of blood circulating round the body; if the volume is high, the 
ventricles get more ϐilled, and the heart muscle gets more stretched.

The kidney inϐluences blood pressure by:

• Causing the arteries and veins to constrict

• Increasing the circulating blood volume

Specialized cells called macula densa are located in a portion of the distal tubule 
located near and in the wall of the afferent arteriole. These cells sense the Na in the 



Role of the Kidneys in the Regulation of Intra- and Extra-Renal Blood Pressure

Published: July 17, 2018 50/58

ϐiltrate, while the arterial cells (juxtaglomerular cells) sense the blood pressure. When 
the blood pressure drops, the amount of ϐiltered Na also drops. The arterial cells sense 
the drop in blood pressure, and the decrease in Na concentration is relayed to them by 
the macula densa cells. The juxtaglomerular cells then release an enzyme called renin. 

Renin converts angiotensinogen (a peptide, or amino acid derivative) into 
angiotensin-1. Angiotensin-1 is thereafter converted to angiotensin-2 by an angiotensin-
converting enzyme (ACE), found in the lungs. Angiotensin-2 causes blood vessels to 
contract -- the increased blood vessel constrictions elevate the blood pressure. When the 
volume of blood is low, arterial cells in the kidneys secrete renin directly into circulation. 
Plasma renin then carries out the conversion of angiotensinogen released by the liver 
to angiotensin-1. Angiotensin-1 is subsequently converted to angiotensin-2 by the 
enzyme angiotensin converting enzyme found in the lungs. Angiotensin-2m a potent 
vasoactive peptide causes blood vessels to constrict, resulting in increased blood 
pressure. Angiotensin-2 also stimulates the secretion of the hormone aldosterone 
from the adrenal cortex [9].

Aldosterone causes the tubules of the kidneys to increase the reabsorption of 
sodium and water into the blood. This increases the volume of ϐluid in the body, which 
also increases blood pressure. If the renin-angiotensin-aldosterone system is too active, 
blood pressure will be too high. Many drugs interrupt different steps in this system to 
lower blood pressure. These drugs are one of the main ways to control high blood 
pressure (hypertension), heart failure, kidney failure, and harmful effects of diabetes. 
It is believed that angiotensin-1 may have some minor activity, but angiotensin-2 is the 
major bioactive product. Angiotensin-2 has a variety of effects on the body: throughout 
the body, it is a potent vasoconstrictor of arterioles [9].

How the kidneys increase circulating blood volume

Angiotensin-2 also stimulates the adrenal gland to secrete a hormone called 
aldosterone. Aldosterone stimulates more Na reabsorption in the distal tubule, and 
water gets reabsorbed along with the Na. The increased Na and water reabsorption 
from the distal tubule reduces urine output and increases the circulating blood volume. 
The increased blood volume helps stretch the heart muscle and causes it to generate 
more pressure with each beat, thereby increasing the blood pressure. The circulating 
blood volume is directly proportional to the stretch of the heart muscle.

The actions taken by the kidney to regulate blood pressure are especially important 
during traumatic injury, when they are necessary to maintain blood pressure and 
conserve the loss of ϐluids. The body stores calcium in the bones, but also maintains a 
constant level of calcium in the blood. If the blood calcium level falls, then the parathyroid 
glands in the neck release a hormone called parathyroid hormone. Parathyroid 
hormone increases calcium reabsorption from the distal tubule of the nephron to 
restore the blood calcium level. Parathyroid hormone aside from stimulating calcium 
release from bone also causes calcium absorption from the intestine.

Vitamin D is also required by the body to stimulate calcium absorption from the 
kidney and intestine. Vitamin D is found in milk products. A precursor to vitamin D 
(cholecalciferol) is made in the skin and processed in the liver. The last phase in the 
conversion of an inactive form of cholecalciferol into active vitamin D takes place in 
the proximal tubule of the nephron. Once activated, vitamin D stimulates calcium 
absorption from the proximal tubule and from the intestine, thereby increasing blood 
calcium levels.

Kidney stones are abnormalities usually caused by problems in the kidney’s ability 
to handle calcium. In addition, the kidney’s role in maintaining blood calcium is 
important in the bone disease osteoporosis that afϐlicts many elderly people, especially 
women.
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The kidneys therefore function in the body to:

• Control the composition of the blood and eliminate wastes by ϐiltration/
reabsorption/secretion

• Inϐluence blood pressure by renin secretion

• Help regulate the body’s calcium by vitamin D activation

If for any reason, the kidneys fail to function, then renal dialysis methods (artiϐicial 
ϐiltration methods) becomes the only alternative to assist the patient to survive by 
cleansing the blood. This is especially necessary when both kidneys fail. 

Mechanisms of blood pressure control by the kidneys 

1. Intra-renal actions of the renin-angiotensin system in blood pressure 
control

The renin-angiotensin system (RAS) is a potent modulator of blood pressure, and 
dysregulation of the RAS results in hypertension. Pharmacological blockade of the 
RAS with renin inhibitors, angiotensin-converting enzyme (ACE) inhibitors, or 
angiotensin receptor blockers effectively lowers blood pressure in a substantial 
proportion of patients with hypertension [10], reϐlecting the important role for 
RAS activation as a cause of human hypertension. While in rodents, deletion of 
RAS genes lowers blood pressure, overexpression causes hypertension [11].

While The distal tubule cells (macula densa) sense the Na in the ϐiltrate, and the 
arterial cells (juxtaglomerular cells) sense the blood pressure. Studies have shown 
that chronic infusion of low doses of angiotensin II directly into the kidney caused 
hypertension with impaired natriuresis due to a shift of the pressure-natriuresis 
relationship [12]. It is also believed that the existence of local and independent 
control of RAS activity within the kidney inϐluencing sodium excretion and 
blood pressure regulation. In this hypothesis, increased circulating levels of 
angiotensin II are associated with accumulation of angiotensin peptides in the 
kidney, upregulated expression of angiotensinogen, the primary RAS substrate, 
in proximal tubule epithelium, and increased excretion of angiotensinogen and 
angiotensin peptides in urine [13]. In this feed-forward pathway, angiotensin 
II acting via type 1 angiotensin (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 [14,15]. 

Recent studies in support of this idea have veriϐied the critical requirement 
of ACE within the kidney to fully manifest stimulation of sodium transporter 
expression, renal sodium reabsorption, and hypertension in the setting of RAS 
activation [16,17] (Figures 1,2).

2. Novel Control Mechanisms and Sites of Action for Aldosterone in 
Hypertension

AT1 receptors in the zona glomerulosa of the adrenal gland stimulate aldosterone 
release, making aldosterone a downstream effector of the RAS. Activation of the 
mineralocorticoid receptor (MR) in aldosterone-sensitive nephron segments 
stimulates 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 hyper-aldosteronism, but 
with low levels of aldosterone [18]. Similarly, activating mutations in the gene 
encoding the MR also cause hypertension that is exacerbated by steroid hormone 
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alterations during pregnancy [19]. These syndromes may highlight the capacity 
for dysregulation of the MR/ENaC signaling pathway in the kidney to promote 
hypertension.

Aldosterone, in addition to stimulation of sodium reabsorption, promotes 
secretion of potassium into urine. Shibata et al have shown in their studies 
that regulated phosphorylation of the MR modulates aldosterone responses 
in the kidney. They showed that phosphorylation of S843 on the MR prevents 
ligand binding. This form of the MR is present only in intercalated cells of the 
collecting duct of the kidney where its phosphorylation is differentially regulated 
by volume depletion and hyperkalemia. For example, in volume depletion, the 
MR in intercalated cells is dephosphorylated, resulting in potentiation of chloride 

Figure 1: Renal mechanism whereby activation of the renin-angiotensin system reduces pressure natriuresis 
relationship and leads to hypertension [39].

Figure 2: 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; increased 
ANGII in the kidney, up regulation of AGT in the proximal tubule epithelium, increased levels of AGT in the tubular 
lumen, generation of ANGII requiring angiotensin-converting enzyme (ACE) expression in the brush border of the 
proximal tubule (PT), and increased excretion of AGT and ANG peptides in urine [39].
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and sodium reabsorption, allowing a distinct response to volume depletion [20]. 
Although the MR is classically activated by aldosterone, recent studies suggest 
that the small GTPase Rac1 may promote hypertension through an MR-dependent 
pathway, even in the setting of suppressed aldosterone levels (Figure 3).

3. The WNKs: Novel Pathways Regulating Renal Solute Transport

Reliable evidence implicating a predominant role for the kidney in the regulation 
of blood pressure have deϐined the genetic basis of virtually all of the known 
Mendelian disorders associated with abnormal blood pressure phenotypes 
in humans [20-22]. In each case, these mutations impact sodium and ϐluid 
reabsorption along the nephron [21]. One of these disorders is pseudo-hypo-
aldosteronism type II (PHAII), a Mendelian syndrome characterized by the 
unusual combination of hypertension and hyperkalemia, found to be caused by 
mutations in the genes encoding WNK1 (with no lysine [K]) kinase and WNK4 
[22]. This discovery triggered intense study of these unique kinases, identifying 
roles for WNK1 and WNK4 in the regulation of sodium and potassium ϐlux in 
the distal nephron. These actions are primarily mediated through control of 
the relative levels and activities of the thiazide-sensitive Sodium (Na) Chloride 
Cotransporter (NCC) and/or the Renal Outer Medullary Potassium (K) channel 
(ROMK) [23,24]. The NCC represents a major pathway for sodium reabsorption 
in the distal nephron and is the target for thiazide diuretics, which are effective 
and widely used antihypertensive agents [25]. Thiazides are a mainstay of 
treatment for PHAII, consistent with ϐindings that NCC over-activity is a key 
feature of the disorder [26]. 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 activity 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 [24,27,28] (Figure 4). 

WNK family kinases control the activity of the sodium chloride cotransporter 
(NCC) and the renal outer medullary potassium channel (ROMK) in distal 
convoluted tubule (DCT) cells in the kidney. 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 

Figure 3: Representation of an aldosterone-responsive epithelial cell. The proteins encoded by aldosterone-induced genes 
are discussed in the text: ENAC α, β, and γ, CHIF, sgk, and RAS are indicated are their known or putative functions [39].
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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. 

4. How sodium and potassium lux in the distal nephron is regulated.

Enhanced activity of NCC through modulation of WNKs seems to be a ϐinal 
common pathway for the development of hypertension in a number of scenarios. 
For example, β-adrenergic stimulation increases blood pressure by suppressing 
WNK4 and, in turn, enhancing NCC activity [29]. In addition, calcineurin 
inhibitors commonly used to treat autoimmune disease and prevent transplant 
rejection, frequently cause hypertension. Recent studies by Ellison et al indicate 
that the mechanism of hypertension associated with calcineurin inhibitor use 
involves stimulation of NCC through upregulation of WNK3 [30].

While the ongoing delineation of WNK functions has provided signiϐicant 
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 [31]. Moreover, mutations in these two genes accounted for disease 
in approximately 80% of individuals affected with PHAII [31]. KLHL3 is one 
of a family of more than 50 broad-complex, tramtrack, bric-a-brac complex–
containing (BTB-containing) kelch proteins, characterized by six-bladed, 
β-propeller domains for binding speciϐic 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 
speciϐic protein substrates for ubiquitination [32] (Figure 5).

5. Salt Homeostasis

Salt sensitivity, deϐined as an exaggerated change in blood pressure in response 
to extremes in dietary salt intake, is relatively common 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 ϐluid volume, which promotes increased 
blood pressure [34]. 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 
commensurate retention of water to maintain iso-osmolality and would thereby 
proportionally expand the intravascular volume. 

Figure 4: Mechanisms regulating sodium and potassium fl ux in the distal nephron [33].
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However, studies by Titze et al. recently indicated 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 [35].  During high-salt feeding, sodium accumulates in the 
subdermal interstitium at hypertonic concentrations in complexes with proteoglycans 
[35,36]. Macrophages inϐiltrating the interstitial space sense hypertonicity caused 
by this accumulation of sodium in excess of water, triggering expression of TonEBP, 
a transcription factor regulating the expression of osmo-protective genes. One of the 
genes induced downstream of TonEBP is vascular endothelial growth factor-C (VEGF-C) 
[35], a potent inducer of lymph angiogenesis.

In response to high-salt feeding, Titze’s group found robust lymphatic vessel 
hyperplasia in the dermal interstitium [35]. Depletion of macrophages, cell-speciϐic 
deletion of TonEBP from macrophages, or speciϐic blockade of VEGF-C prevented 
hyperplasia of lymphatic vessels and enhanced the level of sodium-dependent 
hypertension [35-37] demonstrating that this pathway has a key role in the extrarenal 
control of sodium and ϐluid volumes. Elevated plasma level of VEGF-C in patients with 
refractory hypertension was observed, indicating that this system might be perturbed in 
the human disorder. However, pre-clinical models predict that reduced levels of VEGF-C 
would promote hypertension [38]. Nonetheless, chronic hypertension in humans is a 
complex disorder; it is possible that the observed elevation in VEGF-C levels may reϐlect 
tissue resistance to VEGF-C or even a compensatory response.

Hypertensive kidney injury and the progression of chronic kidney disease

The kidney remains a major site for hypertensive target organ damage which is 
second only to diabetic nephropathy as a primary cause for end-stage renal disease 
(ESRD). Moreover, the presence of chronic kidney disease (CKD), including that 
caused by hypertension, has been shown to be a strong independent risk factor for 
adverse cardiovascular outcomes. Nevertheless, major aspects of clinical hypertensive 
renal disease remain poorly understood such as the marked differences in individual 
susceptibility to hypertensive renal damage and the apparent variable reno-protective 
effectiveness of antihypertensive classes [40].

Studies have revealed that time-varying SBP was associated with incident CKD, with 
a steady increase in risk of incident CKD above an SBP of 120 mmHg. Time-weighted SBP 
was associated with a more rapid decline of kidney function. Diabetes was the strongest 
predictor of incident CKD, and more rapid decline of kidney function and worse glycemic 
control were associated with greater risk, thereby supporting the role of BP and other 
traditional risk factors like diabetes in the initiation and progression of kidney function 
decline in hypertensive patients with normal kidney function at baseline [41].

Figure 5: Effect of changes in mean arterial pressure during chronic changes in sodium intake after angiotensin-
converting enzyme (ACE) inhibition, or when angiotensin II was infused at a constant low dose (5 ng/ kg/min) to prevent 
angiotensin II from being suppressed when sodium intake was raised. (Redrawn from data in Hall et al, 1980) [33].
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Discussion

Sodium handling by the kidney is a major determinant of the level of intra- and 
extra- renal blood pressure, and its under complex physiological control by hormones, 
inϐlammatory mediators, and the sympathetic nervous system. It is self-evident 
that a basic mechanism of efϐicacy for diuretics and dietary sodium restriction in 
hypertension is to favorably inϐluence sodium balance and homeostasis. Other 
antihypertensive agents such as RAS inhibitors, vasodilators, and β-blockers work 
through a similar mechanism by facilitating pressure-natriuresis. Recent studies have 
also suggested that WNK signaling pathways, soluble inϐlammatory mediators, and 
pathways regulating extra-renal sodium disposition might also be useful targets for 
enhancing elimination of sodium and reducing blood pressure in hypertension.

The renin-angiotensin system (RAS) is a powerful modulator of blood pressure, and 
dysregulation of the RAS causes hypertension. Pharmacological blockade of the RAS 
with renin inhibitors, angiotensin-converting enzyme (ACE) inhibitors, or angiotensin 
receptor blockers effectively lowers blood pressure in a substantial proportion of 
patients with hypertension [10], reϐlecting the important role for RAS activation as 
a cause of human hypertension. Similarly, in rodent models, deletion of RAS genes 
lowers blood pressure whereas overexpression causes hypertension [11].

Conclusion

There is essential link between the kidney and blood pressure control. An impaired 
capacity of the kidney to excrete sodium in response to elevated blood pressure is a 
major contributor to hypertension, irrespective of the initiating cause. In this regard, 
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 ϐinal common pathway through which vascular, neural, 
and inϐlammatory responses raise blood pressure. The relationship between sodium 
intake and changes in body ϐluid volume reveals the mechanism. 

Recommendation

Expanded understanding of the role of the kidney as both a cause and target of 
hypertension to increase knowledge on key aspects of pathophysiology may help 
lead to identiϐication of new strategies of regulating both intra-and extra- renal blood 
pressure to help in the prevention and treatment of hypertension.
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