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Abstract

Aldosterone exerts profound effects on renal and cardiovascular physiology. In the kidney, 

aldosterone acts to preserve electrolyte and acid-base balance in response to changes in dietary 

sodium (Na+) or potassium (K+) intake. These physiological actions, principally through activation 

of mineralocorticoid receptors (MRs), have important effects particularly in patients with renal 

and cardiovascular disease as demonstrated by multiple clinical trials. Multiple factors, be they 

genetic, humoral, dietary, or otherwise, can play a role in influencing the rate of aldosterone 

synthesis and secretion from the adrenal cortex. Normally, aldosterone secretion and action 

respond to dietary Na+ intake. In the kidney, the distal nephron and collecting duct are the main 

targets of aldosterone and MR action, which stimulates Na+ absorption in part via the epithelial 

Na+ channel (ENaC), the principal channel responsible for the fine-tuning of Na+ balance. Our 

understanding of the regulatory factors that allow aldosterone, via multiple signaling pathways, to 

function properly clearly implicates this hormone as central to many pathophysiological effects 

that become dysfunctional in disease states. Numerous pathologies that affect blood pressure 

(BP), electrolyte balance and overall cardiovascular health are due to abnormal secretion of 

aldosterone, mutations in MR, ENaC, or effectors and modulators of their action. Study of the 

mechanisms of these pathologies has allowed researchers and clinicians to create novel dietary and 

pharmacological targets to improve human health. This review covers the regulation of aldosterone 

synthesis & secretion, receptors, effector molecules, and signaling pathways that modulate its 

action in the kidney. We also consider the role of aldosterone in disease and the benefit of 

mineralocorticoid antagonists.
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Introduction

Discovery and perspective

In 1953, Simpson et al. reported the crystallization of a substance synthesized by 

the adrenal cortex that was, and still remains today, the most potent sodium (Na+)-

conserving corticosteroid known (745). Initially designated as electrocortin, this hormone 

was subsequently renamed aldosterone when its structure was determined (Figure 1) (165, 

745, 746). In 1961, Jean Crabbe reported that one hour after of exposure to aldosterone, 

short-circuit current (SCC)1 increased in the toad urinary bladder, the amphibian analogue 

of the renal collecting duct (CD). The SCC provided an index of Na+ reabsorption indicating 

that aldosterone acted directly to increase Na+ absorption in the target tissue, rather than 

by secondary hormonal action (146). These studies were consistent with work by Edelman 

and colleagues who reported a significant lag time before the effect of aldosterone could be 

detected (187).

Approximately 62,000 PubMed articles have been published that indexed “aldosterone” 

or “mineralocorticoid” since its discovery. In the past decade, the number of articles 

pertaining to aldosterone has exceeded 1,000 per year. Consequently, our understanding 

of this hormone, its mechanism of action, and physiological and pathophysiological effects 

1Alphabetical list of abbreviations: 11β-HSD1, 11ß-hydroxysteroid dehydrogenase type 1; 11β-HSD2, 11ß-hydroxysteroid 
dehydrogenase type 2; ACTH, Adrenocorticotropic hormone; AIT, aldosterone-induced transcript; AKT, protein kinase B; Ang II, 
angiotensin II; ANP/ANF, atrial natriuretic peptide/factor; AS, aldosterone synthase; ASDN, aldosterone sensitive distal nephron; 
ASIC, acid sensing ion channel; AT1/2, Ang II type1/2 receptors; ARNTL, aryl hydrocarbon receptor nuclear translocator-like 
protein 1 (Bmal1); AVP, arginine vasopressin/antidiuretic hormone; Ca2+, Calcium; cAMP, cyclic adenosine monophosphate, cyclic 
AMP; CHO, Chinese hamster ovary; CKD, chronic kidney disease; CD, collecting duct; CCD, cortical CD; CNT, connecting 
tubule (or connecting segment); CRY1, Cryptochrome Circadian Regulator 1; DBD, DNA binding domain; Dot1a, disruptor of 
telomeric silencing splice variant “a”; DCT, distal convoluted tubule, DOC, 11-deoxycorticosterone; E2, 17β-estradiol; ENaC or 
HSC, epithelial Na+ channel or highly Na+ selective channel); ET-1, endothelin-1; ERK1/2, extracellular signal-related kinase 
1/2; FENa, fractional excretion of Na+; FIKS, flow-induced (or dependent) K+ secretion; GDI, Guanosine nucleotide dissociation 
inhibitor; GFR, glomerular filtration rate; GPER-1, G protein-coupled estrogen receptor 1; GR, glucocorticoid receptor/(gene: 
NR3C1) HKα1, gastric H+K+-ATPase alpha subunit encoded by ATP4a; HKα2, gastric H+K+-ATPase alpha subunit encoded 
by ATP12a; HRE, hormone response element; ICT, initial collecting tubule; IGF, insulin-like growth factor-1; IGF-1R, IGF-1 
receptor; IHC, immunohistochemistry; IMCD, inner medullary CD; JK, net potassium flux; K+, potassium; [K+]e, exchangeable 
K+, Kir channel, inwardly rectifying K+ channel; LBD, ligand binding domain; MAPK, mitogen activated protein kinase; MDCK, 
Madin-Darby Canine Kidney; MR, mineralocorticoid receptor (encoded by NR3C2); mTOR, mammalian/mechanistic target of 
rapamycin; mTORC2, type 2 mTOR complex; Na+, sodium; NAD, nicotinamide adenine dinucleotide; NHE, Na+/H+ exchanger; 
NTD, N-terminal domain; NCC, NaCl cotransporter encoded by SLC12A3; NPo, channel activity, (channel number)XPo; NSC, 
non-selective cation channel; OMCD, outer medullary CD; OSR1, oxidative stress-responsive kinase 1; Per1, Period homolog 1, Per2, 
Period homolog 2; PHA type II, pseudohypoaldosteronism type II; PI3-kinase, phosphatidylinositol 3-kinase; PKC, protein kinase 
C; PKD1, protein kinase D1; PLC, phosphoinositide-specific phospholipase; PNa, Na+ permeability; Po, open channel probability; 
RAAS, renin-angiotensin-aldosterone system; RISC, RNA-induced silencing complex; SCC, short-circuit current; SGK1, serum and 
glucocorticoid kinase isoform 1; TAL, thick ascending limb; ULK1, unc-51-like kinase 1; UKV, urinary potassium excretion; Vbl, 
basolateral membrane voltage; Vmr, resting membrane voltage; VT, transepithelial voltage; VSMC, vascular smooth muscle cell; 
WNK kinase, with no lysine kinase; ZG, zona glomerulosa of adrenal cortex.
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continue to evolve. This review focuses primarily on major recent developments in our 

understanding of aldosterone’s function. We also review critical experiments that have been 

poorly appreciated but are essential for the proper understanding of the action of this 

hormone. Given the size of this topic, frequent reference to other comprehensive reviews 

will be cited.

This review focuses on the action in the kidney with a primary discussion of the action of 

aldosterone to stimulate ion transport in the renal tubules. Aldosterone also exerts important 

effects on the vasculature, central nervous system (CNS), immune system, and the circadian 

clock. Aldosterone action on the systemic vasculature and the CNS has been the subject of 

intense investigation, and recent reviews document the interdependence of renal function on 

these systems (48, 83, 183–185, 220, 261, 267, 467, 530, 558, 566, 572, 676, 685, 742, 854, 

872, 884, 938, 962).

Classic and evolving understanding of aldosterone effects

Within the kidney, aldosterone acts primarily to promote net Na+ retention and net acid 

excretion. Globally, it acts to preserve potassium (K+) homeostasis. Although the classical 

effects of aldosterone are mediated through the mineralocorticoid receptor (discussed in the 

section “Aldosterone Nuclear Hormone Receptors”), aldosterone also acts by non-genomic 

mechanisms that are more rapid than the classic genomic-mediated mechanisms (discussed 

in “Non-Genomic Mechanisms of Action of Aldosterone”). In addition, aldosterone has 

other important actions besides its effect on electrolyte transport (discussed in the section 

“Role of Aldosterone in Salt-Sensitive Hypertension”), and recent electrolyte balance studies 

have prompted a review of previous studies (discussed in the section “Aldosterone and K+ 

Homeostasis” and “Clinical Trials Involving MR Blockade & Challenges”) (657).

Aldosterone Synthesis, Secretion, and Metabolism Aldosterone synthesis

The adrenal cortex accounts for the vast majority of circulating plasma aldosterone. Some 

evidence suggests that local tissue aldosterone production occurs and may contribute 

to pathophysiology, but this issue remains debated (899). The adrenal cortex has three 

anatomically and functionally distinct regions: zona glomerulosa (ZG), zona fasciculata, 

and zona reticularis. Aldosterone synthesis occurs almost exclusively in the most superficial 

ZG layer as illustrated in Figure 2. Aldosterone biosynthesis requires the mitochondrial 

and microsomal electron transport systems (Figure 1), and two reactions normally regulate 

its synthesis (499, 759). The first is the conversion of cholesterol to pregnenolone by 

the cholesterol side chain-cleaving enzyme, cytochrome P-450scc (encoded by the gene 

CYP11A1). This enzyme resides at the matrix side of the inner mitochondrial membrane 

(759). The second step catalyzes the sequential conversion of deoxycorticosterone to 

corticosterone and thence to aldosterone, (88, 150, 348, 411, 662) via aldosterone synthase 

(AS, encoded by the gene CYP11B2, also known as cytochrome P-450aldo or P-450c11AS), 

which is selectively expressed in the zona glomerulosa (330, 526, 734). Hormones and 

factors that affect aldosterone production principally regulate one of these two enzymatic 

conversions (83, 653). However, disruption of the circadian clock proteins Cry1 & Cry2 
in mice suggest that 3-β-hydroxysteroid dehydrogenase (Mus-Hsd3b6 or Hum-HSD3B1) 
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may become rate limiting under some conditions (171). The d-aldosterone stereoisomer 

is the active isoform synthesized and metabolized in humans. (504, 833) Cortisol and 

corticosterone, the primary glucocorticoid in humans and rodents, respectively, are largely 

bound to plasma proteins (~96% bound, ~4% free) with the greatest fraction bound to 

corticosteroid binding globulin (also known as transcortin) In contrast, aldosterone has a 

greater fraction that is not bound (60% bound, 40% free). Corticosteroid binding globulin 

and albumin are the principal carrier proteins for aldosterone, 22% and 38%, respectively. 

Mutations leading to deficiency of corticosteroid binding globulin have been linked to 

human diseases and impaired aldosterone responsiveness, an area that deserves further 

investigation. Normal values are listed in Table 1.

Hormones and factors that physiologically control aldosterone secretion and 
concentration

The role of aldosterone in Na+, K+, and acid-base homeostasis is best appreciated by 

understanding the factors that stimulate aldosterone secretion. When ZG cells are studied 

in vitro, many hormones stimulate aldosterone secretion. The sensitivity, specificity, 

magnitude, and duration of the stimulation, and the conditions under which such stimulation 

occurs has been extensively reviewed (361, 764, 785, 881, 899).

The major physiological regulators of aldosterone secretion in vivo are angiotensin II (Ang 

II), extracellular K+ concentration, and, to a lesser extent, natriuretic hormones (759). Aside 

from the major stimuli, the contribution of others to physiologically modulate aldosterone 

secretion in vivo is less clearly defined. The presence of specific receptors in ZG cells for 

adrenocorticotropic hormone (ACTH), vasopressin, serotonin, dopamine, atrial natriuretic 

peptide, somatostatin, and other compounds would suggest the potential for these substances 

to modulate aldosterone under specific conditions (653). Importantly, aldosterone synthesis 

requires multiple steps with the potential for different rate limiting reactions under different 

conditions (Figure 1),

Early studies recognized the importance of a volume sensitive mechanism, or mechanisms, 

K+ intake or extracellular [K+], and ACTH to stimulate aldosterone secretion (160, 247). 

The kidney exhibited a critical role for aldosterone secretion as well in response to 

hypovolemia (159, 248). Such studies, (7) and others reviewed extensively elsewhere 

(83, 653), provided evidence for the critical role of Ang II in physiological regulation of 

aldosterone secretion by the renin-angiotensin-aldosterone system.

Multiple mechanisms control adrenal aldosterone synthesis that are not necessarily additive. 

Early studies identified that part of this regulation involved changes in Ang II receptor 

binding sites, that was itself regulated by Ang II (331). Notably, studies in rats show that 

short-term Na+ restriction resulted in an increase in Ang II adrenal receptors. However, 

studies in primates suggest that this may not occur in all species (635). With the current 

recognition of at least two types of Ang II receptors (Ang II type 1 [AT1] and type 2 [AT2]) 

it would be instructive to determine whether sub-types of Ang II receptors are regulated 

differently in rodents and in primates.
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The requirement of extracellular calcium (Ca2+) for sustained aldosterone secretion is a 

consistent observation (5, 52, 435, 653–655) and the contribution of extracellular [K+] has 

been systematically studied (169). Notably, continuous sampling studies in awake unstressed 

humans show that aldosterone, like many hormones, is secreted in bursts, occurring 

predominantly in the latter part of sleep and early morning. This secretion correlates with 

cortisol secretion but the correlation with renin was less consistent (409). Unfortunately, the 

correlation coefficients were not reported, so the degree of variation in aldosterone values 

explained by cortisol (and by inference ACTH) and renin remains to be determined. The role 

of ACTH in aldosterone secretion is discussed below (83, 264, 759, 899).

Angiotensin II-induced aldosterone secretion—Ang II is the penultimate product of 

the classical Renin-Angiotensin-Aldosterone System (RAAS), which is depicted in Figure 

3. Renal baroreceptors and the macula densa of the juxtaglomerular apparatus, sense two 

distinct signals, arteriolar pressure and luminal sodium chloride (NaCl) concentration (or 

osmolality), respectively. These signals lead to the secretion of renin, an aspartic protease 

that cleaves angiotensinogen to the decapeptide angiotensin I, which is further processed 

by angiotensin converting enzyme (ACE) to the octapeptide Ang II. Ang II acts as a 

primary regulator of adrenal aldosterone secretion by binding to Ang II type1 (AT1) 

receptors located in the cells of the adrenal ZG (309, 315, 404, 518, 857). Ang II-induced 

secretion occurs by AT1 G-coupled receptor activation that causes not only membrane 

depolarization, but also a cascade of other cellular events. These include activation of 

non-selective cation channels, phosphoinositide-specific phospholipase (PLC), and inositol 

1,4,5-trisphosphate (IP(3))-Ca2+/calmodulin-mediated signaling (505, 759). The net overall 

result is an increased activity of the rate-limiting enzymes for aldosterone synthesis.

Ang II results in plasma membrane depolarization, similar to physiological increases in 

plasma [K+] (see below), which can lead to activation of voltage-dependent Ca2+ channels 

independent of cyclic adenosine monophosphate (cyclic AMP; cAMP) formation (499, 653). 

However, Ang II binding to AT1 receptor produces additional cellular responses that are 

independent of changes in the plasma membrane voltage that coordinate the stimulation of 

aldosterone production and secretion from the adrenal zona glomerulosa cells. In addition, 

activation of T-type Ca2+ channels by Ang ll at physiological concentrations appears 

to require the presence of intracellular GTP signaling (501, 529). Whether membrane 

depolarization per se, however, contributes significantly to Ca2+ channel activation has 

been questioned by studies that found only small effects of Ang II to depolarize membrane 

voltage (Vm) in bovine glomerulosa cells (124).

K+-induced aldosterone secretion—The ZG cells of the adrenal cortex express five 

classes of K+ channels and at their resting membrane potential or voltage (Vm
r) are nearly 

exclusively conductive to K+. Although not all these K+ channels may contribute to the 

resting membrane potential in rat ZG cells (498, 500, 652, 841), at least two families of 

K+ channels are known to contribute to K+ conductance: 1) inwardly rectifying K+ (Kir) 

channels and 2) background K+ current channels (473). Mutations in some, notably Kir3.4 

(KCNJ5) and Task3 (KCNK9), lead to membrane depolarization and increased aldosterone 

secretion (132, 621, 720). Quinn et al. studied aldosterone secretion by patch clamp analysis 
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on rat and bovine ZG cells and demonstrated the presence of voltage-sensitive Ca2+ channels 

with a small activation threshold that are activated by changes in extracellular [K+] ([K+]e) 

(651).

Although chronic increases or decreases in K+ intake are associated with corresponding 

changes in plasma aldosterone, the variation of plasma K+ concentration ([K+]p) throughout 

the day is normally ~10% (< 0.4 mEq/L)(729) whereas aldosterone exhibits a robust 

circadian pattern of secretion with typically a 2–4 fold variation throughout the day. These 

considerations suggest that Ang II, circadian rhythm, or other factors, perhaps modulated 

by [K+]e, are more important in controlling the daily variation in aldosterone concentration 

(785). Indeed, evidence indicates that ZG cells exhibit slow periodic voltage spikes and 

coordinated bursts of intracellular Ca2+ oscillations that can be modulated by angiotensin II 

and [K+]e (360). Whether the frequency of these voltage spikes and Ca2+ oscillations predict 

the rate of ZG cell aldosterone secretion, as inferred from indirect evidence (53) remains a 

promising area of investigation.

The role of [K+]e as a mechanism responsible for physiological regulation of aldosterone 

synthesis requires that the changes in [K+]e occur within the range normally observed in 
vivo. Spät (758) emphasized the distinction between physiological and supra-physiological 

[K+] changes because separate mechanisms likely mediate each. Abrupt increases in [K+]e 

will cause plasma Vm to depolarize like the effect of Ang II on Vm via inhibition of 

TWIK-related acid-sensitive K+ channels (153). Thus, [K+]e -induced and Ang II-induced 

mechanisms of aldosterone secretion have elements in common, but they exhibit significant 

differences. In contrast to the multiple actions of Ang II to orchestrate aldosterone secretion, 

the effect of [K+]e is primarily mediated by Ca2+ influx.

The role of the cellular membrane potential or voltage to influence aldosterone secretion, 

however, is supported by studies that have dissected the genetic causes of primary 

hyperaldosteronism, with important contributions made by Lifton and coworkers. Choi et 

al. provided compelling evidence that somatic mutations in the potassium channel KCNJ5 

were responsible for aldosterone-producing adrenal adenomas in eight of 22 cases that 

they analyzed. The mutations were predicted to result in amino acid changes in (G151R) 

or near (L168R, T158A) the selectivity filter of KCNJ5. When expressed in 293T cells, 

the mutations resulted in a loss of channel selectivity, increased sodium conductance, 

and cell membrane depolarization. Such characteristics would be predicted to increase 

calcium entry and aldosterone production. (132) Other mutations have been reported for 

the CACNA1D calcium channel and CLCN2 chloride channel that are also consistent 

with a voltage or calcium mediated stimulation of aldosterone secretion and implicated in 

hyperaldosteronism. (718, 719, 721, 727) Thus, several somatic or germline mutations in ion 

channels appear to be responsible for a significant number of cases of hyperaldosteronism, 

although other mechanisms of hyperaldosteronism exist. (257, 479, 554, 611) Several 

excellent reviews provide additional analysis. (232, 720, 727)

The previous considerations are relevant to the work of Lotshaw, who has examined the 

role of membrane depolarization, and the channels involve in K+-stimulated aldosterone 

secretion. Physiological changes in [K+]e appear to activate predominantly T-type channels, 
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but supra-physiological concentrations of K+ trigger Ca2+ influx through L-type Ca2+ 

channels (499). Since T-type channels activate between −80 and −70 mV (841), and an 

increase in [K+]e by 1 mM induces a small depolarization, it is likely that the effect of 

changes in [K+]e are not solely due to changes in Vm. A positive feed-back mechanism of 

Ca2+ signaling appears to amplify the initial signal by activating CaMKII, which reduces 

the activation threshold of T-type channels (54). In addition, small changes in [K+]e produce 

changes in cytoplasmic [Ca2+] (646). The sensitivity of ZG cells to changes in [K+]e may 

also involve cellular swelling to amplify the mechanism of Ca2+ signaling and sensitize 

T-type channels to depolarization. Thus, a role for Ca2+ signaling, and an increase in cell 

volume may be important cytosolic events (510). Further study of the genetic and cellular 

mechanisms that underlie aldosterone secretion under physiological and pathophysiological 

conditions are needed and will likely be highly rewarding.

Adrenocorticotropic hormone (ACTH)—ACTH stimulates aldosterone production, but 

this effect appears to be subject to the experimental conditions. For example, in collagenase-

dispersed adrenal glomerulosa cells, both Ang II and ACTH evoked marked increases in 

steroid production (175). Ang II concentrations as low as 30 pM, similar to normal rat blood 

Ang II concentrations, significantly increased aldosterone and corticosterone production, 

with 1000 pM Ang II increasing aldosterone production by 6–7 times that of basal values. 

However, dispersed capsular cells were also highly sensitive to ACTH, with a threshold of 

~3 pM and a maximum aldosterone response of 20-fold greater than basal values.

Oelkers et al. examined the effect of ACTH on the RAAS in humans. Using normal male 

subjects, 10 IU of ACTH was infused for 34 hours. ACTH infusions led to a significant 

increase in plasma renin activity and Ang II concentration with a maximum response after 

24 hours. This effect was not seen with sham or hydrocortisone infusions and was not 

mediated by a rise in plasma renin substrate (588). These results led to the suggestion 

that ACTH may be a physiological regulator of renin secretion, and that ACTH may 

stimulate aldosterone secretion on the second day of treatment through renin and Ang II. In 

a follow-up study, the same dose of ACTH infusion led to an increase in systolic BP on the 

second day of infusion in eight normal men (589). Treating the subjects with propranolol or 

indomethacin led the researchers to the conclusion that the effect of ACTH was not mediated 

by renal beta-adrenergic receptors, and that ACTH may be physiologically involved in the 

regulation of renin secretion based on the infusion rate (589).

In contrast, in vivo adrenal transplantation experiments in sheep showed greater Ang II 

specificity to selectively increase aldosterone. Ang II produced large increases in aldosterone 

secretion without a consistent effect on cortisol or corticosterone (75). ACTH infusion 

resulted in large increases of cortisol and corticosterone secretion with little increase in 

aldosterone secretion rate until secretion of cortisol and corticosterone exceeded 1,000 and 

45 μg per hour.

Moreover, the effect of ACTH is time-dependent. Acute ACTH administration stimulates 

aldosterone production, but assessment of its contribution to the physiological regulation 

of aldosterone secretion in vivo depends on the experimental design of the studies used 

to assess this contribution. If ACTH is administered by continuous infusion its action is 
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transient and tachyphylaxis develops (83, 653). On the other hand, pulsatile administration, 

which more closely simulates endogenous ACTH release does not result in suppression 

of aldosterone secretion, at least over 48 hours (726). Regarding the chronic infusion 

experiments, some studies (6, 229), but not all (570) support the suppression of the renin-

angiotensin axis as an explanation. However, this suppression is also observed in patients 

with hyperaldosteronism (71), and when renin activity is stimulated by a low Na+ diet and 

diuretic treatment (587).

More recent studies in mice provide insight for the tachyphylaxis (182) which appears to be, 

at least in part, due to a transcriptional mechanism in the adrenal gland (540) that results in 

a shift in the biosynthetic pathway from aldosterone towards glucocorticoids with expansion 

of the zona fasciculata. However, these studies employed chronic infusion, and thus the 

fundamental role of ACTH remains open to interpretation depending on the experimental 

design. It is tempting to speculate that the difference between continuous and pulsatile 

stimulation of aldosterone by ACTH reflect the role of mechanisms related to periodic 

oscillating genes such as those described for the voltage spikes and changes cytosolic Ca2+ 

oscillation described above.

Natriuretic peptides—The natriuretic peptides, atrial natriuretic peptide (ANP), brain 

natriuretic peptide (BNP) and C-type natriuretic peptide (CNP), represent a class of 

hormones that have all been shown to inhibit aldosterone secretion in humans and laboratory 

animals (138, 380, 505, 699, 709, 959). Receptors for ANP are present on adrenal ZG 

cells, and physiological rates of ANP infusion result in significantly reduced aldosterone 

secretion without an effect on plasma renin activity. Unfortunately, the role of ANP to 

inhibit aldosterone secretion, although well documented experimentally, has not received 

sufficient attention to resolve whether it represents a bona fide in vivo regulator of 

aldosterone (786). It is possible that some of the heterogeneity of hyperaldosteronism 

may be related to differences in ANP action (699). Resolution of this issue will require 

systematic studies in normal human subjects and patients with hyperaldosteronism on 

different levels of well-defined Na+ and K+ intake and accurate plasma renin, aldosterone 

and natriuretic peptide levels performed under uniform conditions noting time of day, sex, 

age, and with rates of aldosterone production before and after saline suppression. With 

sufficiently large populations of normal individuals and patients with hyperaldosteronism 

according to specific etiology, the predictive value of aldosterone and renin can be compared 

to that observed with aldosterone, renin, and ANP. If ANP is an important determinant 

of aldosterone production, it should improve the accuracy of distinguishing normal and 

pathological states.

Circadian control of aldosterone secretion and plasma aldosterone 
concentration—Plasma aldosterone concentration is not constant but exhibits a 

characteristic circadian variation with the greatest values occurring during the latter part 

of sleeping and shortly after awaking in humans (409, 410). Although upright posture and 

activation of renin secretion are frequently cited as the predominant regulators of daily 

fluctuations in plasma aldosterone, when plasma aldosterone concentration is measured 

frequently (every 10 or 30 minutes) over 24 hours in the same individual, rapid increases 

Johnston et al. Page 8

Compr Physiol. Author manuscript; available in PMC 2024 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in plasma aldosterone concentration occur in secretory bursts (266, 409, 410). Moreover, 

simultaneous measurements of renin, aldosterone and cortisol revealed that the predominant 

correlation was between aldosterone and cortisol. Both hormones exhibited a consistent 

circadian rhythm (409, 410). These observations suggest that disruption of the molecular 

components of the circadian clock would be expected to affect aldosterone secretion.

Indeed, work involving circadian clock gene knockout mouse models indicates that 

aldosterone production is directly controlled by the molecular clock. For example, Doi 

et al. discovered a salt-sensitive hypertension phenotype in mice lacking Cry1 and Cry2 
accompanied by dramatically high plasma aldosterone values (171). This effect was directly 

linked to significant overexpression of Hsd3b6 in the ZG of the adrenal gland. Expression of 

the human homolog has been linked to hypertension. Interestingly, the opposite phenotype 

was observed in Period 1 (Per1) heterozygous mice (666). Richards et al. showed that 

mice with reduced Per1 expression exhibited reduced plasma aldosterone levels compared to 

WT mice and this effect was associated with reduced expression of Hsd3b6 in the adrenal 

gland. Clock knockout mice exhibit reduced blood pressure (BP) and altered circadian 

rhythmicity in plasma aldosterone levels (576).The first kidney specific knockout of a 

clock gene, Bmal1, was generated by Firsov and colleagues (820). Deletion of Bmal1 from 

renin-producing cells also resulted in decreased Bmal1 expression in the juxtaglomerular 

apparatus, the thick ascending limb (TAL) and CD. These Bmal1 knockout mice had lower 

BP and reduced aldosterone levels than controls, providing additional evidence that the 

clock controls aldosterone production. Wang et al. evaluated the cardiovascular phenotype 

of mice lacking three circadian transcription factors, DBP, HLF, and TEF, and these mice 

also exhibited reduced plasma aldosterone levels relative to WT mice (869). This effect was 

associated with reduced BP and cardiac hypertrophy. Taken together, these studies support 

a role for the molecular clock components in the regulation of aldosterone levels with 

implications for renal electrolyte handling and BP control.

Influence of sex on aldosterone and MR—Sex is another factor that should be 

considered when discussing aldosterone. Plasma aldosterone levels in premenopausal 

women are lower than in men of similar age (547), and premenopausal women have 

lower levels than age-matched men (96, 179). Plasma aldosterone also varies throughout 

the menstrual cycle. Women with high levels of circulating 17β-estradiol (E2) (greater 

than 300 pmol/liter) were found to have significantly higher levels of plasma aldosterone 

than women with low E2 levels (less than 100 pmol/liter)(547). The sex difference in 

plasma aldosterone concentration is lost when postmenopausal women are compared with 

age-matched men (723). E2 treatment was shown to reduce aldosterone secretion after 

ovariectomy in rats, an experimental technique which replicates the effects of menopause 

(508, 673). However when translated to humans, the effect of E2 treatment was not as 

profound. Postmenopausal women that were given estrogen replacement therapy (ERT) 

had slightly lower levels of aldosterone compared with postmenopausal women without 

ERT, but the difference was not statistically significant (723). Caroccia et al. found that 

in the adrenal cortex, estrogen receptor β (ERβ) is the predominant subtype, followed by 

G protein-coupled estrogen receptor 1 (GPER-1) (112). In vitro experiments involving the 

HAC15 adrenocortical cell line found that E2 inhibits aldosterone production through ERβ, 
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and stimulates aldosterone production through GPER-1 activation (112). Another study 

examined the sex-specific expression of mineralocorticoid target genes encoding αENaC 

(Scnn1a), serum and glucocorticoid kinase 1 (Sgk1), and Gilz in the kidneys of adult mice, 

along with 11ß-hydroxysteroid dehydrogenase type 2 (11ß-HSD2), an enzyme that regulates 

and metabolizes non-mineralocorticoids. The relative mRNA expression of MR and αENaC 

was not different between sexes in these mice at three months of age. However, in females, 

gene expression of Gilz was less and Sgk1 and 11ß-HSD2 were higher than in male mice 

(181). There is also evidence that sex may influence the action of aldosterone in extra-renal 

tissues (545).

In clinical studies, sex-specific responses exist to the mineralocorticoid antagonist 

spironolactone in an African American population with hypertension. Spironolactone 

reduced BP more effectively in hypertensive women than men (140). Thus, the sex of the 

patient may also determine the type of antihypertensive treatment. In a cross-sectional study 

including 17,856 patients in France, researchers found that women were more frequently 

treated with aldosterone receptor blockers than men, along with other antihypertensive 

treatments (164). Animal and clinical studies emphasize the effect of sex hormones on 

aldosterone production and MR function, but more work is needed to determine the 

contribution and significance of these interactions to pathophysiological states.

Aldosterone metabolism—Although plasma aldosterone is primarily determined by 

the rate of secretion by the ZG, other factors including posture, K+ intake, and hepatic 

aldosterone metabolism can affect plasma values (117). In addition, aldosterone metabolism 

occurs in target tissues and may significantly modify the action of aldosterone (190, 344). 

In early studies, Tait et al. used a multi-compartment model to estimate the plasma half-

life of aldosterone as approximately 35 minutes (796). They concluded that aldosterone 

distributes into a much greater volume and has a higher rate of metabolism than that of 

cortisol or corticosterone. Further work noted effects of ACTH on aldosterone metabolism 

(647). Evidence that large changes in dietary Na+ intake failed to consistently affect 

aldosterone metabolic clearance rate suggested that if aldosterone metabolic clearance rate 

is an important factor, it was not related to the major feedback pathway (dietary Na+) that 

it regulates (648). Although the reported metabolic clearance rate of aldosterone varies 

substantially (89, 796) two studies observed no change in metabolic clearance rate between 

hypertensive individuals and controls (972) (89), but one study reported significantly higher 

aldosterone secretion rates in low-renin versus normal-renin hypertensive patients (89). 

Whether differences in aldosterone metabolism in renal target cells, ether in vivo or in 
vitro, contributes to its physiological or pathophysiological effects remains an issue to be 

considered.

Aldosterone Nuclear Hormone Receptors

The superfamily of nuclear hormone receptors

The canonical receptor for aldosterone is the mineralocorticoid receptor (MR). MR is a 

nuclear receptor and specifically a member of the NR3C subfamily of steroid hormone 

receptors that also includes the glucocorticoid receptor (GR), the androgen receptor, and 
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the progesterone receptor. Aldosterone binds to receptors, primarily MR, which act largely 

through genomic mechanisms. Additionally, aldosterone binds to receptors that act, as 

currently understood, through non-genomic mechanisms. Some non-genomic mechanisms 

of aldosterone action are mediated by MR, but also by less extensively studied receptors 

and pathways. This section discusses the properties of MR and related proteins that 

mediate the genomic actions of aldosterone. Non-genomic signaling via MR and other 

aldosterone receptors are discussed in the section “Non-Genomic Mechanisms of Action of 

Aldosterone.”

Molecular cloning of the glucocorticoid and mineralocorticoid receptors—In 

1985, Hollenberg and coworkers reported the primary structure and functional expression 

of the human GR (350). These investigators based their molecular analysis on highly 

purified protein preparations for the rat and the human GR. Two deduced primary amino 

acid sequences were discovered by analysis of cDNA derived from human lymphocytes 

and fibroblasts. The sequences, designated αhGR and ßhGR, differed by 50 and 15 amino 

acids at C termini of the primary common sequence, respectively. Arriza and coworkers 

subsequently identified MR using a strategy based on homology with GR (28). Tissue 

analysis of mRNA by Northern blot showed similar mRNAs that were most abundant in 

hippocampus followed by kidney, whole brain, and less abundant signals in heart, pituitary, 

muscle, and spleen. In vitro studies of the expressed protein demonstrated that the affinity of 

MR for aldosterone and for cortisol were very similar, despite the fact that cortisol is present 

in the plasma at concentrations ~three orders of magnitude greater than that of aldosterone 

(28). These studies substantially changed the conceptualization of the action of aldosterone 

mediated by MR (28) as described under Aldosterone Action & Signaling Pathways.

Genomic action of aldosterone & mineralocorticoids

The very high-affinity binding of aldosterone is a property unique to MR (28, 374), but 

deoxycorticosterone, cortisol, and dexamethasone exhibit equally high affinities (Table 

2), which prompted significant revision of the mechanism for corticosteroid specificity. 

However, aldosterone’s action can be mediated by other steroid hormone receptors, 

especially GR. GR and MR are expressed together in many cell types in the kidney (2). 

On one hand, the physiological circulating concentration of aldosterone is in the very 

low nanomolar range, well below the apparent GR affinity for aldosterone. However, 

the circulating concentration of aldosterone in patients with primary hyperaldosteronism 

remains chronically elevated, opening the possibility that persistently high concentrations 

may exert pathological effects by virtue of persistent MR or GR activation. In 
vitro experiments revealed that aldosterone activation of GR is readily detectable at 

concentrations as low as 10 nmol (782). The presence of GR in kidney cells shown to 

produce abundant levels of 11β-HSD2 suggested a role for GR independent of cortisol. 

Moreover, conditional overexpression of GR in the murine renal CD resulted in increased 

expression of well-established aldosterone target genes, such as glucocorticoid-induced 

leucine zipper protein 1 (gilz1) and the α subunit of ENaC (αENaC; Na+ channel epithelial 

1 alpha subunit; encoded by scnn1a), and altered Na+ handling (573). The present section 

will focus on the general characteristics of the broader family of steroid hormone receptors 

with an emphasis on the features that differentiate MR from its cousins.
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The contribution of aldosterone via MR to mineralocorticoid activity may also require 

revision given the discrepancy in the phenotype of the aldosterone synthase (AS) versus 

the MR KO mouse. Although MR null mice have normal prenatal development, during 

the first week after birth they lose weight, develop hyponatremia, hyperkalemia, and 

significant elevation of plasma renin, Ang II, and aldosterone concentrations, with greater 

than eight-fold increase in renal fractional Na+ excretion (FeNa). These mice die within 

two weeks after birth from dehydration and renal Na+ and water loss consistent with 

pseudohypoaldosteronism as originally reported (61).

AS null mice are born in expected Mendelian ratios from heterozygous parents and also 

failed to thrive. However, mortality between 7 and 28 days of birth is substantially less 

(30%) and hyponatremia and salt wasting are absent on a normal diet but hyperkalemia is 

present (464, 511, 818, 930). Plasma [Cl−] was significantly reduced in AS null mice, but 

plasma [Na+] was not statistically different from wild type. Stimulation of glucocorticoid 

production acting through MR may explain some of the differences in phenotype as 

originally proposed (464). However, unless 11ßHSD activity is suppressed in the AS 

null mice, this enzyme should prevent glucocorticoid occupancy of MR. Further studies 

with 11ßHSD null mice may be informative (see section “Specificity of Aldosterone as a 

Mineralocorticoid”). In addition, GR and MR are expressed together in many cell types 

in the kidney (2), and heterodimerization of MR and GR occurs and would be predicted 

to exhibit properties distinct from either homodimer. Ligand-dependent conformational 

changes are likely important as has been discussed for GR (412).

In the absence of mineralocorticoids, MR resides in the cytoplasm in a large chaperone 

complex containing heat shock protein Hsp90, Hsp70 and other proteins (241, 252). The 

Hsp90 complex stabilizes MR in the cytoplasm in a conformation that is competent for 

ligand binding but sequestered away from its site of genomic action in the nucleus. The 

role of the Hsp90 complex in MR stability became apparent in an experiment designed 

to inactivate Hsp90 (205). The antibiotic 17-allylamino-17-demethoxygeldanamycin binds 

to Hsp90, rendering MR susceptible to rapid ubiquitin-dependent turnover. In response to 

aldosterone activation of MR, a second immunophilin FBK52 replaces FBK51 facilitating 

MR rapid translocation to the nucleus via dynein/dynactin dependent movement along the 

microtubule network (238, 239). Essentially the same process occurs with GR, and this has 

been directly demonstrated by dexamethasone stimulation of GR in podocytes (302).

Genomic action of MR most often involves the formation of a MR:MR homodimer. 

Sophisticated resonance energy transfer experiments indicate that MR dimerization occurred 

after translocation to the nucleus, rather than as a cytoplasmic event (297). Although 

MR clearly forms a homodimer, studies have long suggested the possibility of a MR:GR 

heterodimer (706). This concept received strong support from fluorescence energy transfer 

measurements suggesting physical interaction between MR and GR forming a heterodimeric 

MR:GR receptor (577). Additional evidence in the form of transcription activation reporter 

gene assays supported a role for GR as either a subunit of a MR:GR heterodimer, or perhaps 

a coactivator for MR:MR (828). Based on the DNA binding properties of MR:MR and 

GR:GR (see below), it seems reasonable to expect that MR:GR binds the same response 
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elements. However, it also seems likely that each receptor complex has unique transcription 

activation/repression properties.

For gene activation to occur, a dimeric steroid hormone receptor binds to a sequence 

generically referred to as hormone response element (HRE) located within a target 

gene resulting in the recruitment of cofactors that drive assembly of the transcription 

preinitiation complex. However, steroid hormone receptors are not strictly transcriptional 

activators but can act as transcriptional repressors, as well. Previous work established that 

the transcriptional activities of a number of aldosterone target genes such as sgk1 and 

glucocorticoid-induced leucine zipper 1 (gilz1) were stimulated by either MR or GR (568, 

739) (See section “Aldosterone-Induced Transcripts & Aldosterone-Induced Proteins.”). 

Surveys were conducted of gene expression following short term exposure of kidney cell 

lines to aldosterone with the goal of identifying early aldosterone response genes under 

direct steroid hormone receptor control. Both serial analysis of gene expression (670) 

and gene expression microarray studies (306) in aldosterone-stimulated kidney cell lines 

yielded extensive lists of possible target genes in kidney cell lines. Notably, the most highly 

responsive early target gene in murine inner medullary CD (mIMCD-3) cells turned out 

to be the circadian clock gene per1 (304, 308). Subsequently, it became apparent that 

per1 plays a direct role in regulation of ENaC and BP (783). Aldosterone induction of 

the endothelin-1 (ET-1) gene (edn1) via both MR- and GR-dependent mechanisms was an 

interesting finding in view of the role of ET-1 in renal Na+ regulation (782, 784, 912). 

Expression profiles were altered by expression of mutant forms of MR in renal cells (212). 

Fakitsas et al. (203) applied the microarray approach to investigate mRNA levels in the 

microdissected distal nephron from mice injected with 10 μg/kg aldosterone. Nine mRNAs 

were upregulated by at least two-fold while expression of 13 others decreased. A particularly 

interesting observation was increased expression of the ubiquitin-specific protease Usp2-45. 

The enzyme functions to stabilize ENaC in the nephron. The mitogen activated protein 

kinase (MAPK) signaling system scaffold gene cnksr3 was also found to be an aldosterone 

target gene in the cortical collecting duct (CCD) (971). The implications of these early 

response genes on the action(s) of aldosterone are discussed in the section “Aldosterone 

Action in Tight Epithelia & Target Genes.”

State of the art technologies, such as ChIP-Seq, allow for comprehensive identification 

of genes directly regulated by MR in specific mineralocorticoid-responsive tissues. Ueda 

et al. examined this issue in the murine distal convoluted tubule (mDCT) cell line 

overexpressing a FLAG epitope tagged human MR (832). More than 1000 MR binding 

sites were detected, but it is likely that a much smaller number actually contribute to gene 

regulation. Nevertheless, these studies confirmed previous findings which identified sgk1, 

per1, edn1, and connective tissue growth factor (ctgf) as early response genes to the action 

of aldosterone (306) and added 22 genes to the list of candidate targets of MR in this cell 

line. Recently, Le Billan et al. performed a similar study employing Chip-Seq to identify 

MR binding sites in the genome of human renal tubular cells stably transfected with a 

recombinant (GFP)-MR vector (462). Again, the number of MR binding sites approached 

1000. Four genes already established as aldosterone targets contained the top-six highest 

scoring MR binding sites: zinc-finger and BTB domain containing 16 (zbtb16), FK506 

binding protein 5 (fkbp5), scnn1a, and per1. Eight other genes not previously known to be 
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subject to aldosterone regulation displayed strong MR binding and at least some evidence 

of altered mRNA levels in response to aldosterone. Developing an atlas of aldosterone-

regulated genes for the kidney by tubule segment is a technically achievable goal with the 

potential to provide novel insights into the regulation of ion balance. Thus far, there has not 

been a comprehensive assessment of genes uniquely responsive to MR as opposed to those 

also subject to activation by the other steroid hormone receptors in the kidney.

Modular structure and function

The steroid hormone receptors share common modular domain architectures (for review see 

(231, 265, 339, 446). Family members have an N-terminal domain (NTD), a central DNA 

binding domain (DBD), and a carboxyl terminal ligand binding domain (LBD). A flexible 

“hinge” links the DBD and LBD facilitating the major ligand-dependent conformational 

changes that free the nuclear receptors from the Hsp90 complex, promote dimerization, 

and make the receptors available for association with cofactors (for review see (927, 

929).Although the literature contains reports of excellent preparations of purified MR (141), 

the structure of the intact protein has not been reported. The inherent flexibility of the 

protein along with solubility issues apparently complicate crystallization.

MR transcription and translation—The human MR gene (NR3C2) is located at 

4q31.23 and extends across approximately 400 kilobase pairs (UCSC Genome Browser). 

Transcription can initiate at any of three promoters (612). As a result, three different exons 

can serve as the templates for the 5’ end of the primary MR transcript. None of these exons 

contains coding sequence. The regulatory role of such alternative transcriptional initiation 

mechanisms requires further study. The intact primary transcript includes nine exons that 

are spliced to generate mRNA approximately 5750 base pairs in length that encodes the 

canonical 984 amino acid, ~107 kD MR protein (28). Like other nuclear receptors, MR 

is clearly a participant in the large multi-protein complexes that direct gene transcription. 

Phage display technology using intact MR as bait for binding partners captured no less 

than 30 peptides representing potential binding partners (928). Follow-up reporter gene 

assays revealed that many of these peptides exerted either positive or negative influence 

on transactivation activity of MR. Beyond the canonical receptor, several normal MR 

variants have been reported. “MRA” and “MRB” proteins result from differential selection 

of start codons at met-1 or met-15 during translation initiation (612). Both isoforms directed 

transcriptional activation, but curiously when MRA and MRB were expressed individually, 

both displayed reduced efficiency as a result of an unknown mechanism. In humans and 

rats, an in-frame variant occurs as a result of inclusion of 12 extra bases added at the exon 

3–4 splice junction (79) and makes up a minority of total MR (669, 895). The sequence of 

the intronic alternative 5’ splice site that gives rise to MR+4 displays strong evolutionary 

conservation suggesting that there may be some unknown functional importance for this 

variant (669). The transcription activation properties of this “MR+4” variant appeared to 

be essentially the same as MR (38). Evidence also exists for two meaningful MR variants 

generated by alternative splicing. The “hMRΔ56” variant arises from exon skipping of both 

exons 5 and 6 resulting in a 75 kDa MR protein lacking the entire LBD (963). The hMRΔ56 

variant bound DNA and activated transcription in a hormone-independent manner. This 

variant was readily detectable in kidney RNA, but its influence on transcription has not been 
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investigated in depth. Such findings raise important questions that deserve further study. In 

addition, a MR transcript lacking exon 5 was reported in the RNA database (139, 416), and 

one might speculate that “hMRΔ5” could exhibit properties comparable to hMRΔ56. There 

are of course many mutations and polymorphisms and some of them result in clinically 

significant pathologies (255, 256, 471, 538, 579, 582).

N-Terminal Domain (NTD)—The NTDs of steroid hormone receptors are primary regions 

of interaction with coregulatory proteins (for review see (927, 929)). Like other steroid 

hormone receptors, a fragment of MR consisting of only the NTD-DBD was sufficient for 

constitutive transactivation function in reporter gene assays (216). There is little sequence 

conservation among NTDs within the steroid hormone receptor family, so each receptor 

functions by protein-protein interactions between its NTD and a unique set of regulatory 

proteins. MR contains the largest and most complex NTD of all the steroid hormone 

receptors. In humans, the MR-NTD is defined as the first 602 amino acids and is subdivided 

into three functional domains. Activation function 1a (AF1a, amino acids 1–169) and 

AF1b (amino acids 451–602) flank the middle domain. A high resolution structure of 

MR-NTD has not yet been reported, probably because primary sequence analysis suggests 

that much of the MR-NTD exists in an intrinsically disordered state (459). As a result, MR 

apparently exists as an ensemble of differing conformations rather than in a fixed ordered 

structure. Fischer et al. (216) provided a singular contribution to the field by expressing and 

characterizing polypeptides modeled on all three MR-NTD sub-domains. Only the AF1b 

polypeptide showed significant structural stability in aqueous solution.

Comparison of primary MR sequence from differing species indicates localized segments 

of conservation within the NTD. These sites are thought to interact with cofactors (459). 

Yang (927) provided a listing of transcription factors known to bind to MR. An established 

example of a transcriptional activator known to specifically interact with the MR-NTD 

include the elongation factor 11–19 lysine rich leukemia “ELL” that binds specifically to 

AF1b (613). A direct tie of MR to the transcriptional preinitiation complex may occur via 

protein-protein contact between an LxxIL motif within AF1b and the general transcription 

factor TATA binding protein (TBP) (216). The steroid hormone coactivator 1 (SRC1) 

apparently binds to sites located in both AF1 in the NTD and activation function 2 (AF2) in 

the LBD. Murai-Takeda et al. (559) applied multiple independent approaches to demonstrate 

a specific interaction between MR AF-1 and NF-YC, a subunit of transcription factor NF-Y. 

Luciferase reporter gene assays suggested that NF-YC acts as a transcriptional corepressor 

for MR. One might envision the NF-YC corepressor binding to a NTD conformation in the 

ensemble and stabilizing a form of MR that is inappropriate for coactivator SRC1. In view of 

the size and extent of sequence conservation, it is very likely that additional MR-associated 

co-regulatory proteins will be identified. Together the evidence suggests that the MR-NTD 

assumes varying conformations that provide surfaces available to accommodate the protein-

protein interactions with many cofactors.

DNA Binding Domain (DBD)—The DBDs of steroid hormone receptors account for 

sequence specific binding to HREs in target genes and contribute to the interface for receptor 

dimerization. The MR-DBD is 66 amino acids long and has 94% sequence identity with 
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the GR-DBD. Not surprisingly, both receptors recognize an identical palindromic HRE 

consensus sequence (AGAACAN3TGTTCT). Direct aldosterone-dependent binding of both 

MR and GR to HREs located in a growing number of target genes has been observed 

in mammalian kidney cells by chromatin immunoprecipitation (782, 971). High resolution 

structures of the GR-DBD (539) and MR-DBD (363) bound to the consensus HRE have 

been determined by x-ray crystallography. Both DBDs consists of two zinc finger motifs. 

Only one of the zinc fingers actually dictates sequence-specific binding to DNA while the 

other serves as a structural feature. Each subunit of a nuclear receptor dimer contacts one 

half-site of a HRE through the zinc-finger. The chemical contacts between GR and MR with 

DNA have been described at the molecular level. Small structural differences exist between 

the two receptor DBDs that may contribute to selectivity in target gene activation between 

GR and MR (363).

Typically, one half-site is closely related to the consensus sequence, but significant variation 

from the consensus is often observed within the other half-site (541). Indeed, few authentic 

HREs possess half-sites where both are identical to the consensus sequence. As a result, 

receptors display considerable differences in receptor affinity for individual HREs, and this 

in turn affects the probability and stability of receptor binding to any given HRE. A wide 

variety of HRE sequences are indeed recognized by MR (462). Of note, at least some 

negative gene regulation occurs in instances involving the binding of a monomeric steroid 

hormone receptor to a single HRE half site. Sequence variations within an HRE can be an 

effector of the transcriptional response by imparting subtle conformational changes through 

the DBD (258). Therefore, simply detecting receptor binding to a HRE located within a gene 

should not be viewed as sufficient to predict the nature of the aldosterone response.

Ligand Binding Domain (LBD)—Due to the importance of receptor specificity for 

hormonal action, the LBDs of steroid hormone receptors have been the subjects of intense 

investigation (for reviews see (230, 231, 238, 374). The MR-LBD is 251 amino acids in 

length and shares approximately 55% primary sequence homology with the GR-LBD. The 

specific determinants of aldosterone binding to the MR-LBD have been defined at the 

level of bonds between various ligands and individual amino acids in the MR-LBD by 

a combination of biochemical, genetic and structural studies. In addition to high affinity 

recognition of cognate ligands, the LBDs house the transcriptional AF2 domain, contain 

the site for interaction with the HSP90 complex, and contribute much of the dimerization 

interface. Three groups independently solved high resolution structures of mutant forms 

of the MR-LBD with a variety of different ligands bound. Most of the structures were 

solved by including either the C808S or the S810L substitution to provide solubility and 

stability that facilitated crystallization. To date, structures of the LBD have been solved 

with aldosterone (77), corticosterone (478), deoxycorticosterone (77, 202), progesterone 

(77, 202), cortisone (77), spironolactone (77, 329, 373) and a non-steroid derivative of 

Benzoxazin-3 (329). Although the LBD structures have only 11 α-helices, the overall fold 

is very similar to the 12-helix bundle characteristic of other steroid hormone receptor LBDs. 

Typically, the ligand binding was seen deep within the fold that completely occludes the 

steroid. Together these papers helped to define the structural determinants that dictate 

ligand specificity and the actions of MR agonists and antagonists. The importance of 
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the ligand-dependence response was illustrated by structure-function studies of the MR-

LBD containing the pseudohyperaldosterone mutation S810L (77, 202). The amino acid 

substitution altered the transcriptional response such that MR with progesterone bound 

assumed an activated rather than repressed state. This appears to account for the severity 

of hypertension in affected individuals during pregnancy. The hypertension in men and non-

pregnant women with this mutation has been attributed to MR activation by cortisone (See 

section “Specificity of Aldosterone as a Mineralocorticoid”). In addition, the structures have 

opened a window on rational drug design. Fagart et al. (201) reported molecular docking 

experiments that led to the identification of BR-4628 as a potent non-steroid inhibitor of 

MR.

In the activated ligand bound state, MR-LBD, the carboxyl-terminal helix-12 is compressed 

against the bundle sealing a hydrophobic pocket. In the Li structure (478), the pocket 

was filled with a polypeptide modeled on the NR boxes (LxxLL motif) of the SRC1 

coactivator. Together with transcription activation experiments using mutant forms of SRC1, 

the structural study firmly established the pocket as the AF2 domain. The MR antagonist 

finerenone affects nuclear translocation and blocks MR protein-protein interaction with 

SRC1 (21). Hultman et al. (367) used a two-hybrid system in HEK293 cells to show 

polypeptides modeling NR boxes in SRC1, peroxisome proliferator-activated receptor γ 
coactivator 1 (PGC-1) and activating signal cointegrator 2 (ASC2) all displayed strong 

association with the MR-LBD. Similarly, a yeast two-hybrid screen detected another LxxLL 

protein, tesmin, bound to the MR LBD (675). Additional experiments demonstrated that 

tesmin coactivation was specific to mineralocorticoid stimulation of MR. This appears to be 

the first example of a ligand-discriminant coactivation of MR. Importantly, binding of these 

proteins was inhibited by the MR antagonist eplerenone.

The flexible “hinge” linking the MR-DBD and MR-LBD facilitates a global hormone-

dependent conformation shift (for review see (927). This conformational change involves 

bringing the MR-NTD and MR-LBD into proximity resulting in direct intra-molecular 

protein-protein interactions (629, 674). The nature of the interaction is dependent on the 

specific ligand bound.

Posttranslational Modifications of MR—The stability, nuclear translocation and 

transactivation functions of steroid hormone receptors including MR are known to be 

regulated via posttranslational modification (for review see (211, 852)). Unfortunately, 

aside from phosphorylation, limited information exists on specific MR modifications. 

Examination of the primary sequence revealed consensus modification sites for 

phosphorylation, ubiquitination, sumoylation and acetylation (613). Although apparent 

phosphorylation of the LBD has been reported (347), the primary sites for physiologically 

significant modification of MR cluster within the NTD. Phosphorylation of MR has 

been observed to affect transcription both positively and negatively. For example, in 

human colon carcinoma cells co-transfected with MR and cyclin dependent kinase 5, MR 

became phosphorylated on ser128, ser250 and thr159 in the NTD (418). In this instance, 

phosphorylation suppressed aldosterone-dependent transcription. In contrast, several reports 

demonstrated that the Cyclic AMP-dependent protein kinase (Protein Kinase A; PKA), 
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protein kinase D1 (PKD1) and extracellular signal-related kinase 1/2 (ERK1/2) all 

phosphorylated the MR NTD leading to increased transcription (294, 444, 480, 522, 536).

More recently, Shibata et al. reported that phosphorylation of ser843 in the ligand binding 

domain (LBD) reduces aldosterone binding and MR functional transcriptional activity 

(738). Using in vitro reporter assays to assess transcriptional activity, the substitution of 

glutamate for serine at S843 to mimic phosphorylation was interpreted to render MR 

incompetence for transcription. MR-S843E was localized to the cytoplasm in intercalated 

cells. Adaptation to a low salt diet reduced the phosphorylated MR abundance, as did 

the with no lysine kinase 4 (WNK4, discussed also in sections “PI3-Akt-mTOR2-OSR1”, 

“Aldosterone Regulation of the NaCl Cotransporter”, and “NCC-WNK1-WNK4 pathway, 

Cl−ic and Aldosterone Signaling”) and Ang II, the latter acting through a signaling 

mechanism that dephosphorylated MR-S843. The effect of Ang II was blocked by the Ang II 

blocker losartan.

In ICs, reduced phosphorylation of MR was associated with increased pendrin and H+-

ATPase activity at the apical membrane. Both WNK4 and protein phosphatase 1 (PP1) 

appeared to be involved in the regulation of MR phosphorylation at S843 localized to 

ICs (738) and WNK 4 knockout mice exhibit significantly increased MR S843-P (115). 

Evidence suggests that c-Src regulates the interaction of WNK 4 and sgk1 by increasing 

PP1 binding WNK4 and modulating WNK4 activity (483). In contrast to the effects of a 

low Na+ diet, angiotensin II, and WNK4 to reduce MR S843-P values, a high K+ diet for 

7 days resulted in an increase in MR S843-P. IC MR was predominantly cytoplasmic on 

a high K+ diet, but predominantly nuclear in the in NaCl cotransporter (NCC) knockout. 

In contrast, the localization of MR in CD PCs was nuclear during high K+ diet or in 

NCC knockout mice. The authors interpret these data to conclude that MR is inhibited 

in ICs during a high K+ diet but is in an active state under conditions of maximal Na+ 

conservation. Subsequently Jimenez-Canino et al. reported that phosphorylation of serine 

843 resulted in significant reduction in ligand dependent nuclear translocation and inability 

to mediate ligand dependent gene trans-activation, with impaired interaction with the steroid 

receptor co-activator-1 (SRC-1) (398). Although MR-S843-P could dimerize it showed 

reduced nuclear translocation, which suggested impaired coupling between ligand binding 

and receptor activation.

Other post-translational modifications of MR have been reported. MR is modified by 

acetylation that has been reported to modify transcriptional activity in some but not 

all cases (398, 465, 516). Polyubiquitination of MR marks the receptor for turnover 

by the proteasome (933). Recently, Faresse et al. linked ERK1/2 phosphorylation to 

ubiquitination of MR. MR was found to be in a stable mono-ubiquitinated state in mCCDc11 

cells (206). This mono-ubiquitin moiety was lost upon phosphorylation resulting in MR 

polyubiquitination and rapid proteasome dependent degradation. MR appears to be subject 

to this form of regulation through five putative sumoylation sites located within the 

NTD. Coimmunoprecipitation assays, GST pulldowns and yeast two-hybrid experiments 

consistently detected the SUMO-1 conjugating enzyme Ubc9 and other sumoylation 

pathway proteins in association with MR (799, 815, 816, 934). The reported change in 

function was enhanced transcription from a promoter construct containing several tandem 
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MRE sequences in the absence of sumoylation (815). On the other hand, Ubc9 also appeared 

to act as a positive coactivator protein for MR in the presence or absence of receptor 

sumoylation (934). Like the results from phosphorylation studies, the observations should 

not necessarily be viewed as incompatible. Sumoylation of the MR interacting protein 

11ßHSD-2 can also modify MR activity by modifying MR nuclear translocation (discussed 

below in the section “Specificity of Aldosterone as a Mineralocorticoid”) (398). Clearly, 

there is much that remains unknown about the action of posttranslational modifications on 

regulation MR function.

Renal distribution of MR

The distribution of MR in the kidney has been extensively examined using different 

techniques. The results are generally consistent and indicate that aldosterone’s principal 

action is in the distal nephron and CD. In the rabbit, rat, and Xenopus kidney, MR 

localization has been examined by Doucet and Katz (173) and Farman et al. using 3H-

aldosterone (209, 210, 263). Initial studies demonstrated that binding affinity in the rabbit 

kidney was similar to that previously described for the high affinity or Type I receptor. 

Competition experiments with other corticosteroids were similar to that subsequently 

described by Arriza (28) at high (30 nM) but not low concentrations of labeled aldosterone. 

In microdissected rabbit proximal tubule (PT), TAL, DCT, CCD and medullary collecting 

duct (MCD) segments, aldosterone binding was greatest in the DCT and CCD. Specific 

localization was high and similar in the DCT and CCD and lesser degrees of binding 

in more proximal segments. The specific aldosterone binding in the DCT and CCD was 

approximately four times the binding of the TAL and >20 times the binding in the PT 

(209). Moreover, the specific labeling studies showed no concentration dependence in the 

PT, but similar concentration dependence in the cortical and medullary TAL as the high 

affinity sites present in the DCT, connecting tubule (CNT; DCT-granular), and CCD. The 

MCD also exhibited high capacity aldosterone binding equivalent to the DCT, CNT and 

CCD. These investigators characterized the temperature dependence and segment– specific 

aldosterone metabolites in the rabbit kidney, and high capacity specific binding in rat kidney 

segments were similar to that of the rabbit. Studies in isolated glomeruli revealed only a 

small amount of specific binding (less that one tenth of DCT/CCD segments) but only at 

high physiological concentrations of labeled aldosterone. These studies illustrate one of the 

potential reasons for discrepancies between studies with different techniques, namely the 

level of expression of MR in different segments.

Despite the low level of MR expression in isolated glomeruli increasing evidence supports 

the functional importance of MR in glomerular podocytes. Twenty patients with diabetic 

nephropathy receiving recommended renoprotective treatment experienced a 32% reduction 

in proteinuria with 25 mg daily spironolactone versus placebo in a double-masked 

randomized crossover trial for two months that was well tolerated. (712) Two recent 

reviews concluded that MR antagonism significantly reduced proteinuria and improved 

blood pressure control with a favorable risk profile in selected patients with renal disease 

and proteinuria, but more long-term studies are needed. (48, 151)
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Additionally, the recent Fidelio-DKD trial showed a benefit of MR antagonism in patients 

with Type 2 diabetes mellitus. (44) Such findings support a role for MR in the pathogenesis 

of proteinuria, renal fibrosis, and progression of CKD. This topic is discussed in the section 

on clinical trials, but for a more thorough discussion the reader is directed to several recent 

reviews. (4, 48–51, 742)

Immunohistochemical studies using anti-MR antibodies reported immunoreactivity in 

the DCT, CNT and CCDs. Most studies reported no staining in the glomerulus or 

proximal tubules, in agreement with previous auto-radiographic studies. In most studies, 

immunoreactivity was present in the TAL and more distal segments. Some observed staining 

in medullary papillary CDs and in interstitial cells of the papilla and the epithelium lining 

the papilla. Differences between immunoreactivity pattern in the cytoplasm and nuclei were 

variable (86, 207, 443, 495, 671, 686, 700). Recent studies have proposed a role for MR 

in the action in the proximal tubule that was not detected in earlier studies. The level of 

expression of MR in various nephron segments may, in part, explain these discrepancies, as 

judged by the lower level of specific aldosterone binding in proximal tubules than in more 

distal segments noted earlier (690). More recently studies by Ackermann (2) examined the 

distribution of MR and GR in the rodent kidney. Under control conditions MR and GR was 

expressed in the TAL, DCT, CNT and CD cell nuclei. GR was also observed in nuclei and 

subapical compartments of proximal tubular cells. A high NaCl diet reduced GR expression 

in 11ßHSD2 positive cells, defined as the ASDN, without changes in nuclear MR signal. 

Adrenalectomy markedly reduced MR and GR nuclear signal in all epithelia, whereas 

aldosterone administration resulted in nuclear re-localization. In the TAL, interesting, 

aldosterone only regulated subcellular localization of MR in adrenalectomized animals, 

when glucocorticoids were nominally absent, which suggests that physiological variations 

of aldosterone in vivo are not sufficient to produce aldosterone-specific MR mediated 

transcriptional effects in this segment. During low-dose administration of corticosterone, 

nuclear localization of MR, but not GR was observed in ASDN cells expressing high 

levels of 11ßHSD2. However, cells with little 11ßHSD2 expression (proximal tubule, TAL, 

early DCT, and intercalated cells) had GR redistributed to the nuclei. With high dose 

corticosterone administration, nuclear GR localization occurred in cells with high expression 

of 11ßHSD2 in the ASDN. MR was also identified in intercalated cells, consistent with 

an effect of aldosterone on proton secretion. These studies support the concept of ligand-

induced nuclear translocation of MR and GR as part of their regulation in a cell-type 

specific manner modulated by 11ßHSD2. The authors conclude from these data, however, 

that in the kidney variations in plasma aldosterone levels primarily affect the subcellular 

localization of GR, not MR, and that 11ß-HSD2 primarily protects GR from circulating 

corticosteroids. Whether previous work suggesting regulation of GR by MR is relevant to 

these studies requires further investigation. (343, 546) As noted below, further study of the 

role of 11ß-HSD2 and its regulation will likely provide important new information.

Specificity of aldosterone as a mineralocorticoid

Early studies of aldosterone binding to nuclear extracts identified both high affinity and 

low affinity receptors that bound aldosterone in concentrations similar to the concentrations 

in plasma for aldosterone and cortisol or corticosterone. Logically, the high affinity MR 
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receptor was presumed to bind aldosterone and the low affinity should be the cognate 

receptor for GR. Although some previous evidence questioned this thesis, (442) this concept 

changed with the cloning and functional expression of MR. Interestingly, the affinity 

of corticosteroid binding to MR was not correlated with aldosterone selective binding 

to MR (28). Expression of MR in CVl and COS-1 monkey kidney cell lines yielded 

high levels peptide expression, with cortisol and aldosterone exhibiting nearly identical 

binding affinities (Figure 4). The proposal to explain this apparent paradox was local 

cellular metabolism of non-mineralocorticoids, such as cortisol and corticosterone, by the 

enzyme 11ß-HSD, subsequently denoted 11ß-HSD1. (189, 234) Further study identified a 

distinct isoform, 11ß-HSD2, that exhibited optimal activity in the presence of nicotinamide 

adenine dinucleotide (NAD) as the high-affinity cortisol- (and corticosteroid-) metabolizing 

enzyme, which was cloned from sheep and human kidney. (3, 15, 90, 687) This enzyme 

co-localizes to cells expressing MR in tissues that exhibit mineralocorticoid-specific effects 

on ion transport. Stewart and co-workers noted that glycyrrhizinic acid, a component of 

natural licorice, was a potent inhibitor of 11ß-HSD2 and ingestion of this compound could 

result in a phenotype that was characteristic of mineralocorticoid excess (775). A recent 

clinical-pathological conference illustrates the potentially severe phenotype of 11ß-HSD2 

inhibition. (186) These observations support the concept that during inhibition of the 

enzyme 11ß-HSD2, cortisol and corticosterone acted as endogenous mineralocorticoids. 

These findings also provided an explanation for the genetic defect in 11ß-HSD2 in children 

with the syndrome of apparent mineralocorticoid excess originally reported by New et 

al. (569), and further characterized by Ulick et al. (834) Subsequent study showed that 

individuals with this syndrome exhibited loss of enzymatic function and suffered from 

a severe phenotype with systemic hypertension, hypokalemia, and metabolic alkalosis. 

Cloning of this enzyme allowed study of this concept in animals that had a disruption of 

11ß-HSD2 with a recapitulation of the human phenotype (314, 351, 439). Further work has 

established that mutations that result in less severe loss of enzymatic function may present 

in adults. (460, 776, 892) Biller et al. examined the effect of intravenous carbenoxolone 

(6 mg/h) to inhibit renal 11ß-HSD2 activity in the rat on electrolyte transport by free-flow 

micropuncture of distal tubule segments. Interestingly, carbenoxolone reduced fractional 

sodium excretion, but sodium reabsorption in the accessible distal tubule was similar in 

control and carbenoxolone treated animals. However, distal tubular potassium secretion 

was increased by carbenoxolone. (72) Bailey et al. studied the effect of carbenoxolone 

on unidirectional 22Na+ absorptive flux in adrenalectomized rats infused with high-dose 

corticosterone and observed a significant increase in sodium absorptive flux, providing 

direct evidence supporting the role of 11ß-HSD2 to inhibit the action of corticosterone. 

Subsequent work has further validated the importance of 11ß-HSD2 in the activation of 

ENaC and NCC. (40, 41, 371) The distribution of this enzyme largely coincides with the 

site of aldosterone-responsive ion transport (Figure 5). Nevertheless, as noted by Bhargava 

& Pearce (69), such a mechanism would not provide differential gene regulation by 

MR relative to GR. As previously noted (See section “Modular structure and function), 

work from Zennaro et al. also suggests that in certain tissues, notably the heart, the 

specificity of steroid action deserves further study (963). Steroid-specific gene transcription 

involves multiple mechanisms, including differences in MR or GR interactions with other 

transcription factors, co-activators or inhibitors, and cis-acting or DNA elements, all in a 
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context-specific manner (for further review see (42, 230, 534, 878)). In addition, Jimenez-

Canino et al. have provided evidence that 11β-HSD2 sumoylation at lysine 266 modulates 

cortisol-mediated MR nuclear translocation. (400). Thus, whereas the role of 11ß-HSD2 as a 

major element in steroid specificity is well established, the discrimination of MR to evoke a 

mineralocorticoid-specific response deserves further study and will likely be rewarding. For 

further consideration of the role of 11β-HSD2, see Chapman, Holmes, and Seckl (120).

Aldosterone Action and Signaling Pathways

The signaling pathways that mediate aldosterone’s actions are very diverse. For example, 

the binding of aldosterone to MR modulates transcription, either directly or indirectly, of 

genes encoding a number of cellular kinases including sgk1, phosphatidylinositol 3-kinase 

(PI3-kinase), Protein Kinase B (AKT), PKA, WNK1, the epidermal growth factor receptor 

(EGFR), and the Janus kinases (Jak kinases). However, aldosterone binding to MR (or other 

receptors that have not been fully delineated, see below) may also result in direct activation 

of signaling pathways, by non-genomic mechanisms. Here, we review aldosterone’s action 

on ion homeostasis and the aldosterone-dependent signaling pathways within the kidney, 

renal vasculature, and endothelial cells. As noted previously, aldosterone has additional 

inflammatory effects mediated by MR in multiple tissues, including the heart and the kidney, 

with evidence of MR expression in the podocyte. Recent clinical trials suggest beneficial 

effects of MR antagonists in patients with diabetic kidney disease as discuss in “Clinical 

Trials involving MR Blockade & Challenges”.

Aldosterone action on cellular physiology

Renal Na+ retention was the classical action of aldosterone that led to its original discovery 

and isolation (745). Nevertheless, it is now apparent that by its action through MR (and other 

receptors yet to be fully characterized), aldosterone has significant effects besides electrolyte 

transport, including effects on immune-mediated inflammation, circadian clock function, 

and other neuro-humoral and paracrine-autocrine signaling systems. Here, we review the 

classic action of aldosterone on Na+ and electrolyte transport.

Until the early 1990s three hypotheses prevailed regarding the mechanism of predominant 

action of aldosterone to promote Na+ absorption, without a general consensus which was 

the predominant mechanism of action, and each was supported by experimental data (519). 

The Permease Theory proposed that the major site of action of aldosterone was to increase 

Na+ permeability through the apical membrane. The Metabolic (or Energy) Theory asserted 

that aldosterone’s primary action was to increase metabolic adenosine triphosphate (ATP) 

production. The Pump Theory hypothesized that aldosterone increased transepithelial Na+ 

flux primarily because of an increase in the rate and capacity of the basolateral Na+ pump, or 

Na,K-ATPase.

However, it is now apparent that aldosterone acts on multiple cellular processes to increase 

Na+ reabsorption. Early events will lead to adaptive cellular changes which exert their effect 

on different time scales. Moreover, aldosterone’s action on ion transport may require one 

or more early acting signals that may not produce a change in transepithelial ion flux. 

Such considerations may help to reconcile the reported early non-genomic effects with 
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more extensively studied genomic actions of aldosterone. Additionally, since the effect of 

aldosterone is known to depend on the specific target tissue studied, (780, 905) it is likely 

that the identification of immediate aldosterone responsive genes will also depend on the 

cell type examined. Although a significant number of early aldosterone-responsive genes are 

presently known, whether a core set of conserved genes invariant of cell type is consistently 

modulated by aldosterone, remains an issue to be addressed.

Time frame for aldosterone’s effect on Na+ transport: model systems—The 

initial or acute effects of aldosterone on Na+ transport can be broadly classified into three 

phases that are best characterized by changes in SCC in cultured cell preparations or 

toad or turtle urinary bladders (355). More prolonged studies in the mammalian kidney 

reveal a fourth phase with persistent mineralocorticoid stimulation (337, 581). The use 

of SCC instead of direct measurement of Na+ flux, has the advantage of convenience 

and resolution of the time of onset of aldosterone’s action, but should be validated 

by direct Na+ flux measurements for the specific experimental conditions. In the initial 

phase, no change in SCC is apparent. The earliest changes in SCC or Na+ flux typically 

occur 30 minutes to four hours after aldosterone treatment. In this second phase, Na+ 

absorption or SCC typically increase by two to six-fold with a corresponding increase in 

transepithelial conductance (795). The late phase is not evident for at least three hours. 

During this time, SCC will typically increase by two to more than four times the rate 

of the early stimulation with little change in conductance and such changes depend on 

gene transcription. Mineralocorticoid stimulation for several days decreases chloride (Cl−) 

conductance in the mammalian CD. Since Cl− conductance represents the majority of total 

transepithelial CD conductance, changes in Cl− conductance will exert major effects on 

total conductance (337). Aldosterone’s action to reduce the Cl− conductance, frequently 

attributed to the paracellular or shunt pathway in part explains the substantial increase in 

transepithelial voltage (VT) observed with chronic aldosterone stimulation that has been 

reported, largely in the rabbit CD.

Many of the signaling events exert their principal influence at specific time points either 

early or late in the signaling cascade. In particular, the late phase aldosterone’s action is 

blocked by actinomycin D and cycloheximide, supporting the requirement of transcription 

and de novo protein synthesis for this last phase. For example, in the toad bladder 

aldosterone (70 nM) induced new polyadenylated RNAs during the first 30–60 min after 

application, and by 90–240 min newly synthesized 18S and 28S cytoplasmic rRNA were 

induced. SCC increased modestly (1.7 X control) over 12 hrs and this action on SCC and 

new RNA synthesis were totally abolished by Actinomycin D. However, inhibition of rRNA 

but not mRNA synthesis with 3'deoxycytidine did not impair the mineralocorticoid response 

during the initial three hours (679). Thus, the specific experimental conditions may have a 

substantial effect on the latency period and the magnitude of the response.

The earliest studies of aldosterone’s effect on Na+ transport were conducted in the 

urinary bladder of the toad, and subsequently the turtle. These epithelia exhibit substantial 

morphological and physiological similarities to the CD of the mammalian kidney. Changes 

in SCC were not evident until 20 minutes to four hours after aldosterone administration. 

Crabbe’s original observation in the toad bladder, pertaining to the time required before 
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an appreciable increase in Na+ transport occurs, is frequently cited (146). However, two 

additional observations from these studies are less well appreciated and deserve emphasis. 

First, the in vitro response to aldosterone differed substantially in bladders from animals 

maintained in distilled water from the response in toads maintained in saline. In fact, 

bladders in the latter case did not exhibit an absolute, but only a relative increase in 

SCC when compared to time controls (Figure 6). Second, the relative increase in Na+ 

current with respect to aldosterone concentration was much greater than the effect of this 

concentration of aldosterone in most vertebrates in vivo, and also greater than that necessary 

for aldosterone to saturate binding of MR in vitro (Figure 4)(28). Thus, time, temperature, 

cytosolic aldosterone concentration, the target tissue, and the experimental conditions all 

influence the duration of this delay and the magnitude of the response.

The question of which distal nephron segments were responsive to aldosterone was studied 

by Gross, Imai, and Kokko (292) in the rabbit CCD and DCT perfused in vitro after 

dietary conditioning, or in vivo after chronic MC treatment. They noted that on a normal 

Na+ diet, VT of the CCD was slightly lumen-positive, whereas in the DCT from rabbits 

on this same control diet, the VT was substantially lumen-negative. Chronic adaptation 

of rabbits to a low Na+ /high K+ diet and deoxycorticosterone (DOC), or DOC alone 

resulted in the development of a substantially lumen-negative VT in the CCD, consistent 

with the stimulation of electrogenic Na+ absorption. In contrast, the morphologically 

distinct DCT exhibited a similar lumen negative voltage that was not affected by dietary 

conditioning or by exogenous DOC.2 Addition of basolateral ouabain or luminal amiloride 

reduced VT toward zero in the CCD, further suggesting that lumen-negative voltage was 

due to electrogenic Na+ absorption. These authors suggested that aldosterone influenced 

electrogenic Na+ transport in the CCD but not the DCT. Studies by four other investigators, 

O’Neil & Helman (581) and Schwartz and Burg (724), systematically examined the effects 

of dietary adaptation and the chronic action of mineralocorticoids to stimulate the lumen-

negative VT and Na+ absorption in the CCD and observed qualitatively similar findings. 

Collectively these three studies supported an effect of chronic mineralocorticoid stimulation 

to increase electrogenic Na+ absorption in the CCD. The effect of dietary adaptation was 

assumed, but not established, to occur by the action of aldosterone. Subsequently, Gross 

& Kokko (293) reported that 200 nM aldosterone in the perfusate or 1 μM in the bath 

resulted in an increase in the lumen-negative approximately 20–30 min after the addition 

of the hormone that had a latency period that was temperature-dependent. However, in the 

mammalian CD, similar to the studies of Crabbé in the toad urinary bladder, the in vivo 
condition of the animal substantially affected the results. When the action of aldosterone was 

studied in cortical CDs obtained from adrenalectomized rabbits, an effect of aldosterone was 

observed on Na+ absorption after a delay of ~90–120 min (Figure 7) (905), but without a 

significant change in VT or in K+ secretion. The above description, however, refers to studies 

largely done in the rabbit, and extrapolation to similar anatomic segments in other species 

including the rat and mouse, must be done with caution since there are distinct species 

differences, particularly the distal cortical nephron and CD

2Differences between in vivo and in vitro techniques have yielded different absolute values of VT in the DCT.
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Frindt and Burg (223) also observed that VT in the CCD became more lumen negative 

when rabbits were conditioned to a high K+ and low Na+ diet. Such conditions would 

induce secondary hyperaldosteronism, and were consistent with the findings of O’Neil 

& Helman (581). These investigators noted that chronic mineralocorticoid stimulation 

decreases paracellular Cl− conductance, and hence low mineralocorticoid states (high Na+ 

diet or adrenalectomy) would exhibit a large paracellular Cl− conductance. Similar to 

the Crabbé observations, the in vivo conditions substantially affect the cellular (tissue) 

response to aldosterone (146). Thus, aldosterone exerts effects on paracellular conductance 

(20), and the effect of aldosterone in the CCD from adrenalectomized animals to increase 

Na+ absorption without a change in VT or increase in K+ secretion may reflect the large 

paracellular conductance of the adrenalectomized state. Recent studies are consistent with 

this interpretation (702). Such findings may reflect part of the spectrum of the action of 

aldosterone that is both time-dependent and tissue-specific as illustrated in Figure 8.

It is now apparent that aldosterone has primary effects to increase Na+-K+-ATPase pump 

number and activity that are independent of effects mediated by increased Na+ transport. 

Thus, the distinction between a primary permease, energy, or pump hypothesis is likely an 

oversimplification in view of plasticity of eukaryotic cells to compensate to stress or the 

environment. A time-dependent increase in pump activity after three hours by aldosterone 

was not observed in the presence of amiloride to block Na+ entry suggesting that the early 

action of aldosterone on pump activity depended on apical Na+ influx (625). Similarly, the 

rate of 35S-methionine incorporation was unchanged at three hours by aldosterone, a time 

when changes in Na+ transport were observed (146, 250), also suggested early events were 

not dictated by pump activity. However, after 18 hours aldosterone produced dose-dependent 

(0.2 and 20 nM aldosterone) increase in α and β subunit signal even in the presence of 

amiloride, suggesting both time and dose dependent direct effects on pump action. Elegant 

studies of the role of the receptor occupancy (of 0.8 nM to 100 nM aldosterone) further 

emphasized this time and dose dependence (250), which appeared to depend on occupancy 

of the type I (high affinity) receptor (Kd 0.3 nM Nmax 23 fmol/mg protein), suggesting 

that the Type I receptor was involved in both the early and late responses. Other studies 

support the role of both Type I (MR) and Type II (GR) receptors to produce the full action 

of aldosterone, with < 10 nM increasing Na+ absorption at three hours, and increased 

biosynthesis of Na+-K+-ATPase subunits after six hours, but new pump synthesis was not 

necessary for the early mineralocorticoid response. (250)

Interestingly, increased Na+ transport corresponded to nuclear occupation of the lower 

affinity (Type 2, GR) receptors, but distinct aldosterone effects on Na+-K+-ATPase synthesis 

were more closely related to occupation of type 1 receptors (250). Thus, aldosterone had 

late (~18 hours) effects directly on Na+-K+-ATPase expression, but this likely reflects direct 

actions on the pump and secondary actions due to increased Na+ entry and transport. Studies 

in other systems, such as the Xenopus amphibian epithelial kidney cell line (A6) also 

support a primary action of aldosterone on the pump and not as consequence of increased 

apical Na+ entry. Aldosterone produced a four-fold increase in the abundance of steady-state 

mRNA for NaK β1 and a twofold increase NaK α1 mRNA over a period of six hours. 

Nuclear run on assays confirmed that this increase was largely due to an increased rate 

of transcription after 15 minutes (850). Heterologous expression studies suggested that the 
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action of aldosterone may be isoform specific. Xenopus A6 cells stably expressing either rat 

α1, α2 or α3 isoforms aldosterone produced an increase in pump current for the endogenous 

pump and for the α1 subunit but not for α2, and the very small currents with α3 isoform 

made the results inconclusive (626). In summary, the weight of the evidence would suggest 

that aldosterone exerts direct effects on the Na+ pump that are a relatively late event (18–

24hrs.) and not observed at three hours, but that this augmentation in activity can be further 

increased by a load dependent effect of Na+ transport.

Role of nuclear receptor occupancy to transport action—Gaeggeler et al. further 

addressed the contribution of GR versus MR to sodium absorption in systematic studies 

of the of aldosterone-, corticosterone-, and dexamethasone-mediated sodium transport time- 

and dose-dependence of short circuit current (SCC, Isc) and the role of 11ß-HSD2 in a 

cultured CCD cell line (mCCDcl1). Equilibrium binding assays revealed that aldosterone 

and corticosterone both bound a high-affinity, low-capacity site, but dexamethasone bound a 

single site. By modelling the data, they concluded that MR occupancy principally controls 

sodium transport during circadian (physiological) changes in aldosterone concentration. 

However, both MR and GR occupancy affected sodium transport during salt restriction 

or acute stress. (237) The contribution of both MR and GR to sodium transport is also 

supported in studies by Bailey et al. in a mouse model of Cushing syndrome. (39) The 

relevance of GR and the activity of 11ß-HSD2 to sodium retention and salt-sensitive 

hypertension is also supported by the work of Craigie et al. (147)

More recently, Canonica et al. (108) have examined the contribution of MR and GR by 

cell-specific inhibition of the expression of these proteins in the kidney using an inducible 

Pax8-Cre in adult mice. Disruption of MR resulted in a failure to thrive phenotype and 

a severe pseudohypoaldosteronism type 1 (PHA-1) phenotype that became lethal when 

mice are fed a Na+-deficient diet. Expression of the NaCl cotransporter (NCC) (gene 

SLC12a3), its phosphorylated form (NCC-P), and αENaC expression were reduced with 

MR disruption, but GR expression increased. When fed a high Na diet these mice correct 

plasma electrolytes and body weight without correction of plasma aldosterone.

Interesting, disruption of GR (gene Nr3c1) in adult mice with Pax8-Cre did not 

impair growth, but reduced NCC activity with normal plasma aldosterone concentrations 

and produced only mild phenotypic changes (107). Although these studies suggest a 

predominant role for MR for the transport and phenotypic actions of aldosterone, the 

contribution of GR particularly as a MR-GR heterodimer and also as a function of 11ßHSD2 

activity needs further study.

From permease to discovery of ENaC—Extensive work by many individuals 

culminated in the identification of the deduced primary structure of the subunits composing 

the highly selective amiloride-sensitive ENaC and led to a molecular connection to disease 

phenotypes (See below section). Because of the importance of these findings, this section 

summarizes experiments leading to this discovery, its molecular characterization, and 

structure-function studies vital to disease phenotypes.
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Prior to the molecular cloning of the three subunits of the highly selective epithelial Na+ 

channel (known as ENaC or HSC), investigators had recognized three distinct types of Na+ 

channels in various Na+ transporting epithelia. Palmer (594, 595) classified these channels 

in three categories based on their biophysical properties (Na+ selectivity, single channel 

conductance, gating kinetics) and their pharmacological inhibition by amiloride:

• Type 1 channels were highly Na+ selective (PNa/PK > 20), exhibited small single 

channel or unitary conductance (4–5 pS), with time constants for open and 

closed states (τ) > 1–2 sec, high amiloride sensitivity (Ki < 1μM) (594), and 

were expressed in the apical membrane of CCD and the distal colon.

• Type 2 channels were moderately Na+ selective (PNa/PK ~ 3 – 4), with larger 

single channel conductances (~9–14 pS), rapid gating kinetics (τ ~10 to 100 ms), 

high amiloride sensitivity (Ki < 1μM) and were reported in sweat duct cells.

• Type 3 channels were not selective for Na+ over K+ (a cation non-selective 

channel with PNa/PK~1), exhibited the largest single channel conductance (22–28 

pS), rapid gating kinetics (τ ~100 ms), high amiloride sensitivity (Ki < 1μM), 

and were observed in OMCD and IMCD of the kidney, vascular endothelial cells 

and thyroid (594).

As discussed in the section “Aldosterone Action in Tight Epithelia and Target Genes,” 

distinction should be made between the highly selective, small conductance, amiloride 

sensitive, heterotrimeric epithelial Na+ channel denoted as ENaC (or HSC for highly 

selective channel), and other Na+-permeable cation channels that are also amiloride 

sensitive. The elegant work of Trac et al. (826) demonstrates that both the HSC (ENaC) 

and NSC are composed of αENaC subunits but have very different properties. Thus, tissue 

expression of the αENaC subunit should not be equated with the expression of the holo-

channel complex αßγ-ENaC.

Initial characterization in the toad urinary bladder and the mammalian CCD suggested 

a similar electrophysiological signature of a putative Na+ channel that exhibited a small 

unitary conductance, was highly Na+ selective, and was amiloride-sensitive. The toad 

bladder exhibited a highly Na+ selective channel (selectivity of Na+ to K+ of ~ 1000:1) 

(596, 598) sensitive to intracellular Na+, Ca2+ and pH (597), and the channel density was 

modulated by aldosterone (605). Aldosterone increased the apical Na+ permeability (PNa) 

by 140% and basolateral Na+ pump current (INa) by 130% at five hours, and by 680% and 

500%, respectively, at 18 hours, which suggests stimulatory effects on both apical Na+ entry 

and basolateral Na+ exit (607).

Patch clamp studies of the rat CCD apical membrane suggested a similar channel was 

present that had a small conductance (~5pS) and was highly Na+ selective with a 

conductance that saturated as a function of external Na+. The channel exhibited cation 

selectivity of Na+/K+ using inside-out patches of >= 10:1, had long (3–4 sec) open and 

closed states, and was sensitive to apical amiloride (0.5 μM) (603).

A similar electrophysiological signature was observed from the apical surface of cultured 

Xenopus A6 cells. The characteristics of the channel included a small unitary conductance 
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of approximately 7–10 pS with a current-voltage relationship that exhibited little non-

linearity from ± 80 mV and selectivity for Na+ to K+ of 3–4:1. Amiloride reduced the 

mean open time of the channel but not the single-channel conductance or IV relationship 

(317, 318). These investigators subsequently described two types of amiloride-sensitive 

channels in A6 cells. The first was similar to that reported previously (318), and the second 

had a single channel conductance of 1–3 pS with a nonlinear IV relationship with Na+/K+ 

selectivity of > 20:1. The two channels exhibited differences in the mean open and closed 

times with the smaller channel open only 10% of the time and the larger about 30% of the 

time (319).

The amphibian A6 cell line also provided insight into the mechanism of aldosterone 

signaling even though dexamethasone was the most potent, on a molar basis, agonist to 

stimulate SCC. Patch clamp analysis allowed measurement of the number (N), the open 

probability (Po), and the activity (NPo) of a small conductance (4pS) highly Na+-selective, 

amiloride-sensitive ion channel in response to aldosterone that could be compared with 

aldosterone’s effect on SCC. With removal of aldosterone, NPo and SCC decreased to a 

minimum by 48 hours with a pronounced reduction in mean open time (To) of ~ 40-fold. 

Upon re-addition of 1.5 μM aldosterone, NPo was significantly increased by two hours 

and SCC was near control values by 7.5 hours. During the first hour after aldosterone 

addition little change in channel activity was observed, but between 60 to 180 min channel 

activity dramatically increased so that by 180 minutes most recordings detected channel 

activity. Notably, the effect of re-addition of aldosterone appeared to depend on the duration 

of aldosterone removal with the most pronounced effect resulting in cell deprived of the 

hormone for the longest time. The results indicated that aldosterone increases SCC by 

increasing the Po, and hence the kinetics, of this channel (415). More recent work has 

supported the notion that increases in SCC are related to aldosterone-dependent increase 

in apical membrane ENaC expression via induction of sgk1. Frindt et al. performed 

quantitative analysis of the relative role for aldosterone-dependent increases in SCC via 

channel activation or kinetics versus the apical ENaC expression (226) and provided 

evidence for multiple complementary mechanism that are discussed in “Aldosterone Action 

and Signaling Pathways.”

Benzamil inhibition of Na+ transport in bovine kidney cortex membrane vesicles provided 

a biochemical approach. Benzamil inhibited Na+ transport with an IC50 of 4 nM, and 

labeled benzamil bound to a single high affinity species and bromo-benzamil was photo-

incorporated into three groups of proteins with a relative molecular weight of 176,000, 

77,000 and 47,000 Da (422). Using amiloride to isolate and purify proteins from bovine 

renal papilla and cultured A6 cells, an estimated molecular weight of 730,000 Da was 

identified and resolved into five principle polypeptide components of molecular weights 

315,000, 149,000, 95,000, 71,000 and 55,000 Da (60). Other studies proposed one protein, 

GP 70 from toad urinary bladders, as either a component or modulator of ENaC (794). 

Asher et al. reported Na+ channels in membrane vesicles from cultured toad bladder cells 

with 50%-70% of labeled uptake inhibited by amiloride with a Ki of less than 0.1 μmol (31).

A molecular approach using Xenopus oocyte expression system examined mRNA from 

A6 cells. Fractionated mRNA from treated oocytes produced an amiloride-sensitive current 
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under voltage clamp conditions after a period of one to three days whereas water injected 

oocytes had no detectable current. Size fractionation of the mRNA identified a species with 

a sedimentation coefficient of 17 S. Although treatment of A6 cells for 24 hours with 300 

nM aldosterone resulted in a several-fold increase in Na+ current, no such increase in current 

was observed from mRNA isolated from A6 cells without treatment (600).

In 1993 two groups reported the identification of components of an amiloride-sensitive 

highly Na+-selective channel. Rossier and colleagues isolated a cDNA from a rat colonic 

library that contained a 2094 bp open reading frame encoding a deduced peptide of 698 

amino acids (104). Northern blot analysis revealed expression of the corresponding mRNA 

from distal colon, rat kidney medulla and cortex, and stomach, in order of abundance. 

Injection of complementary RNA into oocytes resulted in an amiloride-sensitive Na+ 

current that was inhibited by amiloride with a Ki of 0.1 μM (104). Lingueglia et al. 

reported the identification of an amiloride-sensitive epithelial Na+ channel using expression 

cloning also from rat colon (487). Subsequently, both groups reported that ENaC was 

a heteromeric protein composed of three distinct but homologous subunits (106, 485), 

α, ß, and γ, expressed at the apical membrane in the aldosterone-sensitive nephron and 

collecting duct (106), and regulated differently by aldosterone (104, 486). A fourth subunit, 

δ, was described subsequently (862). The α subunit in humans is expressed as one of 

two transcripts (531, 855) and further work by Thomas et al. showed the presence of at 

least four transcripts, three of which do not change the proteins sequence. However, one 

transcript (ENaC 2) encoded an additional 59 amino acids to the αENaC 1 protein (810). 

Snyder et al. assessed the topology of the α subunit using in vitro transcription, translation, 

and translocation into microsomal membranes and concluded that the N- and C-termini 

were intracellular with two transmembrane domains and a large extracellular loop that was 

n-glycosylated. Based on the homology of the ß and γ to α, they suggested that these 

and related subunits likely exhibited the same topology (748). Canessa et al. examined 

the topology of the three subunits and proposed a minimal model as a heterotrimer (105). 

As noted in the upcoming section “ENaC Subunit Structure”, Stockand and co-workers 

subsequently provided evidence for a 1:1:1 stoichiometry of the ENaC subunits in two 

cell lines (769). More recently Baconguis and coworkers confirmed the heterotrimeric 

structure of ENaC using cryo-electron microscopy (580). Nevertheless, conclusions based 

on functional and biochemical studies have suggested four or more subunits. (215)

The cellular distribution of ENaC subunits at the level of mRNA and protein by in situ 
hybridization and by immunocytochemistry (ICC) in the rat kidney, colon, salivary, and 

sweat glands demonstrated their expression in aldosterone-responsive tissue (180). The 

DCT, CNT, CCD, and OMCD, demonstrated specific expression of α, ß, and γ ENaC. Most 

cells of CCD and OMCD were labeled at the apical membrane by IHC. In addition, the 

superficial rat colonic epithelial cells and in the secretory ducts of salivary and sweat glands 

were positive. Since all these tissues expressed an amiloride sensitive Na+ flux, the data 

further suggested that channels composed of these subunits as responsible for amiloride-

sensitive Na+ absorption. The electrogenic Na+ absorption in the IMCD may reflect α, ß, 

and γ ENaC (856) or another mechanism (180). The species differences noted previously 

are also relevant for the distribution of α, ß, and γ ENaC subunits in the mouse kidney as 

clearly described by Loffing et al (493). In addition, dietary Na+ content affects the cellular 
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distribution of ENaC, with low Na+ diets increasing the extent and apical staining for all 

three subunits (491, 492).

However, tissue specific regulation may also contribute to the diversity of aldosterone’s 

response in various target epithelia. Studies in the lung demonstrated that the steroid 

regulation of ENaC subunits differs between tissues. Whether this represents an alternatively 

spliced isoform, or other tissue specific regulatory differences from that in the kidney 

deserves additional consideration. Tchepichev et al. found that a pattern of expression in 

the lung epithelial cells which suggested that glucocorticoids, and not aldosterone were 

important in subunit expression in this tissue (802).

Moreover, Farman et al. observed expression of α and γ ENaC did not appear to 

be coordinated with ß ENaC (208). Abundant expression of α and γ was detected in 

populations of nasal, tracheal and lung alveolar cells by in situ hybridization, whereas equal 

levels of all three subunits were observed in bronchiolar epithelial cells and nasal gland 

ducts. Such observations indicate that caution should be exercised regarding the presence of 

a single HSC/ENaC subunit. This may have direct relevance to some of the more unusual 

observations on the induction and expression of “ENaC” in different aldosterone responsive 

epithelial cells (see section “Aldosterone Regulation of ENaC”) (208).

Aldosterone action in tight epithelia and target genes.—Studies for aldosterone-

induced transcripts (AITs) and aldosterone-induced proteins (AIPs) in mammalian primary 

culture of immunodissected rabbit CNT and CCD cells have identified a number of genes 

that respond acutely after aldosterone administration. Bindels et al. examined the action 

of 100 nM aldosterone on transcellular Na+ flux, assessed as benzamil-sensitive SCC and 

correlated it with changes in protein expression of AIPs (73). An increase in current was 

observed after two hours with a plateau after six hours. Analysis of the expressed proteins 

that were increased by 15 hours by 2-dimensional PAGE led to the identification of three 

aldosterone-induced proteins of relative molecular weights of 100, 70–77, and 46–50 kDa 

in the membrane and microsomal fractions, with one heterogeneous protein observed in 

the soluble fraction of relative mass 77 Kda. In this initial phase, aldosterone significantly 

decreased transepithelial resistance.

The time of onset of aldosterone’s action on ENaC subunit mRNA and protein expression 

in primary cultures of rabbit CNT and CCD cells was consistent with previous reports 

by SCC or net transport. After a delay of ~two hours SCC started to increase, and by 

three hours aldosterone increased benzamil-sensitive SCC ~180%, and by 16 hours was 

~2.5-fold greater than control (166). Semi-quantitative mRNA for each subunit did not 

increase at three hours but was increased two-fold by six hours. The level of subunit 

protein expression by immunoprecipitation of 35S labeled cultures revealed an increase in 

α and ß subunits at six and 16 hours but no increase in γ subunit at either time points 

(166). The regulation of Na+ flux raised the question of its feedback and was studied 

by stimulation of apical Na+ entry using electrophysiological means. This suppressed 

aldosterone-stimulated benzamil-sensitive SCC and the effect on SCC were reflected in 

ßENaC subunit expression, suggesting a negative feedback inhibition that coincided with 

decreased synthesis or increased degradation of ßENaC (167).
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The identification of AITs was a logical line of investigation since MR, a ligand-gated 

transcription factor, mediates aldosterone’s genomic action. Thus, it might be expected 

that the key signals that induce aldosterone’s action would occur by MR induced gene 

transcription with a several fold change in the rate of transcription of these key genes. 

Spindler and co-workers took two approaches to identify aldosterone early response genes 

in a clonal amphibian kidney cell line, A6 cells (761). The first was a candidate gene 

approach, including trimeric G protein, energy metabolism genes, calmodulin, and Na+-

K+-ATPase α and ß subunits. A modest induction in the Na+ pump subunits occurred 

without appreciable early or late changes in the other candidate genes. The second 

approach produced interesting results. Initial studies identified several potential candidates 

by differential display polymerase chain reaction (PCR). Of these candidates, five were 

studied in greater detail including one for an amino acid transporter, but most notable among 

these was the identification of the Xenopus homolog for the A splice variant of K-Ras2 

(761). Given aldosterone’s action to increase Na+ absorption in sites of the distal nephron 

and collecting duct, and the strategy for the identification of ENaC subunits, it would be 

natural to assume that one or more of these subunits would be AIPs. Indeed, this was 

subsequently confirmed, but as noted in the previous section patch clamp studies provided 

strong support that aldosterone increased SCC by increasing the channel kinetics (415).

In 1993, the same year as the identification of the molecular composition of ENaC α, β, and 

γ subunits, the laboratory of Firestone cloned a novel serine/threonine protein kinase. The 

kinase was novel because it was transcriptionally induced by treatment with either serum 

or glucocorticoids (875). The mRNA for sgk was stimulated by serum and glucocorticoids 

within 30 min independent of de novo protein synthesis. The serum-stimulated mRNA 

induction was brief and followed by a rapid decrease in mRNA. The sgk isoform sgk1 was 

found to be expressed in several tissues including the thymus, ovary, lung, and kidney.

The electrophysiological studies suggested that the early action of aldosterone to increase 

SCC and Na+ reabsorption was due to stimulation of the activity or quantity, or both, 

of existing channels. Sgk was identified subsequently as an AIT by several groups that 

represented a major breakthrough in our understanding of the action of aldosterone (18, 123, 

568, 739). Collectively, these studies provide persuasive evidence that aldosterone acting 

through MR rapidly increases sgk1 expression, at least in the kidney which in turn increases 

amiloride-sensitive current. As noted below, however, the mechanism for the increase in 

current does not appear to be due to channel phosphorylation. Further evidence did not 

support a change in channel open probability, but that the increased current was due to a 

larger number of active channels at the plasma membrane (18, 123, 568, 739).

Using a subtraction cDNA library generated after a one-hour exposure to 100 nM 

dexamethasone3 or vehicle from A6 amphibian cells, (123) Chen et al. identified sgk as 

an aldosterone-induced modulator of ENaC activity from several lines of evidence. The 

first was that dexamethasone rapidly increased the mRNA and protein for sgk by 30 min 

in A6 cells. Second, the mammalian orthologue (sgk1) was expressed abundantly in rat 

3Na+ transport in A6 cells is glucocorticoid responsive and the effects of aldosterone and dexamethasone on Na+ transport appear 
indistinguishable.
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kidney, particularly in the inner medulla, and was rapidly induced by aldosterone by four 

hours in distal tubule and collecting duct cells as detected by in situ hybridization. In 

addition, co-expression of rat sgk1 with ENaC α, β, and γ subunits in a Xenopus oocytes 

expression system markedly increased amiloride-sensitive Na+ current. However, ROMK 

current (Kir1.1) was not stimulated by sgk1 (123).

A combined strategy of subtractive hybridization and differential display in primary cultures 

of rabbit CCD cells identified a ~350 bp cDNA fragment transcript was increased within 

30 min of exposure to aldosterone. This led to the identification of rabbit sgk1 that was 

stimulated equally by 1μM RU28362, a glucocorticoid agonist, and 10 nM aldosterone that 

was most consistent with high affinity, MR mediated stimulation of sgk. When sgk1 was 

co-expressed in Xenopus oocytes for 36 hours with α, β, and γ ENaC subunits, amiloride-

sensitive Na+ current was increased (568). Co-expression studies in Xenopus oocytes 

supported the notion that the increase in current was not due to direct phosphorylation of the 

channel. Nor was there evidence for the role of tyrosine residues necessary for endocytosis. 

Patch-clamp analysis showed no effect of sgk to increase Po or alter the kinetics of ENaC, 

although sgk expression resulted in a three-fold increase in the abundance of ENaC in the 

plasma membrane, suggesting that sgk mediates its effect on channel current by increasing 

the number of channels at the plasma membrane (18, 568). Other work confirmed that 

aldosterone (30 nM) produced a rapid ~five-fold increase in the steady-state sgk mRNA in 

rat kidney and colon, and the induction was blocked by 30 μM RU 26752, a specific MR 

antagonist (739). In contrast, aldosterone did not induce sgk perceptibly in the lung, whereas 

dexamethasone caused a small increase in sgk. The increase in mRNA occurred in both 

kidney cortex and medulla, and expression was greatest in the renal papilla. Co-expression 

of sgk and ENaC in Xenopus oocytes increased the amiloride-sensitive current fourfold 

after 48–96 hours, and this current was unaffected by the mutation (Y618A) that affected 

Nedd4-2 interaction (739). The mechanism for the increase in channel activity and the role 

of Nedd4-2 is discussed subsequently. Additional evidence links the action of aldosterone 

to stimulate αENaC via sgk1: Zhang et al. showed that aldosterone-induced Sgk1 relieves 

the transcriptional repression mediated by Dot1a-Af9 of αENaC as discussed in the section 

“Aldosterone-Induced Transcripts (AITs) & Aldosterone-Induced Proteins (AIPs) (967).”

Aldosterone acts in large part by MR, so it would be expected to increase steady-state 

mRNA by stimulating transcriptional mechanisms rather than by altering mRNA stability. 

Although each of the ENaC subunits may be rate limiting for assembly of the functional 

channel under different conditions or in different tissues, αENaC is generally rate limiting 

in the kidney (769). Aldosterone acted directly on the αENaC subunit to increase its rate 

of transcription (544). Aldosterone stimulated αENaC expression via either GR or MR 

in heterologous expression studies using a cell line that did not endogenously express 

either MR or GR, but there was a greater affinity of aldosterone to stimulate through MR 

than through GR. This stimulation appears to be due to enhanced transcription because 

aldosterone did not affect αENaC mRNA stability. This response was mediated by an 

imperfect HRE in the 5’-flanking region of the gene and this HRE was required to produce 

aldosterone responsiveness to the αENaC gene promoter (544). As noted subsequently, 

activation of MR by aldosterone appears to be modulated by small GTPase proteins whose 

action is further regulated by Guanosine nucleotide Dissociation Inhibitors (GDIs). Such 
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observations are discussed in section “Principal Cell-Intercalated Cell MR interactions, MR 

phosphorylation & localization, and MR-Rac1 interactions.

It is instructive to consider the differences between the genes for the α subunit and other 

ENaC subunits (810). The human gene encoding the γ subunit of ENaC (813) has a similar 

genomic organization to the rat γ subunit (811). Interestingly, attempts to identify functional 

GRE motifs were unsuccessful although a minimal promoter was identified (811). Recent 

genomic analysis of MR binding did not find MR binding to the regulatory elements 

of the γ ENaC gene. The analysis of the functional channels from expression studies is 

further complicated by the presence of at least four potential interacting subunits that may 

pair with a yet to be fully defined stoichiometry (aside from the well-defined highly Na+-

selective α:ß:γ-ENaC). In addition, one of these subunits, δENaC may not be functional 

in all species, and in particular the mouse, which adds to the complexity of analyzing the 

molecular characterization and functional properties of Na+ permeable channels in humans. 

The evidence that the δ subunit is likely a pseudogene in rodents has limited investigation 

of its function. Detailed reviews provide further consideration of this issue (326, 394, 395, 

921).

The complexity of potential interacting partners, at least for αENaC, is further emphasized 

by the recent identification that certain non-selective cation channels are composed, in part, 

by αENaC subunits with the acid sensing ion channel 1a (ASIC 1a). (826) This channel 

has similar electrophysiological characteristics as the NSC described in the OMCD (919). 

Hence, inference of HSC/ENaC activity should not be based solely on the identification of 

alpha ENaC expression in tissue.

Aldosterone-induced transcripts (AITs) & aldosterone-induced proteins (AIPs)
—Since the early work of Edelman and coworkers demonstrated that aldosterone increased 

Na+ absorption (as SCC),required new protein synthesis, and was blocked by actinomycin D 

(187) and cycloheximide, (453) studies focused on the identification of aldosterone induced 

protein (AIPs). With the advent and development of molecular biology, it became apparent 

that aldosterone had additional effects not only on RNA transcripts (AITs) that were not 

translated into proteins (non-coding RNAs) but also chromatin structure, as discussed in 

“Aldosterone Action on Chromatin Structure and non-coding RNAs.” In this section we 

discuss some of the well identified AIPs that are encoded by early response genes and their 

role in ion transport.

The identification of sgk1 as a reliable marker of aldosterone-mediated activation of 

MR prompted investigators to examine what other transcripts were rapidly induced by 

mineralocorticoid activation. Several groups have used either candidate gene or unbiased 

approaches, such as serial analysis of gene expression (SAGE) or microarrays with the 

discovery of novel transcripts (33, 306, 414, 567, 670, 851, 971). These have been 

complemented by analysis of aldosterone responsive genes in other tissues (458). In 2003, 

Gumz et al. examined what genes were acutely regulated in a mouse renal collecting duct 

cell line derived from the inner medulla. Using sgk1 as a positive control they determine that 

this cell line expressed αENaC, 11ß-HSD2, and MR. A limited collection of transcripts was 

either stimulated or repressed by aldosterone, including 14-3-3 isoforms and PI3K subunits, 
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which subsequent studies corroborate. Four transcripts, Per1 (PER1, ET-1(EDN1), sgk1 

(SGK1), and CTGF (CCN2), were examined by multiple assays and found to exhibit rapid 

stimulation in response to aldosterone. Of these four transcripts, three have been directly 

linked to ion transport or BP control whereas CTGF has implications for aldosterone’s role 

in inflammation.

Further studies indicate a role for Per1 in the regulation of renal ENaC (308). 

Treatment with aldosterone induced rhythmic expression of Bmal1 and Per2 in cultured 

cardiomyocytes (801), and aldosterone treatment induced expression of per1 mRNA, an 

effect blocked by spironolactone, and similar to its effect in the kidney (306, 308). The effect 

of aldosterone via the circadian clock appears in part related to an interaction of MR and 

Per1 with the αENaC promoter, an effect that is increased in renal collecting duct cells in 

response to aldosterone (667). Tissue-specific knockouts of clock genes and MR, along with 

an investigation of the interplay between these signaling pathways should shed significant 

light on how aldosterone and the molecular circadian clock interact to regulate physiological 

functions.

Aldosterone’s action on the edn1 gene to stimulate ET-1 expression may be relevant 

to aldosterone’s long-term effects. ET-1 acts by multiple signaling pathways through 

two G protein-coupled receptors which are encoded by separate genes (136, 620, 797, 

874, 923, 924). Endothelin type A receptors (ETA) predominantly act through a Ca2+ 

mediated mechanism to induce vasoconstriction in vascular smooth muscle and stimulate 

aldosterone release from the adrenal zona glomerulosa. Endothelin type B receptors (ETB) 

are principally coupled to nitric oxide production by endothelial cells and cells of the renal 

collecting duct. This causes vasorelaxation of arteries and arterioles and decreases Na+ 

absorption within the collecting duct (431, 433). ETB predominate in the renal medulla, 

the site of the highest production of ET-1 in the body. The predominant endothelin isoform 

expressed in the kidney is ET-1 (431). For an in-depth discussion of the endothelin isoforms, 

see Davenport et al (157). The highest level of expression of ET-1 is in the renal medulla 

(431, 433). Renal medullary ET-1 is well known to modify renal Na+ excretion (91, 100, 

375–379, 401, 402, 431, 433, 507, 565, 636, 642–645, 701, 715, 716, 760, 791, 843). 

Disruption of edn1 specifically in the collecting duct aquaporin-2 expressing cells results in 

salt-sensitive hypertension (8).

The identification of edn1 as an early aldosterone response gene is particularly interesting 

because ET-1 inhibits Na+ reabsorption in the CD (306). The mechanism for aldosterone 

regulation of the edn1 was systematically examined by Stow et al (782). Aldosterone 

acutely stimulated edn1 mRNA and ET-1 peptide and heterogeneous nuclear RNA synthesis 

confirmed that the mRNA stimulation occurred at the level of transcription. This action of 

aldosterone to induce edn1 mRNA occurred in cell lines from the cortex, outer medulla, and 

inner medulla of the collecting duct. These findings led to the proposal that ET-1 serves as 

a direct inhibitor of aldosterone action in the CD (306, 782). This hypothesis was directly 

examined by Lynch et al. who examined the effect of a high salt diet and mineralocorticoid 

stimulation in complete metabolic and electrolyte balance studies in normal mice and in 

mice with selective disruption of ET-1 expression in the CD (CD ET-1 KO) (506). In both 

groups, aldosterone stimulated Na+ absorption, however CD ET-1 KO exhibited continued 
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Na+ retention throughout the study, whereas controls exhibited the typical response of 

aldosterone escape (Figure 9). Importantly, this persistent net positive Na+ balance occurred 

despite the greater BP in the CD ET-1 KO mice compared to WT mice. Thus, the loss of 

ET-1 expression in the CD produced Na+ retention in the presence of greater systemic BP 

indicating inappropriate renal Na+ regulation. As illustrated in Figure 10, such data support 

an important role of aldosterone/mineralocorticoid-induced ET-1 expression as an essential 

signal for normal regulation of Na+ balance.

In addition to sgk1, Per1, and edn1 as AITs and AIPs, four additional genes – gilz, the 

histone H3 lysine-79 methyltransferase disruptor of telomeric silencing splice variant “a” 

(dot1a), promyelocytic leukemia zinc finger protein (plzfp), and connector enhancer of 

kinase suppressor of Ras 3 (cnksr3 [CNKSR3 or CNK3]) are among the many genes that 

in various systems are stimulated or repressed by aldosterone and modulate Na+ transport. 

Several of the encoded proteins stimulate Na+ absorption by a similar theme. They do 

not stimulate Na+ absorption directly. They instead reduce the action of an inhibitory 

mechanism. In other words, they increase Na+ absorption by disinhibition. As noted above 

and described in section “Serum- and Glucocorticoid-induced Kinase,” Sgk1 acts similarly 

to inhibit the retrieval of ENaC from the plasma membrane by the action of Nedd4-2.

Aldosterone stimulated gilz expression rapidly in mpkCCDc14 cells (757). Gilz appears 

to be involved in cell signaling and may induce signaling through the ERK pathway. 

Expression of gilz in mpkCCDc14 cells reduces phospho-ERK expression with increased 

Na+ absorption (757). In addition, gilz has been reported to modulate renal Na+ and K+ 

excretion and NCC activity in the distal nephron (661). The work of Pearce and colleagues 

provides further insight into the mechanism of action of aldosterone and supports the role 

of gilz to stimulate Na absorption by aldosterone through disinhibition. Moreover, their 

evidence suggests that ENaC exists in part as an aldosterone-dependent dynamic regulatory 

complex. Soundararajan et al. provided evidence that the Raf-MAPK/ERK kinase and the 

ubiquitin ligase, Nedd4-2, are tonic inhibitory components of ENaC regulation that serve 

to decrease the expression of, cell surface ENaC. Their evidence indicates that gilz and 

the PI3K-dependent kinase sgk1, which are both stimulated by aldosterone, inhibit Raf-1- 

and Nedd4-2-dependent activities in a cooperative manner, supporting disinhibition as a 

mechanism for aldosterone stimulation of Na absorption.(753) They further suggest that 

cnksr3 (cnk3) participates in this dynamic assembly in response to aldosterone. (752, 755) 

Further work in this area should be rewarding.

A similar disinhibition appears to explain the action of dot1a. A novel aldosterone-signaling 

network involves the interaction of a histone methyltransferase and its interacting partner 

to affect αENaC expression and may have more general action (966). The histone H3 

lysine-79 methyltransferase, mDot1a is a histone modification enzyme, which acts through 

hypermethylating histone H3 K79 associated with the αENaC promoter, as a negative 

regulator of αENaC transcription. Aldosterone downregulated mdot1a mRNA values in 

mIMCD-3 cells associated with histone H3 K79 hypomethylation and trans-activation of 

αENaC. mDot1a overexpression resulted in the converse with hypermethylation of histone 

H3 K79 at the promoter of αENaC and suppression of its mRNA (965). Dot1a interacts 

with the putative transcription factor (ALL1-fused gene from chromosome 9) (AF9) both 
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in vitro and in vivo, and increased expression of AF9 produces hypermethylation of 

histone H3 Lys-79 of most of the endogenous αENaC promoter and reduction in mRNA 

expression. Knockdown of AF9 causes the opposite effect. Chromatin immunoprecipitation 

assays reveal that overexpressed endogenous AF9 and Dot1a are each associated with 

the αENaC promoter. Aldosterone inhibits both AF9 mRNA and protein expression 

and AF9 overexpression also inhibited other genes that were inducible by aldosterone 

(966). Interestingly and like Nedd 4–2 inhibition, sgk1 phosphorylates AF9, reducing its 

interaction with Dot1a, which leads to hypermethylation of the ENaC promoter (967). Dot1a 

appears to have significant interactions with other proteins, notably AF17 which competes 

for interaction with AF9 and facilitates Dot1a nuclear export (663, 664, 914, 968).

Plzfp was identified as an AIP from a CCD cell line stably expressing MR and acts to inhibit 

Na+ transport and reduces mRNA for β and γ ENaC subunits. Further study of its in vivo 

action on aldosterone-mediated Na+ transport remains to be determined (567). Finally, Ang 

II acts directly to stimulate ENaC activity in the collecting duct, so that activation of the 

RAAS has coordinate actions that may act synergistically on renal Na+ reabsorption (624).

Aldosterone cellular effects on ion transport

As noted above, a consistent effect of aldosterone is to stimulate Na+ reabsorption by 

relieving tonic inhibitory mechanisms that suppress Na+ reabsorption(67). In addition, 

aldosterone exerts effects via alteration of chromatin structure and the de novo expression of 

non-coding RNAs.

Aldosterone and control of ion transport by inhibitory mechanisms—In addition 

to ET-1, several systems act to reduce Na+ absorption in the CD by signals that are 

only partially elucidated and some of these are stimulated by aldosterone. For example, 

nitric oxide-, EGF- and purinergic- mechanisms all inhibit Na+ absorption in the CD, 

and the study of their contribution to aldosterone-stimulated Na+ absorption will likely 

be informative. Whether these systems have common stimulatory signals, and thus are 

functionally part of the same regulatory pathway or have distinct and independent activating 

mechanisms should be systematically investigated. For example, ET-1 signaling acts in part 

through nitric oxide to inhibit Na+ absorption, and the same stimulus, increased luminal 

flow, increases both ET-1 and nitric oxide production. Additional studies are needed to 

determine the relative role of ET-1 signaling via nitric oxide-dependent and independent 

mechanisms of feedback control (100, 375, 376, 643). The quantitative contribution of 

ET-1-dependent and nitric oxide dependent signaling to feedback control of aldosterone’s 

action may allow assessment of whether their effects can be distinguished and under 

what circumstances, given their similar actions in the setting of DOC-salt hypertension 

(643). Likewise, the stimulation of EGF by aldosterone and the effect of EGF to inhibit 

Na+ absorption suggest that other mechanisms exist to ensure a robust attenuation of 

aldosterone’s chronic effect and thereby limit Na+ absorption.

Aldosterone action on chromatin structure and non-coding RNAs—Aldosterone 

exerts early actions via the homodimer MR (or MR/GR heterodimer) mediated effects by 

binding to cis-acting regulatory elements within genes or intergenic sites, and transcription 
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and translation of additional products acting in trans. Not all of these effects enhance 

Na+ reabsorption. For example, aldosterone increases the transcription of the endothelin-1 

gene (edn1) and protein (ET-1) which acts to inhibit Na+ reabsorption and thus restraints 

the action of aldosterone. Another level of regulation was uncovered by Welch et al. 

who studied changes in the chromatin structure of the edn1 gene. This action may 

help to explain the later actions of aldosterone. The edn1 gene has a CpG island that 

encompasses the transcription start site and four sites in the 5' regulatory region that have 

been previously linked to transcriptional regulation (883). Using a quantitative PCR-based 

DNaseI hypersensitivity assay they studied edn1 structure in murine hepatocyte (AML12), 

renal cortical collecting duct (mpkCCDC14), outer medullary collecting duct1 (OMCD1), 

and inner medullary collecting duct-3 (IMCD-3) cell lines. The CpG island was uniformly 

accessible, suggesting a state of the gene which was competent for transcription. In all cell 

lines one NFAT element remained at low chromatin accessibility under all conditions tested. 

The second Ca2+ responsive NFAT element located at −1563bp upstream became markedly 

more accessible in IMCD-3 cells exposed to aldosterone.

Of the two established aldosterone hormone response elements, the HRE at −671bp relative 

to the transcription start site remained highly accessible, the other HRE (-551bp) became 

more accessible in response to aldosterone treatment in two target epithelial cell lines 

(IMCD-3 and OMCD1 cells). Thus, it appears that aldosterone activation of MR produces 

a MR-hormone complex binding at HRE at −671bp that opens chromatin structure in 

other regulatory elements of the edn1 gene. These studies provide not only evidence of 

additional regulatory mechanisms, but also have implications for the understanding of 

other ligand-gated nuclear transcription factors. Finally, recent work has emphasized that 

aldosterone may affect non-coding RNAs that serve to integrate hormonal responses in 

specific tissues (98, 461). Investigations into this area may provide more understanding of 

the global mechanism of action of aldosterone and is worthy of further study.

Aldosterone action via miRNAs—There is also evidence that aldosterone signaling 

is modulated by the action of a microRNA (miRNA)-mediated mechanism (98). Evidence 

supports a role for aldosterone regulation of a miRNA that affects ankyrin G expression 

and ENaC surface expression (97, 99). Further studies in this area will likely be rewarding. 

For example, microarray profiling of a mouse CCD cell line identified upregulated and 

down-regulated miRs by a single 24-h aldosterone stimulation that were similarly regulated 

in CCD cells isolated from kidneys of mice placed on a low sodium diet. The downregulated 

miRs, miR-335–3p, miR-290–5p and miR-1983, targeted ankyrin-3, a membrane regulatory 

protein. Aldosterone stimulated CCD cells exhibited increased ankrin-3 expression and 

when miR-335–3p, miR-290–5p and miR-1983 were inhibited, which mimicked the effect 

of aldosterone. Furthermore, ankrin-3 accelerated the delivery of ENaC to the apical surface 

of mCCD cells to increase membrane surface ENaC abundance and sodium reabsorption. 

(98)

Aldosterone treatment of mCCD cells also resulted in upregulation of a miR cluster that was 

predicted to target the 30UTR of intersectin-2, and this regulation was validated in vitro and 

in vivo following aldosterone stimulation. An increase in ENaC-mediated sodium transport 

occurred when intersectin-2 protein expression was reduced by RNAi. (98)
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Microarray studies of Jacobs et al. examined the role of miRNA action on edn1 mRNA 

expression in renal distal collecting duct cells to provide a comprehensive assessment 

of miRNAs present in a mIMCD-3 cells and the effect of aldosterone (385). Argonaute 

immunoprecipitation experiments investigated the binding of the RNA-induced silencing 

complex (RISC) to edn1 mRNA, with 34 miRNAs identified as being expressed at very 

high abundance, and many others were present at lower levels. Quantitative PCR analysis 

confirmed the microarray experiments of selected miRNAs. These studies and in silico 
examination of the edn1 3' UTR provided a panel of candidate miRNAs that could 

affect edn1 expression. Co-immunoprecipitation of edn1 mRNA with an Argonaute protein 

antibody indicated involvement of RISC, and this interaction was inhibited by anti-miR-709 

oligonucleotides, all suggesting that edn1 mRNA is a target of RISC. This area remains 

an active subject of research and as summarized in a recent review aldosterone regulates 

multiple miRNAs that serve to modulate effector proteins of the RAAS (99).

Aldosterone and Purinergic Signaling—Purinergic regulation of Na+ balance has not 

been specifically linked to aldosterone signaling although evidence support the importance 

of both systems in Na+ excretion and their connection (92, 148, 468, 551, 552, 777, 824, 

896). However, it is quite likely that the magnitude of purinergic inhibition is also modulated 

by mineralocorticoid activity. Indeed, there is increasing evidence for crosstalk between 

aldosterone signaling and purinergic regulation of ENaC. (668, 777, 838) For example, 

H+,K+-ATPase activity in the collecting duct, which is modulated by mineralocorticoids 

(281) has been implicated in the regulation of purinergic signaling of ENaC (550). 

Further evidence supporting this point is discussed in the section “Aldosterone and K+ 

Homeostasis”. An in-depth discussion is beyond the present scope and the interested reader 

is referred to recent comprehensive reviews (148, 469, 839).

There is also evidence that aldosterone signaling may be modulated by the action of 

a microRNA (miRNA)-mediated mechanism. Evidence supports a role for aldosterone 

regulation of a miRNA that affects ankyrin G expression and ENaC surface expression 

(97–99). Further studies in this area will likely be rewarding. For example, microarray 

studies of Jacobs et al. examined the role of miRNA action on edn1 mRNA expression in 

renal distal collecting duct cells to provide a comprehensive assessment of miRNAs present 

in a mIMCD-3 cells and the effect of aldosterone (385). Argonaute immunoprecipitation 

experiments investigated the binding of the RISC to edn1 mRNA, with 34 miRNAs 

identified as being expressed at very high abundance, and many others were present at 

lower levels. Quantitative PCR analysis confirmed the microarray experiments of selected 

miRNAs. These studies and in silico examination of the edn1 3’ UTR provided a panel 

of candidate miRNAs that could affect edn1 expression. Co-immunoprecipitation of edn1 

mRNA with an Argonaute protein antibody indicated involvement of RISC, and this 

interaction was inhibited by anti-miR-709 oligonucleotides, all suggesting that edn1 mRNA 

is a target of RISC. This area remains an active subject of research and as summarized 

in a recent review aldosterone regulates multiple miRNAs that serve to modulate effector 

proteins of the RAAS (99).
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Mechanism of action on Na+ transport

ENaC subunit structure—The critical role of the kidney in BP regulation has been well 

demonstrated by the work of Arthur Guyton and colleagues (310, 311). The discovery of 

the molecular structure of the subunits of αβγENaC, that are expressed in the aldosterone-

sensitive distal nephron (ASDN) and CD4 also provided information on the genes that 

encode these proteins. Genetic analysis demonstrated complete linkage of genes encoding 

specific ENaC subunits with severe hypertensive or hypotensive phenotypes. This in turn 

provided a mechanism to connect the physiological and pathophysiological function of 

aldosterone with the molecular events that underlie its action.

The role of ENaC (and NCC) is central to the understanding of the action of aldosterone 

in the ASDN & CD. Only a brief discussion of the structural-functional relationships of 

this protein is provided. For more in-depth analysis the reader is referred to several further 

reviews (85, 325, 420, 835). Early reports suggested a stoichiometry of two α subunits with 

one ß and one γ. More recently Staruschenko et al. combined fluorescence intensity ratio 

analysis and total internal reflection fluorescence microscopy to examine the stoichiometry 

of the ENaC subunits in Chinese Hamster Ovary (CHO) and COS-7 cells (769). The former 

provided an estimate of relative subunit stoichiometry, whereas the latter allows isolation of 

plasma membrane fluorescence signals. The conclusions of these studies were that ENaC 

expressed at the plasma membrane had equal numbers of each type of α, ß, and γ, subunits 

in fixed stoichiometry under steady state conditions. These studies are consistent with the 

crystal structure of the closely related ASIC of the chicken ASIC1 deletion mutant that 

was determined at a resolution of 1.9 Å (391). This crystal structure shows three subunits 

forming a homotrimer with two transmembrane helices in each subunit. Recently Baconguis 

and co-workers confirmed trimeric structure of ENaC using cryo-electron microscopy (580). 

These studies show that ENaC assembles as an equal number of α:ß:γ: subunits in a 1:1:1 

stoichiometry arranged in a counter-clockwise configuration.

Although α, ß, and γ ENaC subunits exhibit much in common, notable differences in 

the primary structure of each subunit exists. For example, both α and γ subunits have 

tracts of embedded amino acids that are inhibitory (420). These inhibitory tracts are 

cleaved by proteases as discussed later. (See section “Post-translational Processing of ENaC: 

Proteolytic Cleavage and Paracrine Signaling Mechanisms”). Both the ß and γ subunits, 

but not αENaC, have discrete phosphatidylinositol binding motifs beneath the inner surface 

of the plasma membrane that modulate PI(3,4,5)P2-dependent ENaC activity (641), and 

aldosterone stimulates ENaC activity via actions of PI(3,4,5)P2 on γENaC (338, 807, 808, 

846, 918). Sequences in the N- and C-terminus of αENaC contain motifs important for 

channel function, with a proline-rich sequence in the C-terminus that binds to an SH3 

domain of α-spectrin and mediates the localization of ENaC to the apical membrane. (681) 

Structural motifs in the N-terminus of ENaC α subunit have been implicated in gating of the 

channel and polymorphisms in the C-terminus have been linked to a hypertensive phenotype 

4The CD is embryologically and anatomically distinct from the cells that comprise the nephron. The CD originates from the ureteric 
bud whereas the cells of the nephron are derived from the metanephric blastema. However, cells of the DCT2, CNT, ICT and CD 
express MR and respond to aldosterone. We have chosen to extend the definition of the ASDN to include the CD for conciseness, 
while noting this distinction, which in some cases may be important.
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(299, 300). Thus, phosphatidylinositols act to increase ENaC activity by increases in Po. 

Other differences between subunits include palmitoylation of specific cytoplasmic cysteines 

on the ß and γ subunits, but not alpha, that affect channel Po (346, 640, 956).

Additional studies, reviewed in (918), provide evidence for the regulation of ENaC by 

cytokines and chemokines, and other studies report that ENaC activity is differentially 

affected by changes in intracellular [Ca2+] in discrete apical and basolateral cytoplasmic 

domains that are dependent on mitochondrial Ca2+ sequestration (808). There is also 

evidence in Xenopus A6 cells that a basolateral P2X4 channel stimulates ENaC activity 

(807), and phosphatidylinositol 3,4,5-trisphosphate mediation of aldosterone stimulation of 

ENaC via its interaction with γENaC (338). The complexity of the regulation of this family 

of interacting subunits is further underscored by the presence of alternative splice variants of 

human ENaC subunits (139, 326, 810).

Several recent reviews provide detailed information about the structure-function 

relationships of ENaC, its interaction with intracellular regulatory proteins, and its 

regulation by extracellular and intracellular factors (420, 619). Much of the analysis of 

structure-function relationships have focused on α, ß, and γ ENaC subunits (with the 

assumption that the assembled αβγ-ENaC holo-channel is the only, or the predominant, 

conductive pathway for Na+ absorption in the ASDN). However, Waldmann et al. reported 

the cloning and functional expression of a novel amiloride-sensitive Na+ channel subunit 

termed δ from a human kidney cDNA library that was abundantly expressed in brain, 

pancreas, testis, lung, colon, and ovary. When functionally expressed alone in Xenopus 

oocytes it produced a small amiloride sensitive current with distinct properties from 

expression of the α subunit alone. The channel was more conductive to Na+ than Li+ 

(in contrast to αβγ-ENaC), and co-expression with ß and γ subunits resulted in a 50-fold 

increase in current. In contrast to αβγ-ENaC channels, proteases do not activate δβγ-ENaC 

channels, nor did these channels exhibited Na self-inhibition. Moreover, single channel 

conductance, ion selectivity and amiloride sensitivity also distinguish δβγ-ENaC channels 

from αβγ-ENaC channels (325, 326, 395, 862, 920, 922). Thus, the potential for significant 

heterogeneity of the response to amiloride, or its analogues, and the functional significance 

of these distinct heteromeric channels requires further study.

Syndromes of ENaC dysregulation: Liddle’s Syndrome—In 1963, Liddle and 

coworkers reported a familial renal disorder resulting in severe hypertension at an early age 

(second decade of life) that was associated with the features of hyperaldosteronism but with 

negligible aldosterone secretion. Liddle proposed that the syndrome was due to the synthesis 

of an unknown mineralocorticoid. The pathophysiology of this condition, however, awaited 

the identification of the primary structure of the three subunits to the highly Na-selective 

epithelial Na+ channel (HSC or αβγ-ENaC), and studies of genetic linkage analysis of 

Liddle’s original and other kindreds to mutations in genes encoding specific ENaC subunits. 

These findings and studies of the properties of the normal and mutated proteins in vivo 
and in vitro, collectively implicated mutations of the PY motif in the ß or γ subunit as 

explanations for this hereditary cause of hypertension (Liddle’s Syndrome) (180, 322, 323, 

413, 710, 711, 800).
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Seminal studies by Shimkets et al. reported complete linkage of the gene encoding the ß 

subunit of ENaC to individuals with early-onset severe hypertension in Liddle’s original 

pedigree (741). Further analysis of four additional families with characteristic features of 

Liddle’s syndrome showed either premature termination or frame shift mutations in the C 

terminus of the β subunit, providing convincing evidence of a direct linkage between the 

β subunit and this form of hypokalemic, early-onset severe hypertension. The finding of 

another pedigree of Liddle’s Syndrome with a truncation mutation of the last 76 amino acids 

of the C terminus in the γ subunit, and expression studies of human β and γ mutations in 

Xenopus oocytes suggested a critical PY motif present in β and γ subunits as a plausible 

explanation for the increased channel activity. A series of studies provided further evidence 

that altered cell surface expression in mutations that produced the characteristics of Liddle’s 

Syndrome were responsible for this phenotype. Schild et al. noted that expression of the 

Liddle ENaC mutation in Xenopus resulted in an increase in channel activity, (710) and 

subsequently identified a PY motif in ENaC that was mutated or deleted in patients with 

Liddle’s Syndrome (711). These mutations reduced the ability to downregulate the channel 

(413, 711). Thus, shortly after the identification of the core molecular components of ENaC, 

a direct connection between mutations in ENaC subunits and functional disease states 

established a crucial role for this channel subunit in rare disease states of hypertension. The 

plausible explanation was an unrestrained over activity of ENaC lead to inappropriate Na 

reabsorption, simulating the renal phenotype of hyperaldosteronism. Such a connection was 

further supported by loss of function of ENaC and states of hypotension as described below.

The elucidation of Liddle’s Syndrome also demonstrated the importance of the ubiquitin 

E3 ligase Neural precursor cell expressed developmentally down-regulated4-2 (Nedd4-2), 

and related ligases, in the regulation of ENaC cell surface expression by controlling 

channel retrieval from the plasma membrane. Studies by Staub et al. (773) showed that the 

tryptophan motifs (WW) in Nedd4-2 bound the PY motifs in the cytoplasmic tail of β and γ 
ENaC subunits. Studies by Dinudom et al. (168) of the control of ENaC in the salivary duct, 

provided a further understanding of the kinetics of ENaC ubiquitination. These investigators 

showed that increases in intracellular Na+, as with increase ENaC activity, results in ligase 

binding and ubiquitination of ENaC with down-regulation of ENaC activity, thus forming 

an intracellular feedback loop. As noted in the section “Aldosterone Action and Signaling 

Pathways,” additional levels of regulation of Nedd4-2 – ENaC interaction exist mediated 

by Sgk1 in response to aldosterone stimulated increases in Sgk1 and Na+ absorption (See 

(80) for a detailed consideration of the role of Nedd4-2 and related ligases in the regulation 

of ion channels and membrane transporters.). Further consideration of Nedd4-2 role in 

salt-dependent hypertension and chronic kidney disease (CKD) is discussed in the section 

“Role of Aldosterone in Salt-sensitive Hypertension (342, 677).” Also, as noted previously 

(Genomic action of aldosterone and mineralocorticoids), aldosterone not only modulates the 

rate of retrieval of channels from the plasma membrane by Sgk1-Nedd4-2 mechanisms, but 

also the rate of insertion into the plasma membrane by the action of Usp2-45, a ubiquitin-

specific protease (203).

Quantification of the number of epitope-tagged ENaC subunits expressed at the cell surface 

of Xenopus oocytes compared with the whole cell amiloride-sensitive current for WT and 

channels expressing the Liddle mutation showed that channels composed of α, β, and γ 
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ENaC subunits were expressed at the plasma membrane with greatest efficiency. Moreover, 

the ENaC open probability for the ensemble of channels expressed at the cell surface was 

about one-tenth that reported in previous single-channel recordings. The Liddle’s Syndrome 

mutant (ß R564stop) increased channel activity by increasing channel cell surface expression 

and by altering channel open probability (215).

Syndromes of ENaC dysregulation: Pseudohypoaldosteronism (Type I)—In 

1956, Cheek and Perry described the case of an infant that exhibited a renal salt wasting 

phenotype refractory to mineralocorticoid therapy but corrected by large quantities of oral 

NaCl. Since then, other reports have documented cases in which plasma aldosterone was 

markedly elevated in the presence of renal salt wasting, hypotension, and other evidence 

of intravascular volume depletion. In 1996, Chang et al. reported in five kindreds that had 

loss of function mutations in either the α or ß ENaC subunits resulting in either frameshift, 

premature termination, or missense mutations as responsible for pseudohypoaldosteronism 

type 1 (119). Hummler et al. and Grunder et al. provided additional evidence that mutations 

in ENaC subunits could result in pseudohypoaldosteronism by analysis of structure-function 

relationships of these subunits (298, 368). Subsequently, Bonny et al. reported two cases 

from the same family of autosomal recessive pseudohypoaldosteronism type 1 that had an 

R492stop mutation of the α subunit that resulted in markedly reduced ENaC current as 

measured in a heterologous expression in Xenopus laevis oocytes (84).

Additional evidence supports the assertion that a hypomorphic phenotype similar to PHA 

type1 can be observed in mice that do not express various ENaC subunits in selected 

nephron segments. Genetically modified mice harboring loss of function mutations have 

confirmed a severe PHA type I phenotype in some studies. However, selective knockout 

of subunit expression in different nephron segments have revealed a range of phenotypes 

from severe to mild defects in Na+ conservation. The reasons for these differences are not 

apparent. For example, Rubera et al. (684), found that cell-specific knockout of αENaC 

in just the CD without deleting its expression in the late DCT and CNT (using a Hoxb7 

promoter to express Cre recombinase) resulted in a mild phenotype with little difference 

in the response of lox/lox/Cre- and lox/lox/Cre+ mice to a low Na+, high K+ (2.6%), or 

water deprivation. In contrast, using a Pax8-inducible model of αENaC KO, Perrier et al. 

observed a severe Na-wasting phenotype (622). Canonica et al. and Terker et al. noted a 

severe phenotype with an adult nephron-specific deletion of MR (108, 805). Whether the 

completeness of the CD KO of αENaC, the time of the gene deletion (in development 

versus as adult), compensatory mechanism, or other factors account for these apparent 

discrepancies will require further study. Studies with another conditional KO model are 

likely to be instructive.

Aldosterone regulation of ENaC—The regulation of ENaC occurs at multiple levels 

including, transcription and post-translational of ENaC subunits, assembly of subunits, 

processing to a functional channel, insertion into and retrieval from the plasma membrane, 

and post-translational modifications that affect channel gating and activity. In addition, the 

holo-enzyme complex is also the target of various proteases that alter its activity and kinetics 

(364, 419, 421, 556, 614, 733, 754).
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Several groups examined the contribution of aldosterone to the regulation of the three 

subunits that comprised the functional channel, either by direct administration of aldosterone 

in vivo, or by indirect stimulation of aldosterone via activation of the RAAS by a low Na+ 

diet. This latter maneuver would increase plasma aldosterone, by stimulating plasma renin 

and Ang II levels, and likely affected other hormones. These studies were made prior to 

the discovery of the notable effect of aldosterone on sgk1, GILZ, Per1, or ET-1, which is 

described subsequently under the section “Aldosterone Signaling in Renal Epithelial Cells.”

Renard et al. examined the expression of α ß and γ ENaC mRNA and protein in lung, 

colon and kidney and the effect of dexamethasone and a low Na+ diet by Northern blot 

and immunohistochemistry (IHC) (665). They found low levels of immunohistochemical 

expression in the lung alveoli but staining of most cells of the trachea and bronchioles. 

In the colon, dexamethasone and a low Na+ diet stimulated the level of ß and γ mRNA, 

whereas α was observed to be constitutively expressed. In the lung, adrenalectomy markedly 

reduced immunohistochemical staining for all three subunits, but dexamethasone or a low 

Na+ diet did not increase staining intensity. Intriguingly, in the kidney they observed no 

significant effect of either dexamethasone or a low Na+ diet on α, β, or γ subunit mRNA 

expression and speculated that if regulated in kidney it would require different regulatory 

mechanisms than in lung or colon (665). Asher et al. (33) examined the increase in ENaC 

subunits in response to aldosterone and found that in the kidney cortex both aldosterone and 

dexamethasone produced a 2.5–2.7-fold increase in α with no change in ß or γ subunits. In 

contrast, both aldosterone and dexamethasone produced a marked (>7–10 fold) induction of 

ß and γ in the distal colon with no change in the level of α. Interestingly, dexamethasone 

appeared equally effective as aldosterone to regulate these subunits. The aldosterone induced 

changes generally were after 3 hours to 24 hours on a low Na+ diet. Similar disparate 

effect of aldosterone in kidney and colon on other proteins have been observed by Jaisser 

et al. (386) who reported an induction of (HKa2) subunit of H+K+-ATPase in colon but no 

increase in the renal medulla. In addition CHIF, an epithelial protein that induces K+ channel 

activity, was observed to be induced in the colon but not the kidney by mineralocorticoids 

(861). The reasons for the marked tissue-specific induction by mineralocorticoids and 

glucocorticoids of specific subunits remains an open question (33).

Using isoform specific antibodies, Masilamani and coworkers examined role of aldosterone 

stimulation for 10 days to increase each of the subunits of ENaC in the rat kidney. Increasing 

plasma aldosterone by dietary NaCl restriction, and secondary activation of the RAAS, 

resulted in a ~four-fold increase in plasma aldosterone concentration (0.75±0.23 nM to 

3.5±1.3 nM), and an increase in the steady-state expression of αENaC by 285±28% relative 

to control values. However, there was no change in the relative abundance of either the 

ß or γ ENaC, but there was a qualitative change in the molecular weight of γENaC due 

to proteolytic processing. In separate studies, plasma aldosterone infusion at a rate of 200 

μg/day resulted in a ~ 50-fold increase in plasma aldosterone concentration (from 1.8 ± 

0.5 nM to 80.4 ± 3.3 nM) after 10 days and αENaC protein abundance was increased 

approximately fivefold (472 ± 84%) compared with control, but neither the steady-state 

expression of ß nor γ ENaC was affected. However, a qualitative change in γENaC due 

to proteolytic processing occurred, similar to that seen with dietary Na+ restriction, with 

a decrease in the 85 kDa band and an increase in a 70 kDa band (521). Subsequent 
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studies examined the time course of the acute and chronic effects of aldosterone as 

well as characterization of the mechanisms involved in both phases, using a combination 

of electrophysiology of rat cortical collecting ducts in conjunction with renal cortical 

immunoblots and surface labeling techniques (226, 228, 606, 615).

Frindt et al. examined the effect of secondary hyperaldosteronism induced by 15 hours of 

Na+ deprivation in rats that did not reduce glomerular filtration rate (GFR) and produced a 

~2.5-fold increase in plasma aldosterone. They observed post translational processing of the 

γ subunit with no quantitative change in the abundance of any ENaC subunit. Specifically, 

Na+ deprivation was associated with an increase in proteolytic processing and expression of 

a smaller version of the γ subunit (225).

Whereas chronic studies resulted in an increase in ENaC current to approximately 300–800 

pA/cell, (225, 226) acute administration of aldosterone in rats resulted in a significant, 

but clearly smaller, amiloride-sensitive whole cell current of approximately 100 pA/cell 

(approximately 20–30% of chronic values). (226) This value of 100 pA/cell was, however, 

significantly greater than control values in the salt replete state. Commensurate with the 

increase in amiloride sensitive current there were qualitative changes in the expression of 

ENaC subunits in the collecting duct. Although there was not a significant increase in 

full-length αENaC by three hours, the cleaved forms of α ENaC and γ ENaC judged by 

immunoblot increased, and the surface expression of β and γ ENaC as measured by surface 

protein biotinylation also increased. (226) These studies demonstrated that aldosterone 

increases proteolytic processing of both the α and γ ENaC subunits. Among the family 

of channel-activating serine proteases (CAPs) (303, 836, 858), convincing experimental 

evidence supports the role of furin to activate ENaC (364). These studies are consistent with 

an acute effect of aldosterone to increase plasma membrane surface expression mediated in 

part by sgk1 as discussed in “Aldosterone Signaling in Renal Epithelial Cells.”

In the kidney, aldosterone appears to preferentially stimulate increases in the α subunit. 

However, this physiological regulation of Na+ channel activity by aldosterone does not 

appear to be shared by all tissues. Stokes and Sigmund examined the effect of a low Na+ 

diet and exogenous mineralocorticoid or glucocorticoid to stimulate steady-state mRNA for 

α, ß, and γ ENaC subunits (778). Interestingly, a low Na+ (0.13 %) diet for 2–3 weeks did 

not alter the qualitative distribution of mRNA by Northern blot analysis, nor did it affect 

quantitatively mRNA for ß or γ in the cortex or outer medulla. However, αENaC mRNA 

was selectively increased (with no change in ß or γ) in the inner medulla by a low Na+ diet. 

In contrast, this same maneuver elicited an increase in ß and γ subunits without an effect 

on αENaC in the descending colon (778). The regulation by a low Na+ diet, which would 

chronically increase aldosterone, angiotensin II, and possibly other relevant hormones, was 

contrasted with the effect of acute corticosteroid action. The acute (six hour) effect of 

mineralocorticoid (aldosterone 1.5 mg/kg, plus a glucocorticoid antagonist RU-38486, 1.8 

mg/kg) or the glucocorticoid agonist was designed to selectively stimulate either MR or GR, 

respectively. The response in the kidney was strikingly different from that observed in the 

lung or colon: αENaC was only increased by glucocorticoid in the lung, but in the colon 

both mineralocorticoid and glucocorticoid stimulation increased ß and γ ENaC without 

affecting αENaC. In the kidney, however, mineralocorticoid or glucocorticoid stimulated 
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increased αENaC, but not ß or γ ENaC, in the cortex, outer medulla, and inner medulla. 

These observations suggest very distinct temporal and tissue-specific responses (778).

Other studies have examined and contrasted the effect of glucocorticoid on amiloride-

sensitive SCC and α ENaC expression and the molecular events associated with this 

induction in pulmonary, renal and colonic cell lines. Dexamethasone increased amiloride-

sensitive SCC ~two-fold at 24 hours in H441 lung cells and increased αENaC expression by 

five-fold. This induction of αENaC was blocked by RU38486 and inhibited by actinomycin 

D but not by cycloheximide. Two promoters were identified with the 5’ (P1) promotor 

exhibiting greater rates of transcription. A directional-independent fragment (~289–143INV) 

upstream of both promoters conferred glucocorticoid-responsiveness to both promoters. 

Separate constructs from the α ENaC 5’-flanking region identified a region ~ 150 to 500 

bps upstream of the transcriptional start site that contained two imperfect hormone response 

elements (HREs). However, only the downstream HRE produced glucocorticoid-dependent 

transcription. Dexamethasone increased αENaC expression in a collecting duct cell line in 

a dose-dependent manner starting at 10 nM. By testing glucocorticoid-mediated induction 

of αENaC gene transcription in a renal cell line derived from the CCD they found similar 

αENaC transcription in pulmonary and renal epithelial cells. Expression of GR in a colonic 

cell line restored glucocorticoid–stimulated αENaC transcription These studies support a 

role for glucocorticoids to stimulate αENaC in lung and kidney via activation of HRE 

located ~142–487 bp upstream from the transcriptional start site (708).

Aldosterone Regulation of the NaCl Cotransporter—In 1993, Gamba and 

coworkers reported the identification of a thiazide-sensitive electroneutral Na+-Cl− 

cotransporter from the urinary bladder of the winter flounder (246), initially denoted 

as TSC, and more recently as NCC, (gene slc12a3). Subsequently other members of 

this family of solute-linked cotransport family were identified, including the mammalian 

homologue of the flounder (118, 524, 525) and the structurally related apical and basolateral 

bumetanide-sensitive Na+-K+-2Cl cotransporters (245). The SLC12A family of transporters 

share (with few exceptions) much in common, including primary sequence homology, 

transmembrane structure, and several transport properties (all described are electroneutral). 

NCC (SLC12A3) is recognized as an important transporter in the kidney and mutations 

of both alleles produce a significant phenotype, Gitelman’s Syndrome, resulting in relative 

hypotension and hypokalemia. Mutations in WNK kinases within the regulatory cascade 

responsible for modulating the activity of this transporter give rise to a phenotype of salt-

sensitive and thiazide-sensitive hypertension with hyperkalemia. For further discussion, the 

reader is directed to recent comprehensive reviews (29, 243, 244, 357, 358, 425). In addition 

to stimulating the expression of ENaC, studies by Knepper and coworkers also determined 

that chronic aldosterone stimulation induces the expression of NCC, which is induced in 

the DCT, CNT, initial collecting tubule (ICT), and CCD (708). This transporter is discussed 

under the section “Aldosterone Signaling in Renal Epithelial Cells,” and comprehensively in 

recent reviews (29, 357, 358, 425).

The role of NCC as a mechanism for aldosterone-mediated NaCl absorption was noted 

by Chen et al. (125) after noting the effects of diuretic treatment and dietary Na on 3H-

metolazone binding (126). Velazquez et al. (844) administered aldosterone, dexamethasone, 

Johnston et al. Page 45

Compr Physiol. Author manuscript; available in PMC 2024 October 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



or both for 3–5 days by mini-pump to adrenalectomized rats that stimulated thiazide-

sensitive NaCl transport in distal tubules perfused in vivo by more than fivefold. 

The investigators quantified NCC cotransporter abundance in the renal cortex by [3H]-

metolazone binding. Both aldosterone and dexamethasone increased specific binding sites in 

kidney cortex more than threefold, and they concluded that stimulation of GR and MR can 

increase NCC activity and abundance.

Kim and coworkers (417) used an affinity-purified antibody to NCC to examine its 

expression in response to chronic mineralocorticoid stimulation. Immunoblots detected a 

protein of approximately 165 kDa by electrophoretic mobility from membrane fractions 

of the renal cortex, but not the renal medulla. IHC detected labeling restricted to the 

DCT. When rats were fed a low NaCl diet for 10 days expression by immunoblotting 

increased ~ two-fold with more intense IHC staining. When aldosterone was administered 

by osmotic minipumps for 10 days NCC expression was increased nearly four-fold (3.8-

fold). Administration of fludrocortisone to rats for one week resulted in an approximately 

6.5-fold increase in NCC expression. These studies demonstrated that chronic increases 

in either exogenous or endogenous aldosterone or treatment with the mineralocorticoid 

fludrocortisone produced a pronounced stimulation of NCC.

Recent work by Ellison and coworkers suggest that the action of aldosterone may not 

be direct but secondary to changes in [K+]p that stimulates NCC phosphorylation and 

activation. Terker et al. examined the selective knockout of MR expression in vivo in the 

adult mouse kidney using an inducible Cre lox system and found a significant reduction 

in total and phosphorylated(T53) NCC of ~60% NCC expression (805), which would be 

consistent with the action of mineralocorticoid stimulation of NCC. However, a chronic 

reduction in dietary K+ intake with a reduction in [K+]p resulted in a significant increase 

in total and phosphorylated(T53) NCC to control values prior to the selective knockout of 

MR. The authors interpret these results to suggest that the predominant effect on NCC and 

phospho-NCC is mediated by changes in plasma [K+] but note that the data do not exclude a 

direct effect of aldosterone on NCC.

Canonica, et al. (108) selectively disrupted MR in the kidney except the glomerulus and 

observed a marked phenotype typical of PHA I on a normal Na+ diet that was accentuated 

by dietary Na+ restriction and rescued by a high Na+, low K+ diet. αENaC, total and 

pT53-phospho-NCC were reduced significantly during a normal Na+ diet and Na+-restricted 

diet. After 2 weeks of a high Na+, low K+ diet, both αENaC and pT53-phospho-NCC 

remained significantly reduced but Total NCC was not significantly different from controls. 

The authors interpreted their observations to suggest a predominant effect of the attendant 

hyperkalemia to reduce NCC expression under normal salt and Na+ restricted conditions. 

Czogalla et al. (154) concluded that MR is critical for ENaC and Na+K+-ATPase regulation 

in the connecting segment (CS) but was dispensable for NCC and Na+-K+-ATPase 

regulation in the DCT. Thus, secondary and cell-specific events are probably complex and 

only partially understood (see Aldosterone Escape) (417).

Studies performed in Xenopus oocytes or transfected HEK293 cells have also probed the 

mechanism for NCC regulation by aldosterone. (30, 683) One study proposed a sgk1 
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WNK4 NCC pathway and another suggested that Nedd4-2 regulates NCC by a novel sgk1-

kinase-dependent and Nedd4-2 ubiquitylation-dependent pathway (30, 683). The action of 

aldosterone to increase NCC is thus inferred in these model systems to have similarities and 

differences with the mechanism by which aldosterone increase ENaC channel cell surface 

expression.

The acute action of aldosterone to increase in NCC activity was examined by Hoover 

and colleagues using a cultured cell line from the DCT (mDCT15), which express the 

mineralocorticoid receptor (426). NCC activity was significantly increased when first 

measured at 12 hours by 30% and by 56% at 36 hours. The aldosterone stimulated thiazide 

sensitive Na+ uptake was discernible at 10 nM and maximal at 100 nM after 24 hours. 

This action was mediated by MR as antagonized fully by spironolactone, whereas the 

glucocorticoid receptor antagonist RU-486 did not block the stimulation. The increase in 

NCC activity was also blocked by the sgk inhibitor GSK-650394 (100 nM). Interestingly, 

aldosterone did not increase NCC abundance or distribution during the first 24 hours, which 

suggests that the increase in Na+ uptake reflected a change in NCC activity. Commensurate 

with this, aldosterone increased phosphorylated threonine 53-NCC (NCC-T53-P) expression 

at 24 hours in mDCT15 cells and in adrenalectomized rats treated with aldosterone infusion 

50 μg (200g body wt)−1(24 h)−1 by minipump. At 24 hours aldosterone increased both 

SPAK and oxidative stress-responsive kinase 1 (OSR1) expression. SPAK-specific siRNA 

blocked the effect of aldosterone to increase thiazide sensitive Na+ uptake. Most of 

these data have been interpreted via the effect of aldosterone via the classic paradigm of 

aldosterone acting through its cognate nuclear receptor, MR. Recently, however, Cheng et 

al. provided evidence of an acute action of aldosterone to increase NCC phosphorylation 

and implicated effects mediated by plasma membrane receptors and MR (127). Clearly, 

further work is needed and is considered in the section “GPR30 as an Alternate Aldosterone 

Receptor (127).”

An additional level of complexity that should be considered is the potential for MR or GR 

to alter the amount of total NCC or modulate its degree of phosphorylation and activity. In 

this regard, Ivy et al. have provided evidence that the acute administration of corticosterone 

to adrenal-intact or adrenalectomized male mice increased NCC phosphorylation two-fold 

without altering total NCC abundance. Corticosterone also increased renal expression of 

the core clock genes Per1, Per2, cryptochrome 1, and aryl hydrocarbon receptor nuclear 

translocator-like protein 1 (Bmal1). Chronic blockade of GR with RU486 did not affect total 

NCC but prevented corticosterone-induced NCC phosphorylation and the activation of clock 

genes. Spironolactone blockade of MR reduced the total pool of NCC but did not affect 

stimulation by corticosterone. These studies suggest that both MR and GR are regulators of 

NCC but act by distinct receptor pathways. (384)

In summary, distinct mechanisms for the action of aldosterone to stimulate NCC have been 

proposed that may act over different time frames and are not mutually exclusive. Future 

study should focus on in vivo model systems in the mammalian kidney that can allow 

quantitative dissection of contributions of each of these proposed mechanisms and the time 

course over which they operate.
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Aldosterone action on other Na+-dependent mechanisms—In addition to ENaC 

and NCC the ASDN expresses other Na+-dependent transporters. Notable of these is the 

Na+-driven Cl−/bicarbonate (HCO3
−) exchanger (NDCBE), which is expressed in multiple 

tissues, including neurons, lung, gastrointestinal tract, muscle, and kidney and is sensitive 

to thiazide diuretics (610). This transporter has been proposed as the mechanism of 

ENaC-insensitive, thiazide-sensitive Na+ absorption in the CCD and to operate in parallel 

with the apical anion exchanger pendrin (474). This would result in NaCl reabsorption 

that is inhibited by thiazide diuretics. Since pendrin has been proposed to contribute 

to mineralocorticoid-sensitive hypertension and to be increased by mineralocorticoid 

stimulation, a commensurate increased NDCBE expression or activity would be anticipated 

(847). Other studies have provided evidence for bi-directional Cl− flux in the CCD during 

conditions of secondary hyperaldosteronism (a KCl-rich, Na+-deficient diet for 4 to 13 

days) (970). The secretory Cl− flux was ouabain-sensitive, and the absorptive Cl− flux was 

sensitive to the H+K+-ATPase inhibitor Sch28080. The authors proposed that Cl− secretion 

was due to KCl secretion by an apical KCl transporter or parallel Cl− and K+ channels, and 

the ouabain-insensitive, Sch28080-sensitive absorptive Cl− flux occurred by parallel action 

of an apical Cl−/HCO3− exchanger, presumably pendrin, and an apical H+K+-ATPase (970). 

Whether the effect of mineralocorticoid stimulation on either of these mechanisms (474, 

970) is due to a direct or indirect mechanism warrants further investigation.

Aldosterone action on H+ transport

Aldosterone stimulates H+-ATPase and H+-K+-ATPase in the collecting duct—
One of the most consistent effects of aldosterone, aside from enhanced renal Na+ absorption, 

is increased renal net acid excretion, classically defined as the sum of ammonium excretion 

plus titratable acidity minus the excretion of bicarbonate. In contrast to the most frequent 

form of metabolic alkalosis, which is responsive to correction by the administration of 

neutral Cl− salts, such as NaCl or KCl, mineralocorticoid-induced metabolic alkalosis is not 

corrected, and frequently exacerbated by a diet with ample NaCl content.

The pathways that are responsible for this acid-base disorder are complex and include 

effects of aldosterone on amino acid, nitrogen, and ammonia metabolism that are considered 

elsewhere (366, 423, 880). Indirect effects of changes in acid-base balance on K+ 

metabolism are considered below (see section “Aldosterone on K+ Homeostasis”); and the 

direct effects of aldosterone on acid-base transporters, that are considered here.

Aldosterone stimulates two classes of proton pump, H+-ATPases and H+-K+-ATPases (281, 

780). Whether this is a direct effect of MR to increase gene transcription on cis-acting 

regulatory elements is less certain as many studies have assessed the specificity of this 

action using the mineralocorticoid antagonist spironolactone. Recent studies raise questions 

whether spironolactone may have effects independent of its action to inhibit MR (277). 

However, acidosis stimulates RAAS and results in increased expression for several subunits 

of the H+-ATPase as well as both α subunits for the H+K+-ATPase isoforms (129).

Acute and in vitro studies—Aldosterone stimulates net luminal proton secretion in high 

resistance epithelia such as the toad and turtle urinary bladder and the aldosterone sensitive 
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distal nephron, which includes the late DCT, the connecting segment, the initial CCT, and 

the CD. Due to this mechanism, aldosterone-mediated stimulation of renal net acid excretion 

can lead to a metabolic alkalosis that is observed in hyperaldosteronism.

Studies in the mammalian collecting duct and the analogous structure of amphibians, 

the toad and turtle urinary bladder, reported that net luminal acid secretion increases 

approximately 60 minutes after aldosterone stimulation. In the turtle bladder this occurs 

before a discernable increase in Na+ absorption, and does not require mucosal (luminal) 

Na+ or HCO3
− in the mucosal or serosal solutions (12). These studies provided evidence 

supporting an electrogenic H+-ATPase as a mechanism responsible for luminal acidification. 

Further studies identified two types of carbonic anhydrase rich cells in the turtle bladder, 

similar to two types of intercalated cells found in the renal CCD (509).

The sensitivity of this H+-ATPase to various inhibitors has also been used to characterize the 

properties of this mechanism of acidification. Steinmetz and colleagues (774) concluded 

that the turtle bladder H+-ATPase exhibits properties that were “virtually identical to 

those of the H+-ATPases of plasma membranes” of yeast and fungus that are sensitive 

to dicyclohexylcarbodiimide (DCCD) and vanadate. They distinguished it from the plasma 

membrane proton pump characterized by Sachs et al. (688) because the latter was non-

electrogenic. In these and other studies, however, the concentration required for the direct 

inhibition of the enzyme, in contrast to the concentration applied in vitro to the tissue, could 

not be ascertained. Moreover, the nonspecific effects of these inhibitors was acknowledged, 

but not fully addressable by the preparation studied and methods employed. The vanadate 

sensitivity of acid secretion and observation of K+ absorption in the urinary bladder 

suggested that in addition to an H+-ATPase, a component of this acidification was due to 

an H+-K+-ATPase (372, 940). In addition to an electrogenic H+-ATPase the urinary bladder 

possesses a vanadate sensitive proton pump (94, 95, 372, 388, 389, 434, 939–941), but the 

effect of aldosterone on this pump has not been well characterized.

The OMCD of the mammalian kidney is a high-capacity site of urinary acidification (494). 

Studies in adrenalectomized rabbits and chronic mineralocorticoid stimulation with DOC, 

as DOC acetate (DOCA), revealed that this segment was highly responsive to long-term 

changes in mineralocorticoid activity. Adrenalectomy abolished luminal proton secretion 

and DOC treatment increased it by ~80%. Acute in vitro addition of aldosterone (50 and 

1000 nM) revealed dose- and time-dependent effects of aldosterone treatment. Treatment of 

isolated perfused OMCDi with 50 nM aldosterone added to the bath or peritubular solution 

resulted in a (nonsignificant) trend toward stimulation of JHCO3 (net HCO3
− absorptive flux, 

equivalent to proton secretion, JH) at 180 minutes post treatment. However, with continued 

treatment of these same OMCDi for 260 minutes, JHCO3 approximately tripled. With the 

application of 1000 nM aldosterone to the bath solution, the effect of aldosterone was 

apparent after 180 minutes of treatment (779, 780). Interestingly, this stimulation of luminal 

proton secretion was not accompanied by a change in VT, similar to the observations in the 

CCD (779–781). These studies were prior to the appreciation of an H+-K+-ATPase-mediated 

mechanism in the CD. Thus, it is unclear whether this lack of change in VT reflected an 

electroneutral mechanism of acidification, or a large shunt conductance that did not allow a 

detection of small changes in VT.
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Studies in Madin-Darby Canine Kidney (MDCK) cells provided further evidence that 

aldosterone stimulated proton secretion by an H+-K+ pump (584–586). In these studies, 

SCC was stimulated by 100 nM aldosterone for 24 hours prior to study. When K+ replaced 

Na+ in the apical solution, the pH gradient increased, and reducing apical [K+] to 0.5 

mM or addition of omeprazole (0.1mM) to the apical solution resulted in ~75% inhibition. 

Application of apical barium completely abolished SCC. The authors concluded that MDCK 

cells can express an apical H-K pump that was stimulated by aldosterone and inhibited by 

omeprazole. The measured current was ascribed to K+ recycling through a K+ channel that 

operated in conjunction with the pump.

Extracellular K+-dependent proton extrusion after an acute acid load as a measure of 

H+-K+-ATPase activity of rat CCD intercalated cells (ICs) and ~two weeks of NaCl 

deprivation increased H+-K+-ATPase activity, consistent with a chronic effect of secondary 

hyperaldosteronism (743). H+-K+-ATPase activity was increased two-fold by a low-NaCl 

diet. Sch-28080 (10 μM) fully inhibited H+-K+-ATPase activity, but with adaptation to 

a low-NaCl diet H+-K+-ATPase activity was partially blocked by Sch-28080 or ouabain 

(1 mM), suggesting activation of an additional mechanism that required both inhibitors 

to abolish K+-dependent pHi recovery. Chronic treatment with exogenous aldosterone 

to increase plasma aldosterone did not support a role for aldosterone to stimulate H+-

K+-ATPase activity but longer mineralocorticoid stimulation did stimulate H+-K+-ATPase 

activity suggesting that time of analysis is an important factor (281).

Chronic action of aldosterone on acid-base transporters—The long-term effects 

of aldosterone on renal Na+ transport result in fluid retention due to increased NaCl 

reabsorption, and the development of a metabolic alkalosis due to NaHCO3 retention. 

Part of the effect of aldosterone is mediated by increased expression of NCC (see 

section “Aldosterone Regulation of the NaCl Cotransporter”). However, part of the NaCl 

absorption mediated by aldosterone occurs through coordinated action of ENaC and the 

anion exchanger pendrin. This transport protein (SLC26a4) was identified by positional 

cloning as the cause of Pendred syndrome, a recessively inherited disorder characterized 

by congenital deafness and thyroid goiter. Initially found in the thyroid, this protein is 

expressed abundantly at the apical membrane of the type B and non-A non-B ICs of the 

CCD, (847). It appears critical for the correction of Cl− depletion during metabolic alkalosis 

by serving to exchange luminal Cl− for cytosolic HCO3
− (240). Pendrin protein expression 

and its mRNA are increased with mineralocorticoid stimulation, with a two-fold increase in 

non-A non-B ICs and six-fold increase in type B ICs. Knockout of the pendrin gene reduces 

the weight gain and the increase in systemic BP in response to DOC pivalate treatment 

(847). Thus, the expression of this transporter is under long-term control of aldosterone; 

whether this represents a primary or secondary effect due to increased ENaC expression 

deserves further investigation.

In addition, mineralocorticoid stimulation increased both renally expressed H+-K+-ATPases 

(HKα1/gastric and HKα2 /non-gastric) in a K+-dependent manner. Greenlee et al. examined 

the dependence of the action of chronic mineralocorticoid stimulation on the presence 

of either HKα1 or HKα2 –containing H+-K+-ATPases (281). They observed that DOC 

treatment stimulates the activity and expression of HKα1- and HKα2-containing H+-K+-
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ATPases, but in a time-dependent manner with HKα1 expression being significantly 

increased at six days post DOC administration and HKα2 expression significantly increased 

at eight days post DOC treatment. In addition, they observed that the lack of expression of 

both H+-K+-ATPase isoforms resulted in significantly less Na+ retention and weight gain 

and abrogated the action of DOC to produce metabolic alkalosis. The observations suggest 

that these proton pumps are chronically stimulated by MC and appear to participate in the 

renal actions on Na+ retention and acid-base disturbances. The action on proton secretion is 

discussed in the section “Aldosterone Action on H+ Transport: Acute and in vitro Studies.”

The metabolic alkalosis that ensues from chronic mineralocorticoid stimulation, such as 

DOC-salt or hyperaldosteronism is typically modest in the presence of ample NaCl in 

the diet. This likely reflects the ability to correct the metabolic alkalosis by activation of 

pendrin-dependent chloride bicarbonate exchanger in the collecting duct. Notably, however, 

the magnitude of this metabolic alkalosis is markedly amplified when K+ intake is restricted 

(366). Moreover, the degree of metabolic alkalosis induction by K+ deprivation is obliterated 

by co-administration of amiloride (365). Collectively, such observations are consistent 

with an interaction of renal HKα1 H+-K+-ATPase and ENaC, and recent evidence further 

supports such an interaction (550). Since K+ restriction has been shown to stimulate 

H+K+-ATPase α2, it is plausible that this proton pump may be also responsible for a 

significant component of the metabolic alkalosis developing with mineralocorticoid excess, 

as supported by studies with knockout mice (281).

Ammonia (NH4
+ + NH3) metabolism—An important element in acid-base balance 

is ammonium excretion. Indeed, ammonium excretion is the most responsive component 

of net acid excretion in response to acute acid loading experiments (880). Chronic 

mineralocorticoid stimulation increases the rate of net acid excretion principally by 

increasing ammonium excretion (366). A discussion of the effect of aldosterone on ammonia 

metabolism is beyond the scope of this review and the reader is referred to several excellent 

recent reviews and articles (320, 327, 880).

Aldosterone and renal organic anion transporters—Organic anion transporters 

(OATs) are members of the SLC22 transporter subfamily, consisting of a group of over 

10 transmembrane proteins (574). OAT1 (encoded by Slc22a6) was originally identified in 

the kidney by Lopez-Nieto et al. as NKT, or novel kidney transporter (497). OAT3 (encoded 

by Slc22a8) was originally known as Roct (reduced in osteosclerosis [oc] transporter) due 

to its reduced expression in the kidneys of oc mutant mice compared to wild type mice 

(87). While OAT1 and OAT3 are both highly expressed in the basolateral membrane of the 

proximal tubule, OAT3 has been found to be expressed in the distal portion of the nephron 

as well (436, 490). Nevertheless, both OAT1 and OAT3 have been noted as important 

transporters for the elimination of drugs and other toxins through the kidney (260).

Information regarding OATs in relation to aldosterone secretion needs further study. OAT3 

has been demonstrated by Vallon et al. to play a role in maintaining BP, as Oat3−/− mice 

display a 10–15% reduction in BP compared to their wild type controls (837). Despite the 

lowered BP, Oat3−/− mice have elevated plasma renin and aldosterone under basal conditions 

compared to wild type mice. Giving Oat3−/− mice a low NaCl diet results in blunted levels 
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of aldosterone, suggesting a dysregulation of circulating aldosterone linked to a loss of 

Oat3. The reduced plasma aldosterone observed in these mice under low NaCl intake was 

associated with a greater loss in body weight and increased fluid intake (837). In a study by 

Eraly et al., Oat1 knockout does not appear to have the same BP-lowering effects as Oat3, 

and aldosterone levels were not measured in the study, warranting future analysis (197).

Aldosterone and K+ Homeostasis

The role of aldosterone in K+ homeostasis is complex and involves its action on renal 

and extra-renal mechanisms. Proper appreciation of its action requires an understanding 

of both. David Young and coworkers systematically studied the role of aldosterone on 

K+ homeostasis in a series of elegant studies primarily in dogs over three decades (527, 

608, 944–953). These studies remain a foundation for much of our understanding of how 

aldosterone affects K+ homeostasis. Young succinctly summarized much that we currently 

know: “Aldosterone is part of a complex system that regulates plasma K+ concentration by 

affecting the renal excretion of the ion as well as its distribution within the body (945).”

These studies investigated the steady state inter-relationships between the plasma [K+] and 

aldosterone, Na+ and K+ intake and excretion, systemic arterial blood pressure, and other 

indices of cardiovascular function. Pan and Young carefully documented the constellation 

of cardiovascular and renal changes produced by aldosterone administration, which included 

a transient increase in renal Na+ retention, an increase in mean circulatory filling pressure, 

an increase in systemic arterial BP, and a reduction in plasma K+ concentration ([K+]p) 

(608). Of note, they did not observe a significant increase in urinary K+ excretion (relative 

to intake). Nevertheless, aldosterone did increase the renal clearance of K+ because it 

significantly reduced [K+]p. Despite the importance to these studies, however, they do not 

have the time resolution to address mechanisms. Recent studies have provided insight into 

these mechanisms and are discussed below (see section “Aldosterone, Flow-induced K+ 

Secretion, and K+ Recycling).

In comparison to the consistent effect of acute aldosterone administration to reduce Na+ 

excretion after 30 to 90 min in adrenalectomized female dogs, the magnitude of the 

change in K+ excretion is modest, (47, 249) and is typically less that the normal circadian 

variation in K+ excretion. (657) Nevertheless, the effect of chronic exogenous aldosterone 

administration to reproducibly reduce steady-state plasma K+ concentration along with the 

notion that K+ secretion was due to the absorption of luminal Na+ in exchange for cytosolic 

K+ supported the concept that aldosterone was an essential signal for renal K+ excretion. 

Thus, the observation that the CCD of adrenalectomized rabbits responded appropriately for 

the prior dietary K+ intake of the animal was considered novel when reported (907).

Together with insulin and ß-adrenergic catecholamines, aldosterone serves as an important 

regulator of extra-renal K homeostasis and plasma [K+], which is discussed subsequently. 

Adrenal synthesis and secretion of aldosterone and its plasma concentration increases as 

dietary K+ intake and plasma [K+] increases (945). Consequently, increasing dietary K+ 

intake results in little change in plasma K+ concentration in a normal individual (307, 656). 

This remarkable stability of plasma K+ concentration, essential for normal nerve and muscle 

function, reflects aldosterone’s role as one important component of the defense against 
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hyperkalemia. Mineralocorticoid stimulation increases the capacity for renal K+ excretion 

and decreases plasma K+, which serves to reduce K+ excretion. This represents the classic 

feedback hypothesis for aldosterone’s role in renal K+ regulation whereby increased K+ 

intake leads to an increase in plasma [K+] and stimulates adrenal aldosterone secretion. 

Aldosterone then acts to increase cellular K+ uptake, which in the kidney facilitates renal 

K+ excretion, and a reduction in plasma K+. In contrast, hyperkalemia is a complication of 

hypoaldosteronism (464).

There is, however, substantial evidence that the concept of feedback control of K+ excretion 

is only a partial explanation of the regulation of K+ excretion. Notably, studies in humans 

(102, 649) and in laboratory animals (280, 533, 543, 555, 590, 827, 942, 943) show that 

ingestion of a K+ load can result in robust renal K excretion without measurable changes in 

plasma [K+] or plasma aldosterone. These studies support the idea of a rapid reflex arc such 

as a gut-brain-renal axis that responses quickly to an oral K+ load but remains incompletely 

defined (307, 357, 533, 658, 943).

Renal nephron regulation of K+ excretion—The renal regulation of K+ excretion is 

largely confined to the ASDN. Until the classic studies by Berliner and colleagues, renal 

K+ excretion was viewed to be result of selective reabsorption of K+ that was freely filtered 

at the glomerulus. Although some early reports suggested that K+ excretion could exceed 

the filtered K+ load (GFR × [K+]p), it was not until the systematic studies of Berliner 

and coworkers that it was accepted, based on their deductions from clearance experiments, 

that the majority of urinary K+ was due to active K+ secretion by the distal nephron 

(62). Micropuncture studies of rat superficial nephrons by Giebisch and coworkers directly 

confirmed the conclusions of Berliner et al. and showed that regardless of dietary K+ intake, 

the majority (80–90%) of K+ filtered at the glomerulus was reabsorbed by the early DCT 

(513). Malnic, Klose, and Giebisch showed that fractional delivery of K+ increased along the 

length of the distal convolution in rats fed a normal K+ diet, providing direct evidence for 

net K+ secretion in surface distal nephrons and the rate of net K+ secretion further increased 

on a high K+ diet. On a low K+ diet, net K+ secretion was negligible in the cortex and 

significant net K+ reabsorption occurred between the last accessible surface nephrons and 

the final urine.

Whether changes in absorptive K+ flux also contributed to the changes in net K+ secretion in 

the superficial cortical ASDN was first examined by Fowler et al. (221) These investigators 

studied unidirectional K+ absorption by 42K tracer flux under conditions of K+ loading 

and K+ depletion and concluded that changes in reabsorptive K+ efflux participate in the 

regulation of tubular net K+ movement. They observed that 42K efflux from the lumen 

was stimulated by a low K+ diet and was reduced but still present under conditions of K 

loading. The implications of these findings are discussed below (See section “Aldosterone, 

Flow-induced K+ Secretion, and K+ Recycling”).

Wright and coworkers systematically examined the mechanisms of K+ transport in the distal 

nephron by in vivo microperfusion and characterized net and unidirectional absorptive and 

secretory K+ fluxes, the role of luminal flow rate, luminal [Na+] and [Cl-] concentration, 

transepithelial voltage, and the effect of luminal barium, a non-specific K+ channel inhibitor. 
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These investigators established the importance of luminal flow rate as a critical determinant 

of distal nephron K+ secretion (276), whereas an increase in distal Na+ concentration (from 

23 to 95 mM), Na+ delivery, or Na+ absorption did not affect K+ secretion if flow rate 

was unchanged. When the perfused distal K+ concentration exceeded ~ 30mM, however, 

net K+ secretion was reversed to net K+ absorption (276). Good, Velazquez, and Wright 

estimated a luminal half-maximal [Na+] of ~10 mM for K+ secretion by examining the effect 

of reducing the perfusion fluid [Na+] to 10 or 3 mM. The reduction in net K+ secretion by 

drastically reducing luminal [Na+] could not be explained solely by changes in electrical 

driving forces (275). Ellison, Velazquez, and Wright identified the early distal convolution, 

reflecting the DCT, as the major site of action of thiazide diuretics and noted the importance 

of luminal Na+ composition on the measured rates of absorptive Na+ flux (195). Velazquez, 

Ellison, and Wright recognized the heterogeneity of K+ transport mechanisms in the distal 

surface nephrons with greater rates of K+ secretion occurring in the late distal surface 

nephrons (CNT and ICT) (845).

Whether an increase in luminal flow or luminal Na+ delivery is primarily responsible for 

the increased rate of K+ secretion in the ASDN has been addressed indirectly by clearance 

experiments under normal dietary Na+ intake. (370) These studies also support the primacy 

of luminal flow over luminal Na+ delivery as the major mechanism which stimulates distal 

nephron K+ secretion. Hunter et al. studied acute inhibition of NCC by thiazide diuretics 

and observed no significant acute increase in K+ excretion, consistent with the observations 

of Good and Wright. (276) Interestingly, Hunter et al. further examined animals after 

conditioning to a Na+-restricted diet. Under these conditions, hydrochlorothiazide acutely 

stimulated K+ excretion, but the natriuretic effect of hydrochlorothiazide was not enhanced 

by coadministration of benzamil. Whether stimulation of angiotensin II or additional 

signaling mechanisms participated in this acute kaliuretic response deserves further 

investigation, particularly since acute oral K+ loading, which results in dephosphorylation 

of NCC and inhibits NCC, results in an acute kaliuresis (750). Grimm et al. observed a 

similar lack of an effect of acute hydrochlorothiazide on K+ excretion in a constitutively 

active SPAK mouse with increased NCC phosphorylation and proposed a trans-tubule 

coupling mechanism. (283) Whether this relates to flow induced K+ secretion (FIKS) or 

other paracrine systems deserves further investigation.

Wright and co-workers further measured unidirectional rates of K+ secretory and absorptive 

fluxes in the surface distal nephrons (196) and observed that absorptive K+ flux was ~25–

35% of secretory fluxes in K+ replete rats, consistent with the work of Fowler et al. (221). 

Okusa et al. provided direct evidence for the mechanism of at least one component of 

this absorptive flux in the superficial distal nephron. They observed that the surface distal 

nephron of rats fed a low K+ diet exhibited active net K+ reabsorption that was inhibited 

by the HKα1 H,K-ATPase inhibitor Sch28080 (591). The implications of these studies 

are discussed subsequently (see section “Aldosterone, Flow-induced K+ Secretion, and K+ 

Recycling”).

Cellular mechanisms of K+ transport—Aldosterone not only exert effects on the 

transport mechanisms of the apical membrane but also of the basolateral membrane. These 

are most well appreciated after chronic mineralocorticoid stimulation which results in the 
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proliferation of the basolateral membrane and an increase in Na±K+-ATPase (767, 859), 

but electrophysiological studies also demonstrate a role of aldosterone on the conductive 

properties of the basolateral membrane. As noted by Weinstein, K+ transport in the ASDN 

has secretory and absorptive components with net absorption predominating in the renal 

medulla (882). Figure 5 illustrates the predominant mechanisms for active K+ secretion and 

absorption in the ASDN.

K+ secretion—K+ secretion is an active process that occurs in the principal cells of 

the DCT2, CNT, ICT, and CCD of the ASDN (Figure 5). Active K+ secretion is driven 

by a basolateral Na+K+-ATPase and an apical Na+ channel (ENaC) which provides the 

driving force for conductive K+ secretion (227, 602, 604, 870). Non-conductive K+ secretion 

requires active K+ uptake by the basolateral Na+K+-ATPase and an apical KCl cotransporter 

or possibly parallel apical K+ and Cl− channels, a point that deserves further study (196, 

845, 902, 903). During K+-replete conditions the rate of net K+ secretion increases from 

the DCT to the CNT and ICT (845). In the CNT, ICT, and CCD, K+ is secreted by two 

classes of K+ channels: an inward rectifier K+ channel, Kir1.1 (KCNJ1) (also referred to as 

the renal outer medullary K+ channel, ROMK), which is expressed as three splice variants, 

and large conductance Ca2+-activated K+ channels [BK channels (KCNMA1) and SK3 

channels (KCNN3 or KCa2.3)] (64, 289, 638, 694) and a KCl cotransporter (196, 903). 

The inward rectifier K+ channel Kir1.1 is expressed on the apical membrane of principal 

cells and is viewed as the predominant K+ channel that mediates basal rates of conductive 

K+ secretion (334). Evidence supports regulation of this channel by tyrosine kinases (482), 

by clathrin-regulated endocytosis (885–888, 936, 937), and by mTORC signaling (751). 

Evidence also supports aldosterone-dependent and independent effects on renal K+ transport 

as discussed below (227, 602, 751, 930).

K+ absorption—K+ absorption is an active process that occurs in part in the intercalated 

cells of the CNT, ICT, CCD, OMCD, and IMCD of the ASDN in which active K+ 

absorption is driven by luminal HKα1 (ATP4a) H+K+-ATPase and a basolateral K+ channel 

(9, 103, 305, 744, 906). In addition, the HKα2 (ATP12a) H+K+-ATPase is expressed in 

intercalated cells and principal cells of the mouse CNT and CCD (11, 848). Of note, 

K+ restriction and the resulting hypokalemia increases mRNA for HKα2 in the outer 

medulla, whereas this same maneuver increases HKα1 mRNA in the cortex, which suggests 

differential control (10). In addition, functional evidence indicates that HKα1 H+K+-ATPase 

is important for a component of luminal acidification in the outer and inner medulla. 

In the OMCD from K+-replete rabbits, removal of luminal K+, 10 μM Sch28080, or 

a structurally distinct H+K+-ATPase inhibitor A80915a significantly inhibited net proton 

secretion (25, 26, 829). In the terminal IMCD of acid-loaded rats both luminal K+ removal 

or 10 μM Sch28080 substantially inhibited net acidification (864). Wall and DuBose further 

demonstrated that K+ restriction increased total and Sch28080 sensitive proton secretion in 

the terminal IMCD (863). These data are consistent with an increase in HKα1 and HKα2 

H+K+-ATPase activity.

The regulation of HKα2 H+K+-ATPase activity is under tonic inhibitory control by tissue 

kallikrein (192). Mice with disruption of the tissue kallikrein gene (mouse, klk1, human 
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KLK1) (TK null mice) exhibit a defect in early adaptation to a K+ load with the 

development of hyperkalemia. This rapid excretion of a K+ load is in part aldosterone-

independent (162, 660). TK null mice exhibit enhanced net K+ absorption in the CCD, 

more rapid pHi recovery from an acid load and increased expression of mRNA for HKα2 

indicating that tissue kallikrein inhibits HKα2 H+K+-ATPase activity.

Studies in TRPV4 null mice also indicate that changes in absorptive K+ flux contribute 

to overall renal K+ homeostasis. TRPV4 null mice fed a low K+ diet did not develop 

hypokalemia in contrast to WT mice fed this same low K+ diet (822). Moreover, the rate of 

renal adaptation to a low K+ diet was faster in TRPV4 null mice. This more rapid adaptation 

in TRPV4 null mice was associated with a significantly increased H+K+-ATPase activity, 

which suggests that TRPV4 also acts to inhibit H+K+-ATPase activity (822).

Aldosterone, flow-induced K+ secretion, and K+ recycling—Recent studies have 

clarified the role of aldosterone in K+ handling and help to explain the complex role that 

aldosterone plays in the regulation of K+ balance. These studies include: the mechanism of 

flow-induced K+ secretion (FIKS) by BK channels, its role in purinergic signaling, and the 

regulation of ENaC; the action aldosterone on basolateral transport and conductances of the 

ASDN; the importance of inward rectifier channels Kir4.1/5.1 as critical determinants of the 

basolateral membrane resting membrane voltage of the ASDN; the role of NCC, WNK4, 

and WNK1 in the regulation of basolateral membrane voltage via basolateral Cl− channels 

and intracellular [Cl−]; and the contribution of aldosterone and high K+ diets to renal K+ 

recycling.

As noted previously, K+ absorptive flux contributes to tubular net K+ transport (221). 

Subsequently, Good and Wright (276), Ellison, Velazquez, and Wright (196), Okusa and 

coworkers (591), and Jamison and coworkers provided further evidence for the regulation 

of absorptive as well as secretory K+ fluxes in the ASDN. Jamison and coworkers 

systematically documented that a portion of distal cortical K+ secretion was reabsorbed 

beyond the late surface distal nephrons, a phenomenon known as K+ recycling (57, 390).

Paradoxically, the degree of K+ recycling increases during conditions of K+ loading. (27, 57) 

Jamison and colleagues showed that the fractional delivery of K+ to the descending limb of 

Henle increased when rats were fed a high K+ diet versus a normal K+ diet. Importantly, 

the fractional delivery of K+ to the thin descending limb of Henle decreased after the 

administration of amiloride, which indicates that the source for the increased delivery to the 

thin descending limb of Henle was K+ secretion in the distal nephron. Thus, a portion of 

distally secreted K+ was recycled from the CD to the loop of Henle (390). Conversely, K+ 

recycling was reduced on a low K+ diet (170).

The studies of Jamison and coworkers are consistent with observations of Fowler et al 

who measured bidirectional K+ transport (221). In addition, Field, Stanton, and Giebisch 

demonstrated that acute aldosterone administration stimulates K+ secretion in the cortical 

CNT and ICT without increasing urinary K+ excretion (UKV) (213) and studies by 

Higashihara & Kokko showed that aldosterone increased K+ recycling (345). Collectively, 

these studies are most consistent with the action of mineralocorticoids to stimulate increases 
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cortical net K+ secretion, but also enhances the capacity of K+ reabsorptive pumps (281) 

whose activity is normally greatest in the cortex (174).

The role of BK channels in flow-induced K+ secretion, purinergic signaling 
and ENaC—BK channels are comprised of pore-forming α subunits and regulatory ß 

subunits and are activated by intracellular Ca2+. The α subunit is expressed in intercalated 

cells with the β4 accessory subunit and in principal cells with the β1 accessory subunit 

(284, 289, 638, 639). BK channels are viewed as the predominant channel that mediates 

flow-dependent K+ secretion (692, 703, 911), and some but not all studies support regulation 

of this channel by aldosterone (199, 889, 890). Flow sensed by cilia triggers Ca2+ signaling 

via TRPV4 channels (514) that is important for adaptation to increased dietary K+ intake. 

The importance of TRPV4 regulation of K+ secretion by BK channels is illustrated in 

TRPV4 channel null mice that exhibit impaired K+ excretion and hyperkalemia when fed a 

high K+ diet (514).

BK channel-mediated K+ secretion is coupled with ATP secretion and purinergic signaling. 

Mice with deletion of the β4 regulatory subunit of the BK channel have reduced urinary ATP 

response to increases in Na intake, defective purinergic signaling, and impaired regulation 

of Na excretion (92, 285, 286, 352). Holtzclaw et al. linked flow-sensitive K+ and ATP 

secretion to a connexin- and BK-sensitive pathway (352), and Mironova et al. demonstrated 

dysregulation of ENaC activity in HKα1 null but not WT mice (550). ENaC activity was not 

suppressed by a high Na+ diet and urinary ATP was reduced in HKα1 null mice compared 

to WT mice. Moreover, HKα1 null mice fed a high-Na+ diet had greater Na+ retention 

than WT mice and had an impaired dipsogenic response. Such findings suggest a role of 

H+K+-ATPases as part of a signaling mechanism linking flow induced K+ secretion and 

BK channel activity with purinergic signaling. Defects in both α and β subunits of the 

BK channel have been linked to hypertension. Although published studies suggest that the 

hypertension is linked to a vascular defect, the above and other studies support a renal defect 

in Na+ excretion and further study is warranted (113, 286, 288, 354, 705).

Analysis and summary—In summary, increased dietary K+ intake stimulates active 

net K+ secretion in the DCT2, CNT, ICT and CCD by coordinate action to stimulate 

unidirectional K+ secretory flux and to inhibit unidirectional K+ absorptive flux. Conversely, 

decreased dietary K+ intake reduces net K+ secretion in the renal cortex and results in net 

K+ reabsorption in the medullary CD, by coordinate action on unidirectional K+ fluxes 

(484, 513, 904). However, the work of Jamison and colleagues shows that the quantity of 

distally secreted K+ that is reabsorbed during conditions of K+ loading exceeds that which is 

reabsorbed during times of K+ depletion (390). Direct measurements of absorptive K+ flux 

in the ASDN show that this flux represents a significant fraction of total flux and participates 

in the regulation of tubular net K+ transport (221). Measurements of the components of this 

absorptive flux are likely to be informative.

Collectively, these studies suggest that changes in absorptive K+ flux as well as secretory 

flux contribute to net K+ secretion and these changes are demonstrable in the cortex, 

not just the medulla. Whether FIKS represents strictly an additional mechanism for K+ 

secretion or may also participate as part of a system linked to purinergic signaling of 
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ENaC, as supported by the cited studies, deserves further study. Diets rich in K+ are known 

to reduce BP (55, 155, 193, 533, 689, 804, 817) and diets low in K+ intake exacerbate 

salt sensitive hypertension (440, 441, 557) that is in part due to renal dysregulation of 

Na+ handling. The importance of FIKS and K+ recycling may be related to K+-dependent 

regulation of purinergic signaling. The finding that TRPV4 null mice are better protected 

from the development of hypokalemia than normal mice on a K+-deplete diet by activation 

of H+-K+-ATPase activity suggests that the role of these K+ absorptive pumps may be 

equally important as part of a local signaling mechanism independent of their action on net 

K+ excretion (822). Further work in this area is likely to be rewarding.

Aldosterone effect on basolateral plasma membrane transport properties of 
the ASDN—Aldosterone has prominent effects on the apical membrane to increase Na+ 

conductance via increasing the number and activity of the ENaC (226, 599), but it also 

has equally pronounced effects on the basolateral membrane (250, 428, 765, 859). The 

basolateral changes initially presumed to be due to increased transcellular Na+ absorption 

with the attendant need for increased basolateral Na+-K+ pump activity, but the work of 

Rossier and colleagues provided convincing evidence that aldosterone directly increase the 

synthesis of new Na+-K+-ATPase pump subunits. Aldosterone also has selective effects on 

the morphology and the electrophysiological characteristics of the basolateral membrane 

of the principal cells of the late distal nephron and CCD. Stanton et al. noted a selective 

effect of adrenalectomy to decrease, and chronic aldosterone infusion to increase, the 

basolateral membrane length of the principal cells of the ICT (765). In subsequent studies 

these investigators extended these observations and demonstrated independent effects of 

aldosterone and a K+ rich diet on the morphology of the basolateral membrane of the 

principal cells (766).

Along with the selective effect of aldosterone on basolateral membrane length, aldosterone 

results in significant changes in the electrophysiological characteristics of the basolateral 

membrane with a reduction in basolateral membrane resistance (429), which is independent 

of a K+ rich diet (560). With mineralocorticoid stimulation there is an increase in the relative 

K+ conductance of the basolateral membrane (428) and ion selective electrode intracellular 

K+ activity measurements in principal cells of the rabbit CCD show that K+ activity is 

below electrochemical equilibrium across the basolateral membrane with an increased K+ 

conductance, which would promote K+ secretion (693).

Role of inwardly rectifying K+ channels 4.1 and 5.1 in determining basolateral 
membrane conductance—Studies have established an important role for the inward 

rectifier channel Kir4.1 as the major K+ conductance of the basolateral membrane of the 

principal cells of the DCT (868, 915), CNT, and CCD (788). Kir4.1 can form functional 

K+ selective channels as a homotetramer Kir4.1, but this subunit also forms functional K+ 

selective channels as a heterodimer with Kir5.1, albeit with different properties. Lachheb 

reported that Kir4.1/5.1 is the major K+ conductance of the mouse CCD principal cells 

(452).

Kir4.1/5.1 is under hormonal control by insulin and insulin-like growth factor-1 (IGF-1) 

(958) and is directly or indirectly regulated by Nedd4-2 (964). Kir4.1/5.1 has been 
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implicated in the regulation of renal K+ excretion (787, 916) and modulating ENaC activity 

(789). Whether aldosterone regulates this K+ channel in the ASDNneeds further study (see 

below). However, in the retina, another aldosterone target epithelia, Kir4.1 is responsive to 

aldosterone via MR, which is consistent with the electrophysiological changes observed in 

the ASDN (969).

The action of aldosterone likely acts in coordination with direct effects of basolateral 

[K+] as part of a regulatory mechanism for K+ secretion in the ASDN. Sorensen et al. 

provided convincing evidence that [K+] modulates the activity of the type 2 mTOR complex 

(mTORC2) via basolateral K+ channel activity to increase SGK1 and indirectly ENaC 

activity, which suggests that functions at the basolateral membrane of principal cells may act 

to integrate multiple signals to modulate K+ secretion (751).

Additional work supporting this thesis comes from the studies of Tomilin et al. who found 

that dietary K+ and Cl− can independently regulate Kir4.1/5.1 and ClC-K2/b in the principal 

and intercalated cells of the CD, respectively (823). Placing C57BL/6J mice on a high 

K+, high Cl− diet (6% K+, 5% Cl−) for 1 week resulted in a significant increase in 

basolateral K+-selective current, single channel Kir4.1/5.1 activity, and a hyperpolarization 

of basolateral membrane potential in principal cells compared with values in mice on a 

regular diet (0.9% K+, 0.5% Cl−). However, basolateral Cl− selective current and single 

channel ClC-K2/b activity decreased in intercalated cells under this high K+, high Cl− 

diet. When dietary K+ was replaced with Na (High NaCl diet) intercalated cell ClC-K2/b 

activity was also reduced. Mice fed a high K+, normal Cl− diet (6% K+, 0.5% Cl−) also 

had an increased basolateral K+-selective current, single channel Kir4.1/5.1 activity, and 

hyperpolarization of basolateral membrane potential in principal cells without a significant 

effect on ClC-K2/b activity in intercalated cells. In addition, mice treated with DOCA for 

three days increased Kir4.1/5.1 activity while ClC-K2/b activity was unaffected, providing 

more evidence for aldosterone signaling via basolateral K+ conductance in the principal cells 

of the CD (823).

Collectively, these studies support a role for aldosterone to regulate basolateral properties 

and conductances in cell expressing Kir4.1/5.1 K+ channels such as principal cells of the 

ASDN and other MR responsive tissues. These studies are also consistent with the increased 

clearance of K+ observed with experimental and clinical hyperaldosteronism (608). The 

precise signaling mechanisms deserve further study.

NCC-WNK1-WNK4 pathway, Cl−ic, and aldosterone signaling—The identification 

of mutations linked to PHA type II (900) led to the discovery of the NCC WNK signaling 

pathway (901, 925), subsequent identification of intermediate regulatory mechanisms (853), 

the connection with Ang II signaling (691) and the potential role of compensatory systems 

(287, 313) (see section “Aldosterone Regulation of the NaCl Cotransporter”). The regulation 

of NCC (194, 244) and the role of WNK signaling and intracellular Cl− (312, 627) have 

been extensively studied and reviewed recently (357, 592) The potential for changes in 

intracellular Cl− to modulate WNK signaling, and NCC activity, has been explored under 

conditions of chronic hypokalemia in NCC/SLC12a3 null mice (806) and in KCNJ10 

null mice (149) which are null for the mouse homologue of EAST/SeSAME syndrome 
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in humans (81, 717). Children with this disorder exhibit a constellation of symptoms 

that include seizures, neurosensory deafness, ataxia, mental retardation, and hypokalemia. 

Conversely, Grimm et al. studied the effect of constituent activation of SPAK which results 

in hyperkalemia (283). Collectively these studies suggest that alteration in basolateral 

membrane voltage dictated by K+ and Cl− channels are important for the regulation of solute 

transport in the ASDN. In view of previous cited studies demonstrating electrophysiological 

effects of aldosterone on Cl− and K+ conductances (428), further studies are needed to 

define the interaction of NCC-WNK signaling with mineralocorticoids. It is likely that such 

studies will provide considerable insight if conducted with attention to Na+ and K+ balance, 

BP, and apical and basolateral membrane driving forces for K+ transport.

The cooperative and complementary roles of K+ and Cl− channels is illustrated by the study 

by Pinelli et al (628) of the ClC-K2 Cl− channel expressed in the type B intercalated cells of 

the ASDN. This ~10-pS channel exhibits a steep voltage dependence so that channel activity 

increases with membrane depolarization. Intracellular and extracellular pH differentially 

regulate the voltage dependence curve with alkaline intracellular pH reducing the voltage 

dependence. Intracellular and extracellular pH and Ca2+ increase channel activity but have 

less effect on channel open probability. Membrane voltage alters the number of active 

channels and their open probability, but [Cl−] has little influence. From their analysis and 

modeling, they propose a model of how the relative Cl conductance (transference ratio) 

dictates the mode of transport (Cl−/HCO3
− exchange versus NaCl absorption) in the type 

B intercalated cell. Since the other conductance is to K+, voltage changes dictated by ionic 

K+ conductances in response to aldosterone will be translated into changes in the mode of 

transport of the type B intercalated cells. Although restricted to the type B intercalated cell 

the insight from these studies may well be relevant to the interrelationship of Cl− flux and 

intracellular [Cl−] to Vbl.

Acute action of mineralocorticoids on renal K+ transport: In vivo studies—
Numerous investigators have studied the acute effect of aldosterone administration on renal 

K+ transport under different experimental conditions both in vivo and in vitro and are 

discussed separately.

Horisberger & Diezi provided evidence that aldosterone not only promotes an anti-natriuesis 

but also a kaliuresis when administered acutely in adrenalectomized male Wistar rats (359). 

These investigators examine the effect of the acute administration of aldosterone or vehicle 

to rats 24 hours after adrenalectomy at a dose of 1 μg per kilogram given intravenously 

followed by a constant infusion of 1 μg per kilo gram per hour of aldosterone. Urine was 

collected every 30 minutes, aldosterone was administered after the first 30-minute period, 

and collections were made every 30 minutes over the next four hours. Seven groups of 

animals were studied and the effect of increasing delivery of Na+ to the distal nephron was 

examined using solutions with increasing concentration of NaCl administered intravenously. 

The initial anti-natriuretic effect of aldosterone was observed in all groups between 30–60 

minutes with the maximal effect observed at 120–180 minutes. A kaliuretic effect in the 

aldosterone treated group, indicated by a significant increase in urinary K+ excretion (UKV) 

compared with similar animals administered only vehicle, started between 30–60 minutes 

in the two groups infused with the largest rates of NaCl. However, no significant increase 
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in UKV occurred in the group receiving the smallest rate of NaCl infusion despite an effect 

of aldosterone to reduce Na+ excretion. This latter finding and the collective observations 

of Horisberger and Diezi were noted in a subsequent study by Field et al. (213) that is 

discussed below.

Giebisch and coworkers (213) examined the acute effects of aldosterone, the synthetic 

glucocorticoid dexamethasone, and hyperkalemia on distal tubule K+ secretion and urinary 

K+ excretion in adrenalectomized male Sprague Dawley rats. Adrenalectomy was performed 

8 to 10 days before the transport studies and corticosteroid replacement was administered 

by osmotic mini pumps. The aldosterone replacement dose was previously found to 

produce physiological plasma aldosterone concentrations in awake and unstressed rats. 

The dose of dexamethasone was previously found to result in normal weight gain and 

normalized glomerular filtration rate (GFR) and produced normal fasting plasma glucose 

and insulin concentrations in adrenalectomized rats. Rats were randomly divided into 

five groups: the first three examined the acute effects of aldosterone and dexamethasone 

during normokalemic; two groups examined the effect of aldosterone in the presence of 

hyperkalemia. The first three groups were infused with Ringer solution (Na+ 145 mM, 

K +5 mM) whereas the latter two groups received, a high K+ solution (Na+ 60 mM, K+ 

90 mM). Animals in the first three groups received either vehicle, aldosterone (2 μg per 

kilogram body weight bolus and then continuous infusion per hour), or dexamethasone (2 

μg per kilogram body weight bolus and then continuous infusion per hour). The transport 

studies were conducted 120–240 minutes after acute hormone or vehicle infusion. BP and 

plasma electrolyte composition were carefully monitored and the high K+ solution resulted 

in significant hyperkalemia ([K+] 6.6–7.3 mM).

Aldosterone reduced urinary flow rate significantly in the normokalemic rats and by a 

non-significant amount in the hyperkalemic animals. In both the normokalemic and the 

hyperkalemic groups aldosterone reduced the absolute and fractional excretion of Na+ 

significantly, but they observed no significant effect acute aldosterone infusion on absolute 

or fractional K+ excretion both during normokalemic and hyperkalemia treatment groups 

(Figure 11)(213). The authors attributed the lack of effect of aldosterone on UKV to 

differences in urinary flow.

However, acute aldosterone infusion increased the rate of K+ secretion by in vivo 
microperfusion of distal tubules nearly 100% in the normokalemic group and approximately 

a 50% in the hyperkalemic group. The discrepancy between the effect of aldosterone 

on distal nephron K+ secretion and urinary K+ excretion suggests that aldosterone 

also increased K+ recycling and the rates of K+ absorptive flux beyond the distal 

nephron. Alternatively, it is possible that mid-cortical and juxtamedullary nephrons behaved 

differently to superficial nephrons.

Stanton et al. came to similar conclusions regarding the effect of aldosterone on K+ 

excretion when they investigated the effect of K+ intake and aldosterone on K+ adaptation 

in the distal nephron K+ secretion by in vivo microperfusion and clearance studies when 

KCl was administered by infusion to intact and adrenalectomized rats. These studies are 

discussed under the section “K+ Adaptation” (766).
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Subsequently, Palmer and Frindt studied the action of aldosterone on Na+ and K+ 

conductances and concluded that aldosterone activated Na+ channels but did not increase the 

predominant low conductance K+ channel(SK channel) (602, 604). Short term (six hours) 

feeding with a high K+ diet, which also increased plasma aldosterone, increased the activity 

of SK channels. However, this effect was not reproduced by administration of aldosterone. 

They proposed that for increased K+ secretion some unknown second factor other than 

aldosterone was necessary to increase the number of apical K+ channels and augment K+ 

secretion. The acute effect of aldosterone was recently re-examined by Frindt and Palmer. 

These investigators observed that the single dose of aldosterone (20 μg/kg body wt) reduced 

Na+ excretion over the subsequent three hours. However, they observed no increase in K+ 

excretion (226).

Analysis—Differences in FeNa and urinary flow likely explain the ostensibly disparate 

conclusions of these studies. Aldosterone increased K+ excretion when FeNa was large (> 

1%), but physiologically it would be expected to exert its most prominent effect during states 

of low Na+ excretion as Giebisch and coworkers noted.

The role of aldosterone to modulate FIKS mediated by changes in luminal flow rate deserves 

further investigation and whether this mechanism is related to changes in the activity of 

other locally acting systems such as the kallikrein kinin, purinergic, or endothelin system 

or via flow dependent mechanisms may help to resolve some of the controversy regarding 

the kaliuretic activity of aldosterone. Nevertheless, the acute administration of aldosterone 

in vivo in non-volume expanded or salt loaded states while increasing distal nephron K+ 

secretion does not consistently promote an increase in renal K+ excretion in physiological 

doses or conditions.

Importantly, the observation that acute aldosterone administration during normo- or 

hyperkalemic conditions did not increase renal K+ excretion led Giebisch and coworkers 

(213) to conclude that renal excretion of an acute K+ load does not require an acute increase 

in plasma aldosterone in excess of basal plasma aldosterone concentration (Figure 11) 

(213). In contrast, they noted that K+ infusion to intact rats that increased K+ excretion 

was associate with an increase in plasma aldosterone (768). However, acute aldosterone 

administration resulted in significantly lower plasma [K+] than the group receiving vehicle, 

despite identical K+ loads in the two groups. As the authors note, this suggests that acute 

aldosterone infusion significantly enhanced extrarenal K+ uptake which would increase the 

animal’s tolerance of the acute K+ load. Such observations are consistent with the studies of 

Young and coworkers and are discussed in the section “Extra-renal Action of Aldosterone on 

K+ Homeostasis” and studies by Alexander and Levinsky (16).

In vitro studies—Only two studies have examined the in vitro effect of aldosterone on 

net ion transport in the mammalian nephron or CD (780, 905). Both examined CD segments 

from adrenalectomized rabbits, an in vivo condition that was assumed to provide a greater 

sensitivity to aldosterone. One microperfusion study examined the effect of aldosterone on 

net total CO2 and VT in the outer medullary collecting duct (OMCD) of adrenalectomized 

rabbits and was discussed previously in the section “Aldosterone Action on H+ Transport”. 

The other examined the effect of aldosterone on Na+ and K+ net flux, and VT in the isolated 
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perfused CCD from adrenalectomized rabbits. These studies were discussed previously 

with respect to Na+ transport (“Mechanism of action on Na+ transport”). Initial clearance 

experiments established the minimum time that was required for consistent changes in net 

Na+ and K+ excretion in vivo, and these clearance experiments were used to determine the 

appropriate time for the perfused tubule studies. Aldosterone consistently reduced renal Na+ 

excretion by 120 minutes, but without an increase in the rate of K+ excretion by the kidney. 

In the perfused CCD, aldosterone acutely stimulated Na+ absorption but did not increase K+ 

secretion.

Chronic action of mineralocorticoids: renal action of aldosterone on K+ 

transport—In chronic balance studies reproducible effects of long-term mineralocorticoid 

stimulation on plasma K+ occurred. This effect is well known and has been systematically 

examined by Young and coworkers, using both metabolic balances and measurement of 

transcellular K+ distribution with 42K. These investigators demonstrated that although 

aldosterone did not increase the absolute rate of K excretion aldosterone decreased serum 

K+ and altered the steady-state distribution of K+ between the intracellular and extracellular 

compartments (608, 948). From these studies they concluded that aldosterone results in a 

redistribution of K+ with a greater amount in the intracellular compartment.

Comparison of K+ intake to excretion in metabolic balance experiments revealed no 

enhanced renal K+ excretion attributable to mineralocorticoid stimulation (i.e. excretion 

of K+ greater than intake resulting in negative K+ balance) in either dogs (365, 366), pigs 

(282), rabbits (161), or mice (281, 506). In recent studies mineralocorticoid stimulation 

resulted in significant positive K+ balance despite significant hypokalemia (506). This is 

consistent with the observation that mineralocorticoids not only stimulate K+ secretion in the 

CD but also stimulate the activity of K+ absorbing pumps (281).

The lack of a kaliuretic effect of aldosterone in chronic studies of mineralocorticoid 

stimulation may in part be explained by the observation that aldosterone increases the 

activity of H, K-ATPases in the CD (281). Mineralocorticoids increased mRNA for the 

H+-K+-ATPase α subunit and H+-K+-ATPase activity in a K+-dependent manner, and mice 

lacking these H-K pumps exhibited negative K+ balance. These studies support a role 

for H+-K+-ATPase as a reabsorptive mechanism to maintain K+ balance with chronic 

mineralocorticoid treatment (281). More recently, Lynch et al. examined the effect of 

chronic DOC on total body Na and K+ balance (506). Whereas the effect of DOC to 

decrease [K+]p was observed, net K+ balance became positive after DOC administration in 

normal mice.

K+ Adaptation—It has been known since the early part of the past century (17, 725, 809) 

that animals could become tolerant to an oral load of K+ that would otherwise be lethal by 

prolonged feeding of a high K+ diet. Thatcher & Radike reported that “true and specific 

tolerance to the potassium ion” by increasing the amount of K+ salts given orally (809). 

In addition, they observed that a significant degree of this tolerance persists for at least 

seven days. Treatment with adrenal extract or desoxycorticosterone increased K+ tolerance, 

but both were substantially less effective than the tolerance developed by K+ adaptation 

to a high K+ load. They suggested that the “primary potassium-tolerance mechanism is 
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based upon a functional change in the kidney” but recognized an important role for the 

adrenal gland. Such studies have prompted significant investigation into the renal and extra-

renal mechanisms of K+ adaptation. K+ adaptation involves adaptive changes in multiple 

organs including the kidney (332, 353, 659, 766), the adrenal gland (528), skeletal muscle 

(74), colon (218), vasculature (116, 533, 593), and likely other organs (942). Thus, K+ 

adaptation involves mechanisms besides aldosterone, but unquestionably includes changes in 

aldosterone metabolism and action (945).

Giebisch and coworkers (766) examined the effect of K+ intake and aldosterone on distal 

nephron K+ secretion by in vivo microperfusion when KCl was administered by infusion to 

intact and adrenalectomized rats. These studies examined the contribution of dietary K+ and 

aldosterone on K+ adaptation, judged by both the rate of distal nephron K+ secretion and the 

ultrastructural changes in the degree of increase in the basolateral membrane observed by 

electron microscopy (766).

A high K+ diet for 10 days induced significant K+ adaptation, defined either functionally 

(JK) or morphologically in adrenalectomized rats, given fixed dose dexamethasone 

replacement or low or high dose aldosterone replacement. An increase in aldosterone 

unaccompanied by a high K+ intake did not enhance the ability of the kidney to excrete an 

acute K+ load (766). Moreover, on a high K+ diet, an increase in plasma aldosterone was not 

associated with significant change in urinary K+ excretion (766). These authors concluded 

that both K+ intake and aldosterone were necessary for full K+ adaptation (766, 767). 

Moreover, increased plasma aldosterone concentration was not associated with increased K+ 

excretion. The time required for aldosterone’s adaptive effect are consistent with those of 

Alexander and Levinsky which are discussed under “Extra-renal action of aldosterone on K+ 

homeostasis,” subsequently (16).

Extra-renal action of aldosterone on K+ homeostasis—The administration of 

high-physiological rates of aldosterone administration sufficient to produce hypertension 

in dogs results in a reduction in steady-state plasma K+ concentration that involves both 

renal mechanisms, with increased K+ clearance, and extra-renal mechanisms with increased 

cellular uptake of K+ in tissues other than the kidney (945).

In pathological conditions such as hyperaldosteronism Chobanian et al. reported substantial 

reductions in total body K+. However, the isolated administration of a mineralocorticoid 

(9-α-fluorohydrocortisone, DOC), which increased exchangeable 22Na+ and extracellular 

fluid volume, did not recapitulate the reduction in the total body K+, suggesting that other 

factors besides isolated mineralocorticoid stimulation contributed to the severe reduction in 

total body K+ (131).

Whether aldosterone’s physiological renal action results in K+ depletion, is addressed in 

balance studies and most of these studies do not support a primary effect of aldosterone to 

promote negative K+ balance. Several balance studies of mineralocorticoid treatment show 

that initial K+ balance was largely unchanged (158, 281, 282, 365, 366, 678), or became 

slightly positive despite the development of hypokalemia (161, 506). The latter suggests 

an increase in tissue K+ content as discussed below (222, 948). It is also unclear whether, 
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in the presence of mineralocorticoid stimulation, the kidney can respond appropriately to 

a reduction in dietary K+ intake to prevent K+ depletion independent of a smaller steady-

state plasma K+ concentration. Does abnormal mineralocorticoid stimulation impair the 

appropriate adaptation of the kidney and the individual to progressive dietary K+ restriction? 

This question is likely relevant to the studies of Chobanian et al. that documented substantial 

K+ depletion in patients with hyperaldosteronism (131) because even small defects in 

appropriate K+ homeostasis could, with time, result in substantial cumulative K+ deficiency. 

Given the known potential for K+ depletion to cause or exacerbate hypertension, such 

studies may provide insight into the development systemic hypertension. For example, 

if substantial heterogeneity among individuals exists in renal K+ conservation ability, it 

would be reasonable to determine whether such a defect reflects a propensity for systemic 

hypertension or CKD. This could have practical importance in all hypertensive patients, and 

particularly those with hyperaldosteronism.

Studies by Alexander and Levinsky (16) provided important evidence that in addition to its 

action in the kidney, aldosterone exerted important extra-renal effects on the disposition of 

a K+ load. The investigators studied normal and nephrectomized rats that were conditioned 

to a normal or high K+ diet and examined the response of these groups to a fixed amount 

of KCl administered intraperitoneally. They observed that animals conditioned to the high 

K+ diet maintained a lower plasma K+ concentration compared to animals conditioned to a 

regular diet. Moreover, chronic but not acute adrenalectomy abolished this adaptation. When 

plasma aldosterone was stimulated endogenously by a low Na+ diet, a similar protection to 

a K+ load was observed and this protection was also observed in adrenalectomized rats after 

treatment for several days with deoxycorticosterone. The loss of protection that occurred 

with adrenalectomy did not occur if the operation was performed immediately prior to 

the administration of a K+ load. Equally important, a single large dose of aldosterone 

administered acutely just prior to a K+ load failed to elicit the same protective effect 

they observed with either chronic K+ adaptation to a high K+ diet or several days of 

deoxycorticosterone administration. Measurement of gastrointestinal K+ content did not 

reveal evidence that the protection was due to excretion of K+ into the gut. The authors 

concluded that the protection against a K+ load was due to enhance cellular uptake that 

required the chronic action of aldosterone (16).

Studies have challenged these findings based on the development of an acute “paradoxical K 

depletion” in animals fed a high K+ diet after withdrawal of the diet by measurement of the 

greater K+ excretion (763). Unfortunately, no total measure of K+ content was made, and the 

studies were not extended to establish whether new steady-state of renal and fecal excretion 

occurred that was commensurate with intake. Since healthy animals ingesting a very high K+ 

intake will maintain large rates of K+ excretion to remain in balance, abrupt removal of K+ 

intake will require time before renal excretion is reduced. Thus, the concept of paradoxical 

K+ depletion ignores the past large rates of K+ intake to which the kidney must adapt, and 

that adaptation will not be instantaneous.

Young and Jackson examined the effect of 4–7 days of aldosterone on plasma K+ 

concentration, exchangeable K (Ke), assessed as 42K, and urinary Na+ and K+ excretion, 

in dogs ingesting 27 mEq/day of Na+ and K+ (948). They observed that infusion of a 
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high rate (250 μg/day) of aldosterone resulted in a significant one-day reduction in Na 

excretion, but K+ excretion did not change. By the third and fourth days of aldosterone 

administration, electrolyte excretion returned to the normal range. Thus, the large rate of 

aldosterone infusion, which was approximately 3 times the maximum physiological range 

for the dog resulted in transient Na+ retention during the first day but without a significant 

increase in K+ excretion. (160) After 24 hours this high rate of aldosterone infusion resulted 

in a significant decrease in plasma K+ concentration (~11%) and a further ~20% decrease 

by day 6 (80±1% of control). Ke decreased slightly (~8%), but the discrepancy between 

the balance measurements that reported no significant negative balance and the effect on 

Ke showing a small, albeit significant, decrease in Ke was not discussed. Nevertheless, 

when all values of plasma K+ concentration were plotted against Ke for all high and low 

dose infusions of aldosterone the relationship between plasma K+ concentration and Ke was 

shifted so that plasma K+ was less as a function of Ke. The authors concluded that the data 

“are consistent with the hypothesis that aldosterone alters the distribution of K+ between 

the intra- and extracellular spaces, a greater portion of total K+ being intracellular at higher 

levels of aldosterone (948).”

Summary and Conclusions—In summary, under steady-state conditions, states of high 

aldosterone/mineralocorticoid activity result in a redistribution of K+ with a greater amount 

intracellular versus extracellular due to mineralocorticoid action to increase the number and 

abundance of Na pump at the basolateral membrane in the ASDN and in non-polarized MR 

responsive cells. As such, this increases the extracellular clearance of K+ due to renal and 

extra-renal mechanisms. Under non-steady-state conditions, this same action of aldosterone 

to increase Na pump activity allows for more efficient defense against hyperkalemia and 

renal excretion of K+ when the organism is challenged with a high K+ load.

Aldosterone escape (and breakthrough)

Initial observations and definition—In 1958, George Thorn and his colleagues 

reported their studies on the administration of supra physiologic dosages of aldosterone 

to humans given intramuscularly in sesame oil (34). They summarized that “following an 

initial period of weight gain and Na+ retention, weight gain ceased and Na+ excretion 

returned approximately to control levels, despite continued administration of the hormone.” 

The subjects did not develop edema, consistent with the lack of edema typically observed in 

primary hyperaldosteronism. They concluded that “the ‘paradoxical’ Na+ excretion seen in 

cases of primary aldosteronism occurs as a result of this same ‘escape’ phenomenon.”

The term “aldosterone escape”, coined by these authors, has been the subject of significant 

study. However, distinction should be noted between that described by Thorn and his 

colleagues and a more recently described phenomena, arising from clinical practice in 

the treatment of hypertension. This phenomenon is the lack of sustained suppression of 

the RAAS system in patients treated with either an angiotensin-converting enzyme (ACE) 

inhibitor or angiotensin receptor blocker (ARB) (137). In such cases, plasma aldosterone 

levels fail to be continuously suppressed and return to baseline (non-suppressed) values after 

a variable period, and thus exhibit a “breakthrough” from the pharmacological suppression. 

This second phenomenon, best described as “aldosterone breakthrough” is generally 
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characterized by an unfavorable prognosis, with increased risk of cardiovascular disease. 

Unfortunately, aldosterone breakthrough has been referred to as “aldosterone escape”, a 

usage that should be avoided (Table 3).

Older studies on aldosterone escape—Since the initial observations of August, 

Nelson, and Thorn, numerous studies have examined various aspects of this escape 

phenomenon, including the contribution of systemic BP, renal hemodynamics, specific 

nephron segments, and signaling mechanisms that are responsible for inhibiting the action of 

aldosterone or compensating for its action. In particular, the chronic effects of aldosterone 

on Na+ excretion require appreciate of its effects on systemic BP and renal hemodynamics 

as emphasized by the studies of Hall et al (316). These investigators showed that if an 

increase in renal artery pressure was prevented by servo-controlled constriction of the aortic, 

progressive Na+ retention with the development of ascites occurred.

Early work on the nephron segments responsible for aldosterone escape (hereafter denoted 

“escape”) suggested contribution of the proximal tubule and the loop of Henle (432, 

913). Although prostaglandins and the kallikrein-kinin system were implicated by some 

pharmacological studies, systematic examination by Ballerman et al. implicated the distal 

nephron and collecting duct and suggested a role for ANP in the development of escape 

(46). These investigators observed that mineralocorticoid stimulation resulted in ANP 

synthesis and release, suggesting a role for ANP to override the action of mineralocorticoids. 

Yokota et al. provide further support for ANP as a component of this phenomena (935). 

An antagonist to the guanylate cyclase-coupled natriuretic peptide receptors significantly 

attenuated, but did not abolish chronic escape phase, and proposed that cardiac ANP 

initiated escape. Studies by Lee et al. further supported a role of natriuretic peptides 

in escape, and demonstrated that the rate of renal excretion of ANP increased after two 

days of mineralocorticoid stimulation with DOCA (466). In rats administered DOCA and 

a high NaCl diet, they detected an increase in mRNA expression not only in cardiac 

ventricles, but also the renal cortex as well. They proposed that in addition to the heart, 

the kidney may possess a paracrine mechanism that contributes to escape. Although 

endogenous mineralocorticoid stimulation of ANP appeared unlikely, since a low NaCl diet 

with stimulated plasma renin (aldosterone was not reported) did not increase urinary ANP 

excretion, the contribution of dietary NaCl intake on DOCA stimulation of ANP was not 

established since DOCA treatment on a low NaCl intake was not examined. The role of 

dietary NaCl as a contributing factor necessary for escape is plausible since ANP fails to 

induce a natriuresis under certain conditions of volume expansion such as pregnancy (520).

Recent studies of the mechanism of aldosterone escape—The sustained action of 

aldosterone to promote Na+ absorption is known to be attenuated by mechanisms that are 

only partially understood. The mechanism for aldosterone escape could reflect suppression 

of Na+ absorption in more proximal segments of the kidney or inhibition of the action 

of aldosterone in the ASDN & CD. Changes in proximal or distal tubule transport (871), 

secretion and renal action of natriuretic peptides (37), prostaglandins (397), nitric oxide 

(830), and purinergic signaling (551, 777) have all been invoked as an explanation for the 

renal “escape” from the action of aldosterone, and it is likely that many of these signaling 
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systems participate in this escape mechanism. However, most studies are qualitative and 

quantification of the exact contribution to overall aldosterone escape is frequently not 

performed.

A proteomics approach to quantify the abundance of specific Na+ transporters at four 

days after MC stimulation showed that of the transporters tested, the Na+/H+ exchanger 

3 (NHE3), NaPi-2, NKCC2, NCC, ENaC subunits (α, ß, γ), or Na+-K+-ATPase, only 

NCC (encoded by slc12a3) (871) showed a marked reduction in the level of total protein 

abundance. Other studies have shown evidence for a role of purinergic signaling in the 

escape by assessing the contribution of P2Y2 receptors as assess in WT and P2Y2 null mice 

(777). Whereas these studies clearly suggest that purinergic signaling via P2Y2 receptors 

participates in escape, the magnitude of the contribution of this system is not known. Since 

release of ATP into the lumen is necessary for purinergic signaling, plausible candidate 

transporters have been examined. One of these, connexin 30 appears to be important in 

the ASDN & CD, and, the differential reduction in Na+ excretion due to mineralocorticoid 

stimulation in the Cx30 null mice versus WT mice (551) suggests that purinergic signaling 

participates in the aldosterone escape.

Other studies have examined the role of prostaglandins and specifically the microsomal 

enzyme prostaglandin E synthase-1 (mPGES-1) and suggest a role for this system as a 

component of MC escape (397). In mice, a 14-day aldosterone infusion (0.35 mg × kg−1 

× day−1) via an osmotic minipump on a normal salt intake produced a transient Na+ 

accumulation on the first two days in WT mice but after 14 days Na+ and water balance 

were normal. However, the same treatment in mice null for mPGES-1 resulted in increased 

Na+ and water balance, body weight. During escape, WT mice had a significant increase 

in urinary PGE(2) excretion increased mPGES-1 in proximal tubules, and reduction in the 

expression of most major transporters of the proximal tubule (NHE3), TAL (NKCC2), or 

DCT (NCC) renal Na+ and water transporters. The reduction in NHE3, NKCC2, and NCC 

expression and the increase in urinary PGE2 was substantially reduced in the mPGES-1 null 

mice, which had significant increases in Na+ and water intake during aldosterone treatment. 

These studies strongly suggest that mPGES-1 production of PGE-2 or other prostanoids 

opposed the Na+-retaining action of aldosterone. The action of aldosterone could reflect 

renal actions of aldosterone or extra-renal actions, or both.

Since aldosterone is known to stimulate ET-1 expression in the kidney (782) and a high 

Na+ diet increases renal ET-1 production (430, 431), studies examined the action of 

MC-stimulated renal ET-1 production to inhibit renal Na+ absorption as a mechanism to 

explain aldosterone escape. This would be consistent with the effect of ET-1 to attenuate the 

development of salt-sensitive hypertension (8). Lynch et al. hypothesized that a local renal 

aldosterone-ET-1 feedback system (RAEFS) exerted considerable influence on the final 

effect of aldosterone, by attenuating aldosterone’s action, particularly when aldosterone’s 

action was inappropriate for the level of Na+ intake. They tested whether renal ET-1 

expression was necessary for the escape phenomena (506), and observed transient Na+ 

retention on day 2–3 and the typical escape observed in WT mice to DOC. However, 

this escape was absent in mice with cell-specific disruption of edn1 in principal and inner 

medullary collecting duct cells. The lack of compensation by other systems suggests that 
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ET-1 is an essential component of the escape phenomena, and that other systems could not 

compensate for its loss.

Thus, multiple changes can compensate for the enhanced Na+ absorption induced by 

long-term mineralocorticoid stimulation such as modulation of transport in more proximal 

segments, purinergic signaling, and prostaglandins each of which may be sufficient to 

compensate for defects in common or parallel elements. However, the signals necessary 

for this down-regulation along the nephron appear to require, or are depend upon, ET-1 

expression which is a non-redundant and necessary component for aldosterone escape. The 

components necessary for operation of this local renal feedback system will require further 

study.

Aldosterone Signaling in Renal Epithelial Cells

Multiple lines of evidence suggested that aldosterone activation of Na+ absorption was more 

complex than merely due to a de novo increase in the number of channels. Patch-clamp 

analysis noted previously suggested that aldosterone’s action was to change the kinetics 

of the channel via changes in mean open time (Po) (415). In addition, the studies of 

Spindler et al. did not support a direct and immediate action of aldosterone to increase 

expression of subunits of ENaC (761). Thus, evidence suggested that aldosterone increased 

Na+ absorption via signaling due to intermediate molecules and processes, but the nature 

of these events remained elusive. The nature of cell signaling is likely to be tissue- or cell 

type-specific, so conclusions across different cell types or systems should be considered 

provisional and accepted with caution.

Post-translational processing of ENaC: Role of methylation and Ras signaling

Two interrelated pathways appear to be important elements in the early aldosterone signaling 

mediated by methylation: methylation of Ras and ßENaC. (Palmitoylation, which is another 

post-translational modification is discuss in the section on “ENaC subunit structure”.) In 

cell culture systems protein methylation appears to be critical in the early response of 

aldosterone and the activation of ENaC and the ß subunit of ENaC is one of the targets 

of this methylation. The amount of Na+ absorption in frog Xenopus kidney A6 cells 

was substantially increased by agents that methylated membrane proteins. Further studies 

implicated guanine nucleotide-dependent carboxymethylation as a pathway for aldosterone 

modulation of apical Na+ permeability (696–698). Aldosterone induced an increase in GTP-

stimulated methylation of a 90 kDa polypeptide at the apical membrane in A6 cells (698). 

Mastroberardino et al. tested whether the rapid induction of K-Ras2A was responsible for 

the increase in Na+ absorption using a Xenopus oocyte expression system. Overexpressing 

K-ras2 resulted in stimulation of Na+ absorption, in addition to its effect to induce oocyte 

maturation (523). Progesterone was used as a control for oocyte maturation and when the 

effect of K-Ras2A was compared to that of progesterone, the relative effect suggested that 

K-Ras2A increased the mean endogenous ENaC activity.

The previous identification of K-ras2 as an aldosterone-regulated gene was further examined 

at the level of protein expression in A6 cells and also in vivo (762). Aldosterone treatment 

of female frogs (Xenopus laevis) for 150 minutes resulted in a kidney-specific induction of 
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K-ras2 mRNA by 250%. In A6 epithelia, aldosterone treatment for 150 minutes increased 

p21ras protein synthesis ~six-fold. However, aldosterone had other effects including a 

modest induction of Xl-ras and fra-2 mRNA, but suppression of mRNA for GR, and time 

dependent changes in c-fos, c-jun, and c-myc. These findings suggest that aldosterone’s 

effects are not limited to a single signaling mechanism but are diverse and include 

mechanisms besides K-Ras2 signaling. However, K-ras2 is a membrane associated small 

monomeric G protein, and members of this family (K-RasA, K-RasB, H-Ras, and N-Ras) 

stimulate multiple activators of distal signaling pathways, with the principal immediate 

effectors being Raf, RalGDS, and PI3-kinase which initiate, respectively, the MAPK 1/2, 

Ral/Rac/Rho and PI3-kinase cascades (770). K-Ras proteins possess a consensus sequence 

CAAX (or CAAL) at their carboxy terminus that, with a second signal are sufficient to 

promote targeting of ras proteins to the plasma membrane (321, 340). The CAAX sequence 

is a target for protein methylation. Additional studies also suggested a role for a 20 kDa 

protein small G-proteins in the action of aldosterone. Specifically, antisense inhibition of 

K-ras markedly reduced Na+ channel activity in A6 cells (13), suggesting that the response 

was dependent on this protein.

However, and not surprisingly, the mouse CCD cell line and the amphibian A6 cells do 

exhibit differences in response to aldosterone (188). In the CCD cell line, aldosterone 

increased Na+ absorption after 60 minutes along with methylase activity but without changes 

in the expression any ENaC subunit. Generalized inhibition of methylation reactions 

completely inhibited aldosterone’s effect on SCC but more specific inhibitors of small G-

protein methylation did not inhibit the early increase in SCC by aldosterone. Overexpressing 

the ras-specific methyl transferase increased aldosterone-stimulated SCC in A6 cell whereas 

similar overexpression in CCD cells affected neither the basal nor aldosterone-stimulate 

SCC. These studies suggest that aldosterone increases protein methylation, an activity that 

is necessary to increase SCC/Na+ transport, but without a requirement for ras methylation. 

Similar to A6 cells, in CCD cells aldosterone increased the methylation of proteins and 

this action was necessary for the early increase in SCC. In addition, one of the methylated 

proteins is the ß subunit of ENaC. However, in contrast to A6 cells, in CCD cells k-ras 
was not detected as an AIP and blocking the action of k-ras failed to inhibit the early 

response to aldosterone. Thus, in CCD cells the aldosterone-induced increase in SCC/Na+ 

transport is not mediated via methylation of ras (which is not induced by aldosterone) 

and overexpression of the enzyme that methylates ras did not directly increase SCC/Na+ 

transport. Such differences may reflect the level or regulation of k-ras expression, the 

requirement of additional signaling mechanisms, or other time-dependent differences in 

amphibian A6 versus mammalian CCD cells. Thus, assuming the specificity of methylation 

inhibition, in mammalian cells, the early activation of ENaC requires methylation, likely of 

the ENaC ß-subunit, as has demonstrated in A6 cells (188). Further study of the plasma 

membrane-integral or associated proteins involved in this action is likely to be profitable.

Post-translational processing of ENaC: Proteolytic cleavage and paracrine signaling 
mechanisms

Substantial work supports the role for regulation of αβγ-ENaC activity by proteolytic 

cleavage of ENaC subunits by the serine endoproteases (or endopeptidase) furin, kallikrein, 
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and prostasin. Several recent reviews provide an in-depth analysis of this area (420, 455, 

619). Alterations in the activity of endopeptidase by aldosterone may be dependent on 

dietary Na+ or K+ intake. This statement is not without precedent since there is evidence 

that tissue kallikrein (and the Kinin-kallikrein system) is regulated by Na+ and K+ intake 

(192), and other systems may be subject to this regulation. This would provide an additional 

control mechanism for the fine-tune adjustment of transport in the ASDN by more proximal 

tubule segments. Other systems that may also exert a paracrine control on aldosterone-

mediated transport in the ASDN include changes in bioactive substrates such as ammonia/

ammonium, nitric oxide, substrates that are metabolized, and ET-1 (456, 474, 722, 821). 

Whether aldosterone directly or indirectly regulates the specific cellular mechanisms that 

result in the maturation of functional channels deserves further study.

In the degenerin/ENaC protein family, αβγ-ENaC is the only constitutively open ion 

channel, and its regulation must be tightly controlled to avoid excessive Na+ absorption. 

Indeed, it is well known that ENaC processing, cleavage, maturation, and trafficking to 

the plasma membrane involves multiple steps, and each have the potential for regulating 

the mature, fully functional channel, and thus Na+ absorption. Furin and prostasin are 

channel-activating proteases, and the discovery that αβγ-ENaC activity was regulated by 

protease activity provided significant new insight into epithelial Na+ transport (836). Both 

the α and γ subunits are cleaved twice, which releases inhibitory tracts and transitions 

channels to a state of greater open probability (Po). Whereas furin cleaves αENaC twice, it 

cleaves γENaC only once. A second protease cleaves γENaC to transition ENaC to a very 

high Po state. Aldosterone stimulates the cleavage of γENaC by two proteases, (364, 682, 

793, 814, 894, 954, 957). Processing occurs in the cytosol, and at the plasma membrane. 

(792, 793, 831, 957).

In this regard, the findings of Wichmann et al. (894) illustrate the importance and 

complexity of channel maturation. These investigators examined and contrasted the 

processing of αβγ-ENaC and δβγ-ENaC in Xenopus laevis as a model expression system. 

They showed that the δ-subunit enhances the amount of current generated by ENaC due 

to an increased open probability. The fully functional αβγ-ENaC required proteolytic 

processing of the α- and γ-subunits, but the δ-subunit did not undergo proteolytic 

maturation by endogenous furin. The currents generated by δβγ-ENaC were not activated 

by extracellular chymotrypsin, and equally important expression of the δ-subunit prevented 

cell surface cleavage of γ-ENaC. They concluded that subunit composition represents 

an additional level of ENaC regulation. However, the experimental systems need to be 

noted. Whereas human δβγENaC do not exhibit Na self-inhibition, Xenopus channels 

have robust inhibition. Further detailed comparison of δβγ-ENaC versus αβγ-ENaC in 

terms of pharmacological and enzymatic inhibition, channel gating and kinetics, signaling 

mechanisms, and interacting proteins will likely be highly informative.

Post-translational processing of ENaC: Role of phosphorylation

Evidence for physiologically significant in vivo regulation of ENaC by direct ENaC 

phosphorylation remains unsettled. Studies in a MDCK cell line that stably expressed ENaC 

subunits examined whether aldosterone modified ENaC activity at 0, 3, or 16 hours by 
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direct channel phosphorylation (740). Aldosterone increased amiloride-sensitive SCC by 

~two-fold by three hours. These studies suggested a mechanism of action of aldosterone 

working through at least one serine/threonine kinase to modulate the activity of ENaC by 

direct phosphorylation of the β and γ subunits. Some evidence suggested direct ENaC 

subunit phosphorylation in Xenopus oocyte expression assays as the Liddle-mutation of 

the ß-subunit reduced Protein Kinase C (PKC) inhibition of the human ENaC, the Liddle 

mutation reported in the γ subunit were still sensitive to inhibition by PKC (672), but 

these results are not entirely consistent with previous reports (740). In both cases phorbol 

12-myristate 13-acetate was used to assess PKC action.

Studies have shown that both ERK and casein kinase II can phosphorylate ENaC subunits 

and these actions appear to be physiologically relevant (63, 732, 931). ERK has been shown 

to phosphorylate the carboxyl end of ß and γ ENaC at ßThr-613 and γThr623, respectively 

(731). Inhibition of ERK1/2 phosphorylation using the ERK kinase inhibitor PD-98059 

reduced EGF and ATP-dependent inhibition of amiloride-sensitive SCC (204) During a state 

of hypotonic stress, a p38-dependent induction of MAPK phosphatase 1 (MKP-1) induces 

β and γ ENaC expression through dephosphorylation of ERK (575). The casein kinase II 

phosphorylation site in ß ENaC was found more recently by Abd El-Aziz et al. to modulate 

channel activity. Proper casein kinase II signaling facilitates ankyrin-3 binding to increase 

ENaC activity by increasing its expression in the plasma membrane (1).

With the discovery of Sgk1 as a rapidly induced kinase that served as a critical signal 

intermediary in the action of aldosterone, it became apparent that this kinase was responsible 

for much of the early signaling. Other genes were also identified to be rapidly induced 

or repressed by aldosterone (see section “Aldosterone-induced Transcripts (AITs) and 

Aldosterone-Induced Proteins (AIPs)).” Nevertheless, the central importance of Sgk1 is 

emphasized by its interaction with mTOR, ubiquitin ligases, and the WNK signaling 

pathway.

Post-translational processing of ENaC: Role of acetylation

Acetylation is another post-translational modification that has been shown to affect MR 

and Na+ transport. Lysine deacetylase (KDAC) inhibition has been shown to have an 

antihypertensive effect through studies with spontaneously hypertensive rats. (730)To 

determine the molecular mechanism behind this antihypertensive response, MR activity was 

studied in Sprague Dawley rats that underwent uninephrectomy and were given DOCA salt 

treatment with or without valproate, a KDAC inhibitor. Lee et al found that KDAC inhibition 

attenuated the transcriptional activity of MR through acetylation along with preventing 

the development of DOCA-induced hypertension. In the spontaneously hypertensive rat, 

KDAC inhibition of lysine deacetylase (KDAC) leads to increased acetylation of MR in 

the kidney cortex. The increased MR acetylation did not affect MR protein expression and 

was independent of histone acetylation (730). In murine CCD cells, the KDAC inhibitor 

Trichostatin A suppressed aldosterone-mediated control of Na+ transport by ENaC and 

SGK1 activity and abundance (516). It is known that Hsp90 helps to influence MR 

subcellular dynamics (198). Jiménez-Canino et al. went further to analyze the mechanism 

behind this regulation of subcellular dynamics and transactivation of MR, modifying 
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Hsp90 acetylation levels through HDAC6 expression or activity (399). They found that 

in transfected COS-7 cells, Hsp90 acetylation shifted the subcellular localization of naïve 

MR towards the nucleus mediated by HDAC6, and this acetylation occurred at residue K294 

in humans (K295 in mouse ortholog) (399). Because ubiquitination also occurs on Lys 

residues, one additional consequence of acetylation of lysine residues would be to prevent 

channel ubiquitination and associated channel endocytosis.

Phosphatidylinositol 3-Kinases

PI3-kinases are a family of proteins that phosphorylate the 3’-hydroxyl group of the 

inositol ring of phosphatidylinositol. The first member of the family, pp60c-src, was 

immunoprecipitated from polyoma transformed cells (893). Since that initial observation, 

over a dozen PI3-kinases have been identified. The PI3-kinase family consists of 14 

enzymes that Gharbi et al. divide into four groups based on their structural features that 

catalyze the formation of 3-polyphosphoinositides (259, 840). Class 1A (the most widely 

expressed and well-studied PI3-kinase (424) are heterodimers of an ~110 kDa enzymatic 

subunit (α, ß, or δ) and an 85 kDa regulatory subunit (α,ß, or γ) (840). PI3-kinases can be 

classified on the basis of inhibitor specificities, also (424).

PI3-kinase appears to play a critical role in the action of aldosterone on Na+ absorption. 

Blazer-Yost et al. examined the in vitro action of aldosterone in A6 cells and reported 

a requirement for functional PI3-kinase for aldosterone-regulated Na+ absorption (76). 

Aldosterone at 1μM increased SCC at 60 minutes and monotonically thereafter for the 

duration of the experiment (300 minutes). A relatively specific inhibitor of PI3-kinase 

(LY-29004, 50μM), decreased basal and aldosterone-stimulated SCC, as did the PI3-kinase 

inhibitor wortmannin (100nM). Wortmannin, in contrast to LY-29004, did not inhibit basal 

SCC. Although accepted as a relatively specific PI3-kinase inhibitor, further study indicated 

that LY-29004 may have other targets (259). With that caveat, these studies would suggest 

that the action of aldosterone requires a functional PI3-kinase to stimulate Na+ absorption.

PI3-kinase may also participate in the activation of SGK1. Several groups independently 

demonstrated that SGK1 is a substrate of PI3-kinase. In particular, SGK1 activation was 

reported to be completely abolished by pre-treatment with a PI3-kinase inhibitor (427, 609). 

Furthermore, mutation of the putative PI3-kinase phosphorylation sites on SGK1, Thr256 

and Ser422, inhibited SGK1 activation. Thus, by modulating SGK1 activity, PI3-kinase has 

been implicated as a component of the signaling mechanism for aldosterone’s regulation 

of Na+ reabsorption. Staruschenko et al. showed that K-Ras could activate ENaC in cells 

stably expressing α, ß and γ ENaC that was GTP-dependent and required PI3K for this 

activation (770). Additional evidence indicates that Ras couples phosphoinositide 3-OH 

kinase to ENaC (770), that phosphatidylinositides are critical to this acute regulation of 

ENaC (640, 641, 772), and that PI3K acts to acutely regulate ENaC (771). The role of Rac1 

as a modulator of ENaC activity was further explored by Staruschenko and colleagues, using 

the Rac1 inhibitor NSC23766 which markedly decreased ENaC activity in freshly isolated 

CDs and explored the interaction and regulation of ENaC by Wiskott-Aldrich syndrome 

protein which participates in the control of the cytoskeletal. These studies, which identified 

new regulators of ENaC, further link the regulation of ENaC with the cytoskeleton (408).
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PI3-Akt-mTOR2-OSR1

Significant interactions exist between the PI3-kinase, Akt, and mTOR (mammalian/

mechanistic target of rapamycin) signaling pathways that appears to be aldosterone-

sensitive. ENaC regulation involves a multi-protein complex that acts through PI3-kinase, 

mTOR, and Raf-MEK-ERK-dependent pathway, the action of the latter serves to reduce 

channel activity by Nedd4-2 mediated endocytosis (752). The convergence of these 

ostensibly disparate signals in the action of ENaC regulation is further emphasized by 

Pavlov et al. who studied the mechanism of ENaC regulation in response to insulin. Insulin 

acutely increased ENaC activity in split open tubules and increased transepithelial flux in 

MDCK cells that was sensitive to both the PI3-kinase inhibitor LY294002 and the mTOR 

inhibitor, PP242. Since aldosterone increases amiloride-sensitive flux by a mechanism that is 

sensitive to PI3-kinase inhibitors, common elements appear to participate in both signaling 

systems, and further studies and likely to be productive (616). In view of evidence that 

ENaC and in NCC may physically interact (426, 553), studies by various groups linking 

NCC and the WNK signaling pathway and OSR1 suggest an intricate and interconnected 

cellular regulatory system.

Serum- and glucocorticoid-induced kinase

Three mammalian isoforms have been identified, Sgk1, Sgk2, and Sgk3. With the discovery 

that aldosterone rapidly stimulated the induction of Sgk1 (123, 568), a serine/threonine 

kinase, and evidence that Sgk1 increased ENaC abundance at the plasma membrane of 

oocytes (18, 739), this rapidly induced kinase became a highly plausible mediator of some or 

perhaps most of aldosterone’s action, at least with reference to its action on Na+ transport. 

Subsequent work identified additional early response genes for the action of aldosterone (68, 

123, 306, 308, 617, 756, 757, 782). Pearce and colleagues identified SGK1 and subsequently 

GILZ as proteins involved in electrolyte transport (123, 756, 757). Moreover, these and 

further work emphasized the importance of the regulation of cellular trafficking of ENaC 

to and from the plasma membrane as one mechanism to increase aldosterone-stimulated 

Na+-current. Nedd4-2, an E3 ubiquitin ligase involved in the regulation of ENaC recycling 

at the apical membrane, is an example of a protein regulated indirectly by aldosterone via 

activation of Sgk1 (32, 82, 163, 217, 341, 406, 438, 454, 512, 618, 749).

Within renal tubules, aldosterone induced a significant expression of Sgk1 at both 

the mRNA and protein levels (123). A major target of SGK1 phosphorylation within 

renal tissues is Nedd4-2 (66). Because Nedd4-2 targets ENaC for degradation (405), it 

functions to limit Na+ reabsorption. SGK1 interacts with Nedd4-2 through a PY motif 

and phosphorylates it on Ser 444 and, to a lesser extent, Ser 338 (163). These post-

translational modifications interfere with the interaction between Nedd4-2 and ENaC. This 

in turn leads to less degradation of ENaC stabilizing it on the apical membrane and 

consequently increasing Na+ currents (163). These early works defined an initial regulatory 

pathway for the reabsorption of Na+ and provided a mechanism for aldosterone-dependent 

ENaC retention at the apical membrane (Figure 12) (163). The aldosterone/SGK1/Nedd4-2 

pathway has been reviewed extensively elsewhere (755, 849) and therefore this signaling 

pathway will not be addressed in detail here.
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Sgk1 exerts other actions, including an increase in CFTR current in Xenopus oocytes 

(860), and the expression and function of SGK1 (477) is inhibited in IMCD-3 cells by a 

purinergic receptor- (P2R) mediated mechanism, and the aldosterone induced increase of 

SGK1 kinase activity was also suppressed by P2R agonists (477). Since P2R stimulation 

consistently inhibits Na+ absorption, this suggests a potential contribution of Sgk1 to 

purinergic signaling. Studies in mpkCCDc14 cells extend and validate the mechanism of 

action described in oocytes and studied the mechanism for aldosterone to increase ENaC 

activity and current by Nedd 4–2 inhibition and the role of 14-3-3 protein isoforms in 

this process (66). Tryptophan-rich sequences (WW motifs) in Nedd4-2 interact with a 

proline-tyrosine PY motif in the C-terminal tail of ENaC and this interaction is necessary for 

Nedd4-2 inhibition of ENaC. As in oocytes, SGK1 phosphorylates and inhibits the ubiquitin 

ligase Nedd4-2 and decreases cell surface expression of ENaC. This inhibition occurs in 

part by a phosphorylation dependent interaction of Nedd4-2 with 14-3-3 regulatory protein 

isoforms. Nedd4-2-mutants S444A and P446A were not able to interact with 14-3-3 in 

a SGK1-dependent manner suggesting that Nedd4-2 phosphorylation by SGK1 at Ser444 

facilitates interaction Nedd4-2 with a 14-3-3 family member. A likely candidate for this 

interaction is 14-3-3 γ that has been shown to be rapidly induced by aldosterone (306). 

Multiple sites appear to be involved in this interaction including a proline downstream of 

serine 444 (66).

The relative contribution of channel number versus the effect of aldosterone-dependent 

activation of existing apical membrane channels has been examined by several careful 

studies. Physiological studies provided evidence that aldosterone modified the activation 

or kinetics of existing apical membrane channels (415, 601). With the identification of 

Sgk1 as an aldosterone-inducted protein and its mechanism to increase ENaC trafficking 

and retention by Sgk1 inhibition of ENaC ubiquitylation (163, 224, 749) performed 

careful quantitative analysis of apical membrane ENaC subunit expression in response to 

aldosterone. These investigators concluded that some but not all the action of aldosterone 

on Na+ current were due to membrane trafficking with a two to five-fold augmentation 

of surface channel subunit expression, but that Na+ current could vary by as much as 50-

fold from Na+ replete–aldosterone-suppressed states to Na+-depleted and high aldosterone 

states(224). Further work should seek to quantify the contribution of membrane trafficking 

and channel activity to Na+ absorption, and the mechanisms and time scale over which they 

operate.

Protein Kinase A/cyclic AMP-dependent Protein Kinase

PKA is activated by increasing levels of cAMP within the cell. When activated, it 

phosphorylates several diverse cellular targets including enzymes, ion channels, transcription 

factors, and other regulatory proteins. Initial reports indicating a possible role for PKA 

in mediating Na+ reabsorption arose when it was demonstrated that elevated cAMP levels 

increased SGK1 protein expression and activation in both ovarian granulosa cells (272) and 

COS-7 cells (623). However, the functional ability of these specific signaling events to alter 

Na+ currents was not confirmed until Mustafa and colleagues showed that the increased 

SGK1 expression and function results in increased ENaC protein levels and Na+ current 

(842). Furthermore, these events were sensitive to both PKA and PI3-kinase inhibitors. This 
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indicates that in cells with minimal endogenous α-ENaC expression, SMG-C6 cells, SGK1 

is stimulated by DbcAMP via both PI3-K and PKA pathways and that a number of diverse 

signaling pathways, including the PKA pathway, converge at the level of SGK1. Presently, 

there is no data indicating that aldosterone, per se, increases PKA activity. However, ADH 

is fully capable of driving an increase in intracellular cAMP levels, and in turn increasing 

PKA activity. Thus, in a state of anti-diuresis, the effects of ADH could presumably work in 

conjunction with aldosterone to retain salt and water via a mechanism that comprises ADH-

mediated increases in cAMP levels, subsequent activation of PKA, and ensuing increases in 

Na+ reabsorption.

Principal Cell-Intercalated Cell MR interactions, MR phosphorylation & localization, and 
MR-Rac1 interactions

Much work has focused on the action of MR-mediated effects on Na+ transport in 

principal cells (PCs) of the ASDN (See section “Post-translational Processing: Role of 
Phosphorylation”). However, MR is also expressed in ICs and recent evidence would 

suggest that the signaling mechanism is cell type specific, and specific site phosphorylation 

of MR, MR localization, and MR regulation by small GTPases are important in 

mineralocorticoid-dependent signal transduction.

MR interacts with the small GTPase protein Rac1 (737), and previous evidence suggested 

that disruption of the rho GTP dissociation inhibitor α gene (Arhgdia null) was associated 

with a significant renal phenotype characterized by proteinuria, rapid progression of 

renal disease, sterility in males, and reduced lifespan (819). Subsequent in vitro work 

implicated a connection between MR and Rac1, namely, a constituently active mutant 

Rac1 increased MR transcriptional activity and nuclear localization. Arhgdia null mice had 

increased Rac1 and MR signaling, and renal pathology was attenuated by either the MR 

antagonist eplerenone or the Rac-specific inhibitor NSC23766. However, plasma aldosterone 

concentrations and systemic BP were similar to wild type controls. Collectively, such data 

implicate Rac1 as a component in proteinuric renal disease responsive to MR antagonism.

Angiotensin II, mTOR, and circadian clock signaling

Aldosterone is also known to increase the expression of numerous genes besides sgk1 
including per1, edn1, gilz, scnn1α, nherf2, and ctgf (306, 757). In addition, aldosterone 

shares common signaling pathways with Ang II including the PI3K/PKC pathway (83) and 

with other growth factor signaling pathways (83, 109, 270, 515). The interaction of these 

two important pressors also share common elements with core circadian clock proteins and 

with mTOR.

mTOR is part of two regulatory multimeric protein complexes: mTORC1 and mTORC2, 

which appear to govern distinct but overlapping functions of cell physiology. mTORC1 

is believed to regulate and sense energy levels, AMP/ATP ratio, amino acid content 

and regulates autophagy cell cycle progression and growth, whereas evidence suggests 

that mTORC2 regulates cytoskeletal organization and cell survival. Both are involved 

in cell metabolism (For review see (14, 457, 707)). mTOR is a large protein kinase 

initially identified by genetic screens of yeast that exhibited toxic effects to rapamycin. 
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The mammalian homolog (mTOR) is an atypical serine/threonine protein kinase of the 

PI3-kinase superfamily. It assembles with other proteins as mTORC1 and mTORC2, which 

each contain the catalytic kinase mTOR subunit. Rapamycin acts to affect a gain of function 

complex with a small intracellular protein FK506-binding protein (FKBP12) that inhibits 

mTOR as part of mTORC1 but not mTORC2. mTORC1 senses multiple signals and is 

regulated by hamartin-tuberin (tuberous sclerosis 1 and tuberous sclerosis 2 complex or TSC 

1/2). The hamartin-tuberin heterodimer complex functions as a GTPase activating protein 

(GAP) for the Ras homolog enriched in brain (Rheb) GTPases. The GTP-bound form of 

Rheb interacts with mTORC1 to increase its activity. TSC 1/2 inhibits Rheb and acts as a 

negative regulator of mTORC1. mTORC2 is essential for SGK1 activity (302, 303, 458). 

mTORC2 phosphorylates akt within its hydrophobic sequence, and similarly phosphorylates 

and activates SGK1. The proteins Raptor and Rictor confer the pharmacological properties 

of mTORC1 and mTORC2, respectively. Phosphorylation of SGK1 occurs by mTORC2 that 

contains rictor whereas mTORC1 does not phosphorylate SGK1. Inhibition of mTORC2 

inhibited both the phosphorylation of SGK1 and reduced amiloride sensitive Na+ transport, 

which indicates this complex affects signaling of transport pathways (502, 503, 752).

Shibata and colleagues identified unc-51-like kinase 1 (ULK1) as a kinase that 

phosphorylated MR to inhibit its function in ICs (736). Ang II signals through the AT1 

receptor and mTOR to phosphorylate ULK1. mTOR has been identified as a kinase that 

phosphorylates and inhibits ULK1 at S757 (407). The ATP-competitive mTOR inhibitor 

AZD8055 inhibits the phosphorylation of ULK1 at S757 but this reaction is not inhibited 

by rapamycin. Ang II inhibits ULK1 via mTOR, and ULK1 phosphorylation of MR at S843 

inhibits MR action by reducing ligand-dependent nuclear localization and transcription. 

Thus, the action of Ang II, acting through mTOR and ULK1 resulted in a decrease in 

MR phosphorylation at S843 and resulted in an increase in the expression of pendrin. This 

Ang II effect could be blocked by AZD8055, which prevented the increase in pendrin 

expression. However, the abundance of ENaC in PCs or NCC in the DCT was not inhibited 

by ACZ8055.

These studies provide a potential connection between epithelial transport, metabolism, and 

autophagy. Previous studies have shown that ULK1 is a target protein that is phosphorylated 

by mTOR and plays a role in autophagy. In addition, ULK1 inhibits cell proliferation by 

its action to phosphorylate Raptor. ULK1 also phosphorylates hexokinase which results 

in glucose metabolism by the hexose monophosphate shunt pathway. Additional evidence 

indicates that mTORC1 phosphorylates SGK1 and mTORC2 modulates the activity of 

ENaC and apical K+ channels in PCs. Sengupta et al provided evidence that mTOR activates 

the OSR1, a protein kinase which directly phosphorylates NCC (728).

How Ang II stimulates mTOR needs further investigation. Some work suggests a role for 

EGF receptor in the Ang II-mediated regulation of mTOR intestinal epithelial cells (130). 

Additional evidence suggests Ang II mediates its actions in part by WNK4 which acts to 

inhibit ULK1 expression levels. Specifically, Ang II was shown to increase both the level of 

expression and kinase activity of WNK kinases (114). Phosphorylation of MR on serine 843 

modulates the activity of WNK kinases. Such observations have led to the speculation that 

WNK kinases act as an intermediate signal of Ang II to mTOR.
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mTORC2 phosphorylates and regulates the activity of SGK1, and additional studies 

indicate that mTORC2 affects ENaC activity in principal cells (262, 279). mTOR also 

phosphorylates and activates OSR1 (728). Angiotensin II increases mTOR activity possibly 

by EGF receptor activation and phosphorylation of S6, WNK1, and other kinases (191, 

867), and decreased WNK1 activity increases ULK1 expression and phosphorylation of 

phospho-(Ser555) ULK1 and activation of AMP-activated protein kinase (242). Several 

reports indicate that Ang II can increase expression and activity of WNK kinases and the 

degree of phosphorylation of MR on serine 843 (human MR, MR S843-P). Shibata et al 

have speculated that one or more WNK kinases represent part of the signal transduction of 

Ang II and mTOR signaling (735, 798, 961).

Further evidence supports a connection between mTOR signaling and the circadian clock 

in other cell types, which suggests that similar interactions may be observed in the kidney 

(110, 488, 542, 695, 917). Specifically, the core clock protein PER2 inhibits mTORC1 

activity by recruitment of Tsc1 to mTORC1 complex (917), and the core clock protein 

BMAL1 is reported to regulate translation by S6K1-mediated phosphorylation, thus serving 

a distinct function from its transcriptional activity (488, 542). This latter observation 

is particularly intriguing given the evidence that key components of the translational 

machinery, eukaryotic translation initiation factor 4E and eukaryotic translation initiation 

factor 4E-binding protein (4EBP), exhibit diurnal oscillation in the mouse hippocampus 

(695). Whereas such observations have not been demonstrated in the kidney, the common 

and fundamental nature of protein translation suggests that study of connections in other 

tissues, including the kidney may be profitable.

Epidermal Growth Factor

Additional evidence supports a role for aldosterone to act through the EGF signaling 

pathway (295). Growth factors such as EGF produce marked cellular responses via 

activation of mitogenic pathways. Aldosterone treatment also increased the tyrosine 

phosphorylation of the EGFR itself and pretreatment with an EGFR receptor tyrosine 

kinase inhibitor abolished this effect. Using MDCK cells, Silbernagl and colleagues 

found that nanomolar concentrations of aldosterone induced a rapid increase in ERK1/2 

phosphorylation similar to that observed with EGF (253). Aldosterone treatment of these 

same cells also increased intracellular Ca2+ levels and Na+-H+ exchange activity. Moreover, 

subsequent studies showed that aldosterone has the capacity to increase both EGFR mRNA 

and protein levels (444). The sum effect of aldosterone coupling to the EGFR signaling 

pathway in renal cells appears to be that this rapid and non-genomic mechanism is a means 

to provide negative feedback to aldosterone signaling in the form of decreased Na+ transport.

Aldosterone Signaling in Renal Endothelial and Vascular Smooth Muscle 

Cells

In addition to being able to activate signaling pathways within renal epithelial cells, 

aldosterone modulates many of these same pathways within non-renal cells. Vascular 

smooth muscle express MR and in the renal vasculature, as well as non-renal vasculature 

aldosterone exerts important effects that affect vascular compliance. Here, the pathways 
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relevant to the renal parenchyma, namely vascular smooth muscle and endothelia cells and 

their potential significance in cardiovascular physiology are discussed. For a more in-depth 

review of the action of aldosterone on the systemic vasculature, the reader is referred to 

several excellent reviews (58, 59, 93, 122, 156, 183, 396, 558, 650).

Protein Kinase B (AKT)

The importance of AKT in mediating the effects of aldosterone deserves note. As indicated 

above, AKT plays a key role in several cellular processes with the most notable of these 

being cell survival and this is especially true in vascular smooth muscle cells (VSMCs). In 

2009, Sowers and colleagues reported that the activating phosphorylation of AKT at Ser 473 

was impaired in the aortas of rats that overexpress renin, but this critical phosphorylation 

was restored with MR antagonism (877). In addition, restoration of AKT function was 

coincident with reduced NADPH oxidase activity, decreased lipid peroxidation, and reduced 

levels of Ang II. These results suggested that MR antagonism protects the vasculature 

from aldosterone-induced vascular apoptosis and injury via the rescue of AKT activation. 

Furthermore, this benefit was independent of marked BP reductions.

AKT action also appears to be important in the heart as well. In particular, the treatment 

of neonatal rat cardiomyocytes with aldosterone for either a short (10 minutes) or long (24 

hours) time period activated AKT (563). The short-term activation of AKT by aldosterone 

was sensitive to PI3-K and Na+/H+ exchanger inhibitors, but not the MR antagonist 

eplerenone. Interestingly, the long-term activation of AKT by aldosterone was sensitive to 

eplerenone, indicating that aldosterone activates AKT signaling via a biphasic mechanism. 

When taken together, these studies indicate that during the early phase of AKT activation, 

aldosterone has favorable effects on cardiomyocyte function via a mechanism that is 

MR-independent. In contrast, the long-term activation of AKT by aldosterone produces 

pathological effects via a mechanism that is MR-dependent.

Cyclic AMP and adenylate cyclase

The cyclic AMP response element-binding protein (CREB) is an important transcriptional 

regulatory protein that binds to cyclic AMP responsive elements (CRE) in numerous 

genes. The soluble adenylate cyclase isoform has the unique property of being stimulated 

by bicarbonate, and by Ca2+ (714). Evidence indicates that inhibition of soluble 

adenylate cyclase impairs the rate of transcription in genes regulated in response to 

either mineralocorticoids or glucocorticoids. Sgk1 provides an example of a gene that is 

regulated activity by soluble adenylate cyclase-dependent signaling. Expression of sgk1 is 

substantially stimulated by cyclic AMP and mouse DCT cells (18, 271). Additional studies 

have provided evidence that soluble adenylate cyclase is involved in Rho/Rac signaling. 

Rac1 modulates cytoskeletal function and increases MR nuclear accumulation and MR 

dependent promoter activity (737)

Much less is known about the effect of mineralocorticoid stimulation on adenylate cyclase 

activity although evidence suggests that MR inhibits CREB signaling by calcineurin 

activation (296). In contrast, arginine vasopressin (AVP) has been shown to stimulate the 

expression of 11ß-HSD2. Since 11ß-HSD2 is important in conferring mineralocorticoid 
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specificity these data would suggest that vasopressin signaling may be important in the 

expression of this enzyme central to mineralocorticoid specificity. Additionally, PKA 

appears to modulate MR function (522). These investigators provided evidence that PKA 

modulated the transcriptional activity of MR using transient transfection assays. The 

analog 8-bromo-cyclic AMP stimulated at a hormone response element that was strictly 

MR dependent. Aldosterone and cyclic AMP analogues were synergistic in stimulating 

transcriptional activity (522). These authors concluded that PKA’s effect is indirect possibly 

by relieving the effect of an MR repressor.

The endothelial Na+ channel, MR, and arterial stiffness

Aldosterone acts directly on endothelial cells and VSMCs via an MR-mediated mechanism 

(111, 472, 496). Both cell types are heterogenous, but for simplicity will be discussed 

collectively. Endothelial cells also express an amiloride-sensitive, highly selective Na+ 

channel and MR activation contributes to arterial stiffness and thus an increase in systemic 

BP (447, 448, 583), Although the endothelial cell Na+ channel (EnENaC) has many 

properties in common with the classically characterized Na+ channel of epithelial cells 

there is evidence that the two should be regarded as distinct (152). Both channels are 

responsive to MC stimulation with increased activity however, suggesting a coordinated 

action of aldosterone on renal Na+ absorption and vascular reactivity to preserve BP or 

increase BP under pathological states (872). Sex differences in vascular responsiveness are 

also recognized (79). Recent reviews have provided an in-depth analysis of MR signaling in 

endothelial and VSM cells (93, 156, 177, 178, 183, 392, 532, 558, 872).

Non-genomic Mechanisms of Action of Aldosterone

Historically, aldosterone’s primary action was viewed to modulate the rate of gene 

transcription via MR, and most data suggest that MR expression is critical for the action 

of aldosterone.

Although rapid actions may be necessary molecular events for aldosterone’s action (a point 

that still deserves further study), the global loss of MR expression largely recapitulates 

the state of aldosterone deficiency (61). Moreover, transport studies of the early action of 

aldosterone show that this hormone does not produce consistent effects to increase Na+ 

absorption until ~ 60 to 90 minutes (780, 905).

Nevertheless, non-genomic effects of aldosterone have been reported to occur as early as 

two minutes following aldosterone exposure in VSMCs (133, 876). Rapid non-genomic 

effects include changes in Na+ transport, intracellular pH, Ca2+ levels, and reactive oxygen 

species (470, 537, 680). These effects occur too quickly to be explained by de novo 
protein synthesis, and they are not inhibited by blocking transcription and translation using 

actinomycin D or cycloheximide, respectively.

Some studies suggest that the non-genomic effects of aldosterone could be via MR (233). 

Aldosterone binding to MR can affect non-genomic signaling by activation of either the 

EGFR or the insulin-like growth factor-1 receptor (IGF-1R). An alternate route for non-

genomic effects of aldosterone passes through a G-protein coupled receptor, GPR30, which 
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was previously thought to bind solely estradiol (233, 291, 891). The non-genomic effects of 

aldosterone have been studied in both renal and non-renal tissue. For additional discussion 

of the extra-renal non-genomic effects, see (172, 891).

Early studies suggesting a rapid aldosterone-activation of G-coupled receptors via MR were 

conducted in MDCK cells. Gekle and coworkers noted that nanomolar concentrations of 

aldosterone induced a rapid increase in ERK1/2 activation and phosphorylation (253). This 

was accompanied by increases in intracellular Ca2+ that did not appear to be due to an 

increase in inositol-1,4,5-triphosphate (IP3). This increase was attributed to activation of the 

EGFR. Aldosterone resulted in increased phosphorylation of EGFR at tyrosine residues as 

detected by phospho-specific antibodies. In addition, increased intracellular Ca2+ resulted 

in cell alkalization. The increased cell alkalization occurred with minutes of application 

of aldosterone and was inhibited by ethyl isopropyl amiloride (EIPA), consistent with 

increased Na+/H+ exchange activity. The expression of EGF-R was induced in CHO cells 

by heterologous expression of human MR (444). Evidence suggests a role for aldosterone-

induced signaling through the tyrosine kinase cSrc, and direct MR binding to the gene 

encoding EGF-R by chromatin immunoprecipitation studies. EGF-R and MR have been 

reported to co-localize at the plasma membrane using florescence resonance energy transfer 

(FRET) (296). The inference was that this pathway of aldosterone signaling occurred via 

MR frequently relied on abrogation of the effect by MR antagonists. Whereas this is 

reasonable given our current knowledge, studies using independent methods to inhibit MR 

action such as RNAi would be informative.

Role of MR in Non-genomic signaling - transactivation of G-coupled receptors

Aldosterone is known to play both a physiological role and a pathophysiological role in 

the kidney and VSMC biology. Within the kidney it has been implicated as one of the 

mechanisms that accelerate the progression to chronic kidney disease (CKD). Unfortunately, 

few studies have examined this important issue in the kidney, but extensive studies have been 

done in the heart and vasculature.

Within the VSMC, the EGF signal transduction pathway appears to play a key role in 

mediating the actions of aldosterone. Specifically, treatment with low dose aldosterone 

(10−12 M) and low dose Ang II (10−10 M) significantly enhanced DNA synthesis, 

whereas each ligand by itself was without effect at these same concentrations (549). Not 

surprisingly, these effects were inhibited by the AT1 receptor blocker, olmesartan, and the 

mineralocorticoid receptor antagonist, spironolactone. Interestingly, this synergistic effect 

was blocked with the EGF receptor tyrosine kinase inhibitor, AG1478. Blockade of the 

EGFR also decreased the early activation of ERK1/2, suggesting that this tyrosine kinase 

signaling pathway might be rate limiting in terms of mediating the mitogenic effects of 

aldosterone in VSMC. Another important aldosterone-mediated phenomenon within VSMC 

that relies on EGFR-dependent signaling is the regulation of 12- and 15-lipoxygenase. These 

proteins are dioxygenase enzymes that are expressed within VSMC and they incorporate 

oxygen into unsaturated fatty acids such as arachidonic and linoleic acid. They have 

also been implicated in pathogenic VSMC signaling. Studies by Stern and colleagues 

found that aldosterone significantly increased the mRNA and protein levels of 12- and 
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15-lipoxygenase, and these effects were blocked with spironolactone and eplerenone (481). 

Moreover, this deleterious effect was blocked with AG 1478. Thus, these studies indicate 

that aldosterone contributes to lipid oxidation within VSMC and this action is EGFR-

dependent.

Transactivation of EGFR

EGFR is a member of the epidermal growth factor family (ErBb) and the receptor tyrosine 

kinase superfamily (RTK) (reviewed in (301)). EGFR is widely expressed throughout the 

mammalian kidney, including the glomerular mesangial cells, proximal tubule, cortical, 

outer, and inner medullary CD, and medullary interstitial cells (960). The protein itself 

is an integral membrane protein that consists of a globular, cysteine-rich, extracellular 

domain followed by a single transmembrane domain, and ends in a cytoplasmic domain. 

The cytoplasmic domain contains a protein tyrosine kinase core that is flanked by 

regulatory regions (713). EGF or other ligands will induce either homodimerization of 

EGFR or heterodimerization with another member of the ErBb family such as erbB3. 

Heterodimerization of the EGFR is thought to allow for a more nuanced cell signal cascade. 

The dimerization event causes autophosphorylation on the cytoplasmic side of the receptor 

where one or more tyrosines are phosphorylated. The phosphorylation of these tyrosine 

residues provides docking sites for cell signaling proteins, such as GRB2.

The ability of the EGFR signaling pathway to mediate the downstream actions of 

aldosterone is not limited to VSMC. Of interest, aldosterone stimulated glomerular 

mesangial cell proliferation through an EGFR-dependent mechanism (362). In this work, 

the authors found that aldosterone increases the levels of reactive oxygen species within 

glomerular mesangial cells and this leads to EGFR trans-activation. This trans-activation 

also was dependent upon the PI3-K/Akt signaling pathway. More recently, these authors 

demonstrated that activation of peroxisome proliferator-activated receptor-γ (PPARγ) 

inhibits the aldosterone-dependent transactivation of the EGFR in mesangial cells suggesting 

that PPARγ might be a novel therapeutic target against various glomerular diseases (955). 

Collectively, these reports underscore the intimate nature by which these signaling pathways 

are linked.

Interestingly, in the kidney, the EGF ligand, which is an integral membrane protein, is 

predominantly expressed on the apical membrane, whereas the receptor is present on 

the basolateral membrane (960). The EGF ligand extracellular domain binds to the EGF 

receptor and is cleaved by a cell-surface metalloprotease (301). This results in the EGF 

ligand in the lumen where it is present in the urine at concentrations up to 50 nM (960). 

This physical separation of the ligand from the receptor is thought to be another layer 

of regulation of the EGF-R. This review, however, focuses on the events that occur with 

transactivation of the EGFR with MR. In this model, no EGF ligand is involved in the 

activation of EGFR. Aldosterone binding to MR releases MR from the inhibitory heat shock 

proteins. Some of the complexed aldosterone-MR will not translocate to the nucleus and will 

briefly co-localize with EGFR at the cell membrane (296). This co-localization correlates 

the activation of the EGFR, which is thought to occur through the tyrosine kinase, c-Src 

(101, 294). However, the co-localization event only takes place in the short-term, only within 
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60 minutes of aldosterone exposure. Under conditions of prolonged aldosterone exposure, 

greater than or equal to 24 hours, the colocalization disappears and almost all of the MR 

translocates into the nucleus.

Transactivation of IGF-1R

Fewer studies have examined the effect of aldosterone to transactivate other G-coupled 

receptors. In studies by Holzman using the amphibian cell line A6 cells, application of 

aldosterone for 10 minutes (1.5μM) resulted in phosphorylation of the IGF receptor as 

detected by antibodies to the tyrosine 1131 phosphorylated IGF receptor (355). Aldosterone 

increased short-circuit current, an index of Na+ absorption, in A6 cells and this effect was 

blocked by inhibitors of PI3-K. In addition, a 10 minute exposure to aldosterone resulted 

in phosphorylation of Akt comparable to that observed with a 100 μmol IGF-1. These short-

term effects were not affected by the presence of actinomycin D although SCC measured 

after 48 hours was reduced. Notably, the effects could be blocked by either spironolactone 

(10 μM) or RU-486, (10 μM). The authors propose that aldosterone acting through a MR/GR 

heterodimer induced a rapid phosphorylation of IGF-1R, which acting through insulin 

receptor substrate-1 (IRS-1) activated PI3-K then PD K1/2. The latter subsequently was 

responsible for activation of both Sgk and Akt, leading to the activation of ENaC (355).

GPR30 as an alternate aldosterone receptor

Besides rapid effects of aldosterone that are sensitive to MR antagonists, some effects 

occur by mechanisms that are insensitive to spironolactone or eplerenone, and presumably 

mediated by molecules other than MR. Le Moellic et al. found that biotinylated aldosterone 

could trigger non-genomic events without entering the cell (463). The authors propose a 

possible alternate receptor for MR might exist at the plasma membrane. Other studies also 

indicated that MR may not be involved in all non-genomic effects of aldosterone. For 

example, in aldosterone-treated VSMCs nitric oxide synthase activity is increased via PI3-K 

dependent pathway that is not inhibited by MR antagonists (56, 489, 561). Gros et al. found 

the elusive membrane-associated receptor, called GPR30, was responsible for at least some 

of the non-genomic effects of aldosterone (291). GPR30 is a seven transmembrane domain, 

G protein-coupled receptor. It was first discovered as a plasma membrane receptor for 

17-β-estradiol. At present, the effect of aldosterone on GPR30 has been mainly studied 

in VSMCs. However, GPR30 is expressed in the DCT, connecting tubule, and inner 

cortical CD (349). In the presence of aldosterone, GPR30 stimulates the PI3-K dependent 

signaling pathway. This signaling pathway causes increased phosphorylation of ERK1/2 

and of myosin light chain (291). The phosphorylation of the latter may be the cause for 

contraction seen in rat aortic VSMCs (290). Interestingly, it appears that GPR30 also 

exerts a genomic effect on MR. As expression of GPR30 increases, the expression of 

MR decreases. However, currently it is premature to conclude that GPR30 is primarily 

responsible for any non-genomic effects by aldosterone. In his commentary on the article 

by Gros et al, Funder notes that the ability for corticosterone to act as an antagonist on 

GPR30, as it does for MR, has not been evaluated (233). A competition assay between 

corticosterone and aldosterone would be informative because the circulating concentration 

of corticosterone is conservatively, two orders of magnitude greater than that of aldosterone. 

Cheng et al. provided further evidence supporting the role of GPR30 in the kidney as 
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part of an aldosterone signaling pathway that acutely increased the phosphorylation of 

NCC by studies done in vivo and ex vivo within minutes. The effects were independent 

of transcription and translation but did not occur in the presence of high [K+]. Signaling 

appeared to involve MAPK/ERK, PI3/AKT, and cAMP/PKA pathways, and the effect 

was attenuated in GPR30 null mice (127). The phosphoproteomic, network analysis, and 

ancillary information from this work will likely be useful for complementary studies.

IGF and EGF signaling pathways

One arm of the signaling cascade that is caused by the transactivation of the EGFR is 

the MAPK cascade. This signaling cascade is found ubiquitously in mammalian cells and 

has been extensively studied (449). There are three different MAPK pathways that each 

consist of three “tiers,” with each tier phosphorylating the next. The three pathways are the 

classic MAPK (also known as ERK) pathway, the c-Jun N-Terminal Kinase/Stress Activated 

Protein Kinase (JNK/SAPK) pathway, and the p38 MAPK pathway. The latter two pathways 

are induced by stress. The most proximal portion of the cascade is the MAPK kinase kinases 

(MAPKKKs or MAP3Ks) a member of this family is the protein Raf. The kinases in this tier 

are activated by EGFR. The middle tier is the MAPK kinases or MAPK/Extracellular signal-

related Kinases (MEKs). The MEKs are regulated by serine/threonine phosphorylation by 

the MAP3Ks. The bottom tier is the MAPKs. These proteins act to promote transcription of 

genes via activation of transcription factors (356, 449).

Aldosterone activates the classical ERK pathway, which is a MAPK pathway (Figure 12). 

Aldosterone-activated MR binds EGFR to activate the Ki-RasA protein (35). K-RasA 

is a GTPase that is located at the plasma membrane. The active, GTP-bound form of 

Ki-RasA will recruit and activate via binding c-Raf1, a MAP3K protein (35). When 

A6 renal cells are exposed to aldosterone, both the protein abundance and activation of 

Ki-RasA are increased (825). Thus, aldosterone stimulates c-Raf1 through both genomic 

and non-genomic mechanisms. In both rat and human mesangial cells, aldosterone causes 

increases in c-Raf1 phosphorylation, but not protein, levels (362, 803). Detectable amounts 

of phosphorylation occur in as little as 30 minutes after aldosterone exposure and peak 

within six hours. This effect dramatically decreases to almost pre-treatment levels at 24 

hours, which correlates with the loss of MR co-localization with EGFR (296, 803). The 

triggering of the cascade quickly activates the MAPKKs followed by the MAPKs. The 

activation of both ERK1/2 (a MAPK) and MEK1/2 (a MAPKK) follows the same time 

course as c-Raf1 (803). The activation of ERK1/2 by aldosterone (via EGFR) has been 

shown in A6 renal cells, MDCK cells, human and rat mesangial cells, the medullary TAL, 

and renal cortical CD cells (362, 535, 562, 578, 803, 825). To date, only one in vivo 
study has been performed (747). The effects of low dose (150 μg/kg BW) and high dose 

(500 μg/kg BW) aldosterone introduced via intraperitoneal injection in rats were evaluated. 

After 30 minutes both doses showed increased levels of phosphorylated ERK1/2 in the 

glomerulus, peritubular capillary, TAL of Henle’s loop, outer medullary collecting duct, 

proximal straight tubule, inner medullar collecting duct, inner medullary vasa recta, and thin 

limb of Henle’s loop. Alternatively, GPR30 may cause this transactivation in some of these 

regions or that there is direct aldosterone binding/interaction with EGFR. This response was 
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dose-dependent with the animals receiving the high dose exhibited higher levels of ERK1/2 

phosphorylation than the low dose animals.

The other two pathways are thought to be activated in response to stress but are less 

well-studied in kidney cells. However, they are stimulated by aldosterone in other cell types 

(Figure 13). In podocytes and VSMCs, aldosterone can stimulate the p38MAPK pathway 

(101, 121). The JNK/SAPK pathway was activated in CHO cells by transfected human-MR 

(294). The JNK/SAPK pathway can also be activated via RhoA-GTPase activation in rat 

adrenomedullary cells (278). It is most likely that aldosterone-induced RhoA activation 

occurs via EGFR transactivation (393). However, it should be noted that in this model MR 

is overexpressed in the CHO cells. Therefore, it is possible that the JNK/SAPK pathway 

activation could be due to the excess of MR present in this study. Studies in a cell line that 

natively expresses MR should be informative.

Other pathways influence the ERK cascade. For instance, PKD1 is required to stabilize 

the ERK1/2 activation in renal cortical collecting duct cells (535). In mesangial cells, but 

not podocytes, Ki-RasA can activate the PI3-K pathway. PI3-K, through PKD1 activates 

AKT) (121, 825). One of the effects of Akt is to activate c-Raf1, which feeds into the ERK 

signaling cascade (825). Reactive oxygen species generation is required for activation of the 

MAPK cascade (362, 955). If an antioxidant or NADPH oxidase inhibitor is added, then 

activation of the pathway is abrogated.

Aldosterone is reported to bind the C2-domain of PKC α in rat CCD cells (19). At low 

aldosterone concentrations and in very short time periods (less than five minutes), PKC-α 
inhibitors, but not MR antagonists, block non-genomic events (517). Interestingly, PKC-α 
phosphorylates MR on serine and threonine residues (463). However, PKC-α does not 

phosphorylate the glucocorticoid receptor. The PKC pathway interacts with other pathways, 

as well. Inhibition of both general PKCs and PKC-delta blocked PKD1 activation in 

CCD cells. In summary, aldosterone is an important signaling molecule that mediates its 

physiological and pathophysiological actions via a number of different yet linked signaling 

pathways. Future studies that will determine the points at where these signaling pathways 

are rate-limiting will prove useful as they may have potential therapeutic implications.

Intracellular Ca2+ as a mediator of aldosterone action

In the proximal S3 segments of the kidney, aldosterone is reported to cause a dose-dependent 

increase in intracellular Ca2+ concentrations within one minute (470). The same holds true 

in both MDCK and CCD cells (254, 328). Pre-incubation with aldosterone for six minutes 

caused an increase of intracellular Ca2+ for an hour. Interestingly, spironolactone did not 

diminish the effect of aldosterone when pre-incubated for two or fifteen minutes, indicating 

this effect is unlikely to be mediated by MR. There is some evidence in M-1 CCD cells that 

the increase in Ca2+ concentration occurs in a PKC dependent mechanism, but the receptor 

mediating this effect is unclear (328).

Aldosterone modulation of transporter activity

Aldosterone causes an increase in pHi through non-genomic mechanisms (470, 517, 908, 

909). The increase in pHi in CCD cells is unaffected by spironolactone, but is reduced by 5’-
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(N-ethyl-N-isopropyl) amiloride (EIPA) and a PKC-α inhibitor (517). This increase appears 

due to insertion of ion pumps and exchangers at the plasma membrane. For example, the 

amount of H-ATPase protein in isolated collecting ducts at the apical membrane increases 

by 2–3 fold within 15 minutes of aldosterone exposure (909). Changes in activity of Na+/H+ 

exchangers may also contribute to this effect, as is the case with Na+/H+ exchanger 3 

(NHE3) in the medullary TAL. Aldosterone causes a 30% decrease in NHE3 activity, which 

causes inhibition of bicarbonate absorption, in an ERK1/2 dependent manner (273, 274, 

873). However, aldosterone does not universally cause a decrease in NHE3 activity in all 

regions of the kidney. For example, in renal proximal tubules aldosterone has been reported 

to cause an increase in NHE3 activity and membrane expression (176, 517).

Many of the pathways cause changes in expression, activity, and membrane presence of 

ENaC. Aldosterone treatment of CCD cells causes redistribution of ENaC subunits in the 

cytoplasm in a PDK1 dependent manner (537). Aldosterone may stimulate the activity and 

gating of ENaC, as well (338, 770, 772). In CHO cells transfected with α, β, and γ ENaC 

subunits, exposure to aldosterone causes an increase of ENaC activity by 3-fold (772). This 

occurs through a Ki-Ras to PI3-K dependent pathway and is largely independent of the 

MAPK pathway (770). Furthermore, it appears that PIP3 is required for this activation of 

ENaC in CCD and MDCK cells (338). It is unknown at this time if the pathway is dependent 

upon MR or GPR30. Undoubtedly, MR is involved in the pathway as PDK1 is required 

for the stable nuclear translocation of the receptor. The likely answer lies in the relative 

concentration of GPR30 and MR in the specific cell types and needs further investigation.

Cellular trafficking and ion transport in renal and non-renal tissue

Aldosterone mediates Na+ absorption via ENaC in other transporting epithelia that may 

have relevance to the action of aldosterone in the kidney. Na+ transport in distal airway 

and alveolar epithelia generates a net driving force to move fluid from the lumen of the 

lung into the interstitial space. This Na+ transport is mediated via ENaC and is tightly 

regulated throughout life in order to prevent the lungs from filling with fluid (860). The 

lung has a high degree of sympathetic innervation that is fully capable of generating cAMP. 

Studies using the human airway epithelial cell line, H441, found that cAMP induced a rapid 

and sustained increase in Na+ transport (812). This transport was abolished when the cells 

were pre-treated with inhibitors of either PI3-K or PKA. The early effect of cAMP on Na+ 

transport was Brefeldin A-sensitive and mediated via PKA. Thus, these results suggest that 

the early effect of cAMP is to increase trafficking of Na+ channels to the apical surface 

of the lung whereas the sustained effect is to mediate the de novo synthesis of α-ENaC. 

However, this effect appears to be independent of aldosterone.

Other non-classical aldosterone signaling mechanisms

There continues to be intriguing evidence that aldosterone may act by a non-genomic 

mechanism in the proximal tubule. Older studies by Hierholzer and colleagues suggested 

that aldosterone stimulated fluid transport in the proximal tubule (344). More recent 

studies suggested that aldosterone increases in NHE3 expression and function at the apical 

membrane of the proximal tubule under pathological conditions (cirrhosis) and in primary 

human cultured proximal tubule cells (176, 445). These aldosterone effects on Na+/H+ 
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exchange have been reported to occur within approximately 15 minutes and are blocked 

by RU-486 suggesting that they are receptor mediated possibly by the glucocorticoid 

receptor. However, Salyer and colleagues (690) provide evidence that aldosterone acts 

in the proximal tubule through the mineralocorticoid receptor. Using a well-respected 

antibody to MR (Gomez Sanchez) these investigators provided and IHC evidence in human 

and rat and mouse kidneys that MR was present in the cytoplasm of proximal tubule 

cells. Rats that were adrenalectomized exhibited decreased expression for MR and Na+-K+-

ATPase α-1 subunit and NHE1 in proximal tubule. The authors suggested that aldosterone 

modulates Na+ transport in proximal tubules via classic MR-mediated mechanism and 

SGK1 phosphorylation (690).

Role of Aldosterone in Salt-sensitive Hypertension

Aldosterone normally promotes a physiological homeostatic response to volume depletion 

via activation of RAAS. It contributes to salt dependent hypertension only to the extent 

that its activity is abnormally increased for the level of Na+ intake. This may reflect an 

inappropriate degree of aldosterone secretion by cells of the zona glomerulosa of the adrenal 

cortex for the degree of Na+ intake and renal circulatory filling pressure, or it may reflect 

an inappropriate and heighten renal response for a normal level of aldosterone relative to 

Na+ intake. Among the multiple mechanisms responsible for this sensing of appropriate 

aldosterone secretion and action, the enzyme 11ßHSD2 appears to be particularly important. 

(147)

As emphasized previously, aldosterone acts in multiple tissues, including the brain and 

vasculature, that contribute to fluid, volume, and BP homeostasis. In the brain a small 

group of neurons express the enzyme 11ßHSD2 which confers mineralocorticoid specificity 

to MR, including cells of the nucleus of the solitary tract (NTS), the subcommissural 

organ, and the ventromedial nucleus of the hypothalamus. (251) Furthermore, Evans et 

al. showed that conditional deletion of 11ßHSD2 in the brain stimulates salt appetite and 

increases systemic blood pressure in mice. They concluded that reduced 11ßHSD2 activity 

in the brain does not intrinsically cause hypertension, but it promotes enhanced salt appetite 

and results in a transition from salt resistance to salt sensitivity. (200) These findings are 

consistent with the studies of Elise and Celso Gomez-Sanchez who observed that infusion of 

glycyrrhizic acid or carbenoxolone at a sub-pressor systemic dose into the lateral ventricle 

of the brain produced hypertension and that the development of hypertension with oral 

administration of either glycyrrhizic acid or carbenoxolone was blocked by intraventricular 

infusion of the MR antagonist RU28318 at rates that did not affect blood pressure when 

administered subcutaneously.(268) Further work supported the role of a central benzamil 

sensitive mechanism. Whether benzamil affects a sodium channel in the brain similar to 

αβγENaC or has off-target action as it has in the kidney requires further study. (36, 269, 

548, 866)
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Enhanced mineralocorticoid effect: autonomous aldosterone production, 
hyperaldosteronism

The initial description of hyperaldosteronism by Conn (142–144) emphasized the potential 

for autonomous secretion of corticosteroids from the adrenal cortex and in particular 

aldosterone to produce profound hypertension as well as derangement of electrolytes 

with hypokalemia and metabolic alkalosis. However, the studies of Chobanian et al. 

suggest that a significant component of hypertension in early studies may reflect the 

compounding effect of dietary K+ depletion, per se, which exacerbated an underlying 

component of hyperaldosteronism. In these studies, Chobanian et al. measured exchangeable 

K+ as 42K, and observed a marked total body K+ deficiency in patients suffering 

from hyperaldosteronism. Nevertheless, when they examined the effect of aldosterone 

excess on total body K+ stores in normal individuals, they observed only a questionable 

decrease in total body K+ stores, not consistent with that observed in the patients they 

reported or with other cases of hyperaldosteronism. These observations suggest that the 

patients with hyperaldosteronism may have secreted adrenal corticosteroids other than 

aldosterone which provoked the K+ depletion. Equally likely, this select group exhibited 

exacerbation of their hyperaldosteronism by poor dietary K+ intake, and consequently K+ 

depletion (131). As noted previously, chronic metabolic balance studies examining the 

effect of mineralocorticoid excess (either DOC or aldosterone) consistently demonstrate the 

development of hypokalemia in the absence of discernible evidence of negative K+ balance.

The incidence of hyperaldosteronism, initially proposed to be a major explanation for 

hypertension by Cohn, was subsequently found to be relatively infrequent cause of 

hypertension. However, with the advent of more accurate, reliable, and available assays 

of aldosterone activity, and the more frequent use of screening tests such as the aldosterone 

to renin ratio, there was a renewed interest in aldosterone’s contribution to hypertension 

in the general population. Most recent estimates indicate that a substantial portion 

of hypertensive patients, estimated to be between 5–13%, exhibit hyperaldosteronism. 

Moreover, the frequency of patients with hyperaldosteronism increases with the severity 

of the hypertension (879). Clearly, excessive aldosterone production relative to dietary Na+ 

intake can yield severe hypertension, with all the consequences of stroke, progressive heart 

and kidney failure that attend thereto.

Enhanced mineralocorticoid effect: defective inhibition of aldosterone action

In clinics focused on the treatment of patients with difficult to manage or refractory 

hypertension, defined as systemic hypertension in the presence of three antihypertensive 

medicines in a compliant patient, a significant number of patients will exhibit the features 

of hyperaldosteronism, but without biochemical evidence of excess aldosterone production. 

In such cases, treatment with an aldosterone antagonist frequently results in gratifying and 

dramatic reduction in systemic BP.

Thus, such patienťs exhibit a state of apparent mineralocorticoid excess. The original report 

of the patients with apparent mineralocorticoid excess lead to the discovery that local 

corticosteroid metabolism by 11β-HSD was important to prevent inappropriate activation of 

MR by cortisol. However, deficiency of 11β-HSD is infrequently found to be the explanation 
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for the refractory hypertension. This raises the question as to the cause of the hypertension 

in patients responsive to spironolactone or eplerenone but with apparently normal plasma 

aldosterone or rates of adrenal aldosterone secretion. Experimental evidence indicates that 

aldosterone’s action in IMCD cells, a major target site for the action of aldosterone, activates 

genes whose products would act to restrain the action of aldosterone, and in particular ET-1 

which acts, as noted below, to inhibit the action of aldosterone to promote Na+ retention. 

Hence defects in the action of this (or additional) inhibitory pathway(s) would be predicted 

to exhibit a high degree of sensitivity to aldosterone. Further study of the downstream 

signaling pathways that act to restrain inappropriate aldosterone-mediated Na+ absorption or 

vasoconstriction in epithelial and vascular tissue, respectively, may be rewarding.

Clinical Trials involving MR blockade & Challenges

There has been a resurgence of interested in aldosterone’s mechanism of action due 

to clinical trials that have demonstrated as much as a 30–40% reduction in all-cause 

mortality in selected high risk populations, notably patients with significant heart disease, 

by the addition of modest doses of aldosterone antagonists or mineralocorticoid receptor 

blockers (MRBs), starting with the Randomized Aldactone Evaluation Study (RALES). As 

noted by Jassier and colleagues (387), there are both experimental and clinical evidence 

that mineralocorticoid blockade reduces mortality in patients with severe cardiac systolic 

dysfunction, in which most studies have been conducted. There is also evidence that 

mineralocorticoid blockade may reduce proteinuria and the progression of CKD (65, 134, 

135). As discussed below, recent studies further support the benefit of MR blockade as a 

strategy to slow the progression of CKD. Although there are more than 600 randomized 

clinical trials that pertain to the clinical aldosterone action, two have had large effects 

on the practice of clinical medicine, have been validated by additional studies, and have 

implications for the future (630, 632–634).

The RALES studied the effect of low-dose spironolactone on all-cause mortality in 1663 

patients with moderately severe heart failure (634). The patients involved in this study 

were recruited from 195 centers in 15 countries and were given either spironolactone or 

placebo treatment. Patients receiving spironolactone treatment showed a 35% reduction in 

the frequency of hospitalization for worsening heart failure and a 30% in the risk of death 

compared to the placebo group (634). The Eplerenone Post-AMI Heart Failure Efficacy 

and Survival Study (EPHESUS) examined whether a more selective mineralocorticoid 

antagonist, eplerenone, reduced all-cause mortality in patients suffering an acute myocardial 

infarction with attendant left ventricular dysfunction in approximately 6500 individuals. 

The investigators reported significant reduction in all-cause mortality and death from 

cardiovascular disease in patients treated with up to 50 mg per day eplerenone (633).

Both trials were double-blind placebo-controlled studies that effectively demonstrated the 

beneficial effect of modulating mineralocorticoid activity in patients with significant systolic 

heart failure, but patients with severe renal disease were excluded. The striking benefit 

in survival by addition of an MRB is particularly notable since most of these individuals 

(~85%) were on other medicines to inhibit the RAAS system. Careful adjustment of 

medicines in these studies resulted in minimal hyperkalemia during the study. With the 
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publication of this study, however, there was a rapid increase in the rate of prescriptions 

for spironolactone, and a significant increase in the rates of hospital visits for hyperkalemia 

(403, 910). Other studies suggest that the beneficial effect of mineralocorticoid blockade 

may extend to other patient populations including those with preserved systolic function, 

diabetes mellitus or CKD and also occurs with newer nonsteroidal mineralocorticoid 

blockers (214, 632). The consequence of increased reliance on mineralocorticoid receptor 

blockers (MRBs) raises the question whether the benefit of mineralocorticoid blockade on 

the overall risk of cardiovascular disease and mortality persist with the development of mild 

to moderate hyperkalemia, and if so at what point does the risk of hyperkalemia outweigh 

the benefit of MRB therapy. Subsequent studies have confirmed the robust risk benefit of 

MRB therapy, at least in selected populations (632), so it will be important to see whether 

the benefit of MRB therapy can be extended to patients with CKD or more generally to 

individuals with minimal cardiac, renal, or other organ pathology. Thus, further studies are 

needed to determine whether the beneficial effect of MRB treatment outweighs the intendent 

hyperkalemia that often results as a consequence of this therapy.

The Prevention And Treatment of Hypertension With Algorithm based Therapy 

(PATHWAY)-2 study of resistant hypertension found that spironolactone was more effective 

at reducing BP than the α1-adrenoceptor blocker doxazosin, the β1-adrenoceptor blocker 

bisoprolol, and placebo treatment (897). This was the first randomized controlled trial 

to compare different BP-lowering treatments in patients with resistant hypertension. 

This study was also the first to compare an MRB with sympathetic nervous system 

blockers. A subsequent study assessed the mechanisms that were behind the effectiveness 

of spironolactone over other treatments in 314 patients with resistant hypertension. 

Spironolactone reduced thoracic fluid index greater than any other treatment and showed 

a reduction in clinic systolic and diastolic BP similar to amiloride (898). From these results, 

the authors suggested that blockade of the MR by spironolactone ameliorates the symptoms 

of salt retention and resistant hypertension.

A number of novel, non-steroidal MRBs have been used in clinical trials with the intent to 

reduce the risk of hyperkalemia associated with steroidal MRBs, specifically apararenone, 

esaxerenone and finerenone (437). Apararenone (also known as MT-3995) is a long-acting 

non-steroidal MRB that has selective antagonist activity on MRs (564). Although clinical 

studies using this MRB are scarce, the pharmacokinetic (PK) and pharmacodynamic (PD) 

profiles of apararenone in both single and multiple doses were tested in 223 healthy adults 

across a series of three, phase I randomized, double-blinded, placebo-controlled studies. 

The first study investigated the effects of food, sex, age and race on the PK of a single 

dose of apararenone while also examining the safety, tolerability and PK of both single 

and multiple doses in Black and Caucasian men and women. The second study involved 

Japanese men taking a single oral administration of apararenone at different doses while 

determining safety and PK. The third study involved healthy Caucasian male volunteers 

and determined the PD effects of single oral doses after administering fludrocortisone. This 

study also used eplerenone as a randomized, open-label, active control, and examined the 

safety and tolerability of apararenone. Overall, the decrease in urinary Na+/K+ that is seen 

after fludrocortisone loading is suppressed with apararenone. In addition, the authors found 

that food, sex, age, and race did not have a noticeable effect on PK. The studies supported 
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the mechanism of action of aparenenone as an MRB, providing a solid basis for more 

clinical studies involving the drug.

Esaxerenone (also known as CS-3150) has a binding affinity for MR that is greater than 

1000-fold higher than GR, androgen and progesterone receptors (865). There are a number 

of research studies in animal models of hypertension that have shown antihypertensive 

effects of esaxerenone treatment (22, 24, 70, 476). The beneficial effects of esaxerenone 

treatment in preclinical studies can also be seen with improved renal function (23, 

24, 70, 476). In clinical studies, esaxerenone has been used as an intervention for the 

treatment of different cardiovascular diseases. In two different studies, patients with essential 

hypertension were given differing doses of esaxerenone, eplerenone or placebo for 12 

weeks. Both studies saw decreases in sitting and ambulatory BP compared to baseline, with 

dose-dependent decreases apparent after esaxerenone treatment(381, 382). These reductions 

in BP were observed while the incidence of adverse events were similar across all groups. 

Patients with type 2 diabetes and renal dysfunction were also treated with esaxerenone, 

and showed reductions in urinary albumin/creatinine ratio in addition to reduced BP (382, 

383). The men and women with type 2 diabetes in these two studies were Japanese, so 

more work is needed in different patient populations with diabetes to reinforce these results. 

Nevertheless, esaxerenone appears to have beneficial effects as a non-steroidal MRB.

Finerenone, a nonsteroidal MR antagonist (also known as BAY 94–8862), has a high binding 

affinity for MR and its selectivity for MR is over 1000-fold higher than other steroid 

receptors (437, 790). This MRB has been used in multiple studies over the years in an 

effort to find an MRB that is safe to administer without the side effects of hyperkalemia. 

A study by Pitt et al. examined the safety and tolerability of finerenone in men and 

women with heart failure and reduced left ventricular ejection fraction and a mild or 

moderate case of CKD. Administering 5 or 10mg of finerenone led to a reduction in brain 

natriuretic peptide and urinary albumin/creatinine ratio while showing a lower incidence 

of hyperkalemia and impaired renal function (631). In older male and female patients 

with diabetic nephropathy, finerenone again resulted in a dose-dependent reduction in 

urinary albumin/creatinine ratio with no significant difference in adverse events compared to 

placebo treatment. This decrease in urinary albumin/creatinine ratio also occurred without 

any significant change in systolic or diastolic BP (45). Japanese patients with chronic heart 

failure, diabetes and/or CKD showed a decrease in N-terminal pro-B-type natriuretic peptide 

while displaying similar levels of safety compared to eplerenone (704). A network meta-

analysis examining the efficacy and safety of different MRBs used in treating patients with 

heart failure with an ejection fraction no more than 45% found that using finerenone had the 

highest probability of acting as the best alternative among MRBs (932). BLOCK-CKD, a 

phase 2, randomized, double-blind, placebo-controlled, multicenter study, has been recently 

announced to assess the non-steroidal MRB KBP-5074 for treating treatment-resistant and 

uncontrolled hypertension in patients with moderate-to-severe CKD (43).

As noted previously and discussed below, finerenone significantly reduced proteinuria and 

the progression of CKD in a randomized double-blind multi-center study of 5734 patients 

with CKD and type 2 diabetes mellitus that were all treated with RAAS blockers. At month 

4 the finerenone treated group had a 31% greater reduction in urinary albumin-to-creatinine 
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ratio than the placebo group. However, the reduction in blood pressure attributable to 

finerenone was modest, amounting to mean systolic blood pressure reduction of 3.0 mmHg 

at month 1 and 2.1 mmHg at month 12. Whether this reduction in proteinuria despite 

only modest effects on systolic blood pressure reflects an action of MR blockage to alter 

cellular physiology of the ASDN, the podocyte, or other MR sensitive targets awaits further 

investigation.

Overall, such results are encouraging and show great promise, particularly in patients with 

high-risk of cardiovascular disease and CKD, but more work is needed in other populations 

to determine the safety and efficacy of these newer therapeutic options.

The role of aldosterone antagonists in the treatment of CKD

CKD is a major health care problem in the United States with current estimates of 

approximately 15% of the population or 37 million people afflicted with this condition. 

Unfortunately, the majority of individuals (~ 90%) are unaware that they have CKD and 

only 50% of patients with severe kidney disease are aware of their condition. The two most 

frequent causes of CKD are systemic arterial hypertension (high BP) and diabetes mellitus. 

(https://www.niddk.nih.gov/health-information/health-statistics/kidney-disease; and https://

www.cdc.gov/kidneydisease/publications-resources/2019-national-facts.html). Until recently 

the mainstay for the treatment of CKD has been the treatment of hypertension and the use 

of RAAS blockade, starting with the studies of Lewis et al. (475) with ACE inhibitors and 

subsequently the RENAAL study using angiotensin receptor blockers (ARB). These studies 

demonstrated the superiority of RAAS blockade to slow the progression of kidney disease 

and reduce proteinuria (as an index of renal damage) over antihypertensive therapy that did 

not inhibit the renin-angiotensin-aldosterone system. Pharmacological inhibition of RAAS 

therefore became the standard of care and the benefit of the additional pharmacological 

intervention required comparison to the standard of care.

MRBs have also been used as a treatment option in patients with CKD. A meta-analysis 

and review of randomized trials performed by Ng et al. examined a total of 1581 patients 

across 29 trials. MRBs were able to lower systolic and diastolic BP overall, but there was 

insufficient data at the time to perform meta-analyses of other cardiovascular effects. The 

systematic review of the studies consistently found an increase in serum K+ (571). A similar 

finding was also seen in a study examining the safety and efficacy of spironolactone on 

patient-centered cardiovascular and renal endpoints. Using 693 patients in stage 3–4 of 

CKD that took spironolactone compared with 1386 who did not use spironolactone, those 

that took the MRB had a lower incidence rate of ESRD and a higher incidence rate for 

hyperkalemia (926). It is clear hyperkalemia is a major risk factor in CKD (369), so the 

use of MRBs to treat cardiovascular and cardiorenal diseases should assess this risk also for 

clinical trials moving forward.

Recently, several double-blind placebo-controlled trials have demonstrated benefit of 

selective endothelin blockers (335), SGLT2 inhibitors (128) and the nonsteroidal aldosterone 

antagonist finerenone (43, 44). In the study of finerenone, 5734 patients with type II diabetes 

mellitus were randomized to receive finerenone or placebo. All patients were treated with 

RAAS blockade that was maximized prior to randomization. All patients had proteinuria 
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and the primary composite endpoint, assessed by the time to event analysis, was kidney 

failure a sustained decrease of at least 40% and estimated GFR, or death from renal 

causes. Secondary composite outcomes included death from cardiovascular causes, nonfatal 

myocardial infarction, nonfatal stroke or hospitalizations for heart failure. The median 

follow-up was 2.6 years and 504 of 2833 patients (17.8%) in the finerenone group had a 

primary outcome event. In comparison, 600 out of 2841 patients (21.1%) of placebo had 

a primary outcome event. Both primary and secondary outcomes were significantly less in 

the finerenone-treated group compared with placebo. The overall incidence of hyperkalemia-

related discontinuation of the trial regiment was greater in the finerenone group (2.3% 

versus 0.9%, respectively), and patients treated with finerenone had a greater average serum 

K+ than did patients treated with placebo, with a maximal difference of 0.23 mEq/l at month 

4, which persisted throughout the study. Although all-cause mortality was not significantly 

reduced in the finerenone group, all primary and secondary outcomes, except for nonfatal 

stroke, were in favor of finerenone treatment. The authors concluded that in patients with 

type II diabetes treatment with finerenone resulted in lower risk of CKD progression and 

cardiovascular events than placebo. This well conducted study provides clear evidence 

that the pharmacological intervention was beneficial in this patient population despite a 

greater incidence of discontinuation of trial regiment from hyperkalemia. Collectively, the 

study provides convincing evidence for the benefit of MR blockade in this population. 

Comparison of MR blockade versus other pharmacological treatment for slowing CKD will 

be informative.

Summary and Future Directions

Despite more than 50 years of study, our knowledge of the precise mechanisms of action 

of aldosterone within the kidney, as well as in other target tissues still demands substantial 

further investigation if we are to fully appreciate the role that this most important and potent 

adrenal corticosteroid serves in both health and disease. Whether a core set of immediate 

aldosterone-responsive genes exist across multiple cell type that can be considered a unique 

“mineralocorticoid responsive signature” will require further study. However, it is becoming 

progressively clear that not all of aldosterone’s actions are mediated by a single receptor, 

classically viewed as the MR. Variants for the human mineralocorticoid receptor are known 

to exist, but the precise role or roles of these separate isoforms warrant further investigation. 

Moreover, aldosterone regulation in distinct tissues and cell types may be further modified 

by cellular metabolism, substrate availability, and circadian clock function. The interaction 

of MR isoforms or heterodimers of MR:GR with various plasma membrane receptors to 

elicit distinct signaling cascades also deserves further investigation, as is the importance 

of establishing whether aldosterone binds directly to plasma membrane receptors that are 

distinct from the nuclear receptor superfamily. The role of aldosterone and MR to regulate 

gene expression through long-range interactions involving non-coding mRNAs, may prove 

to be a very fruitful area of investigation. More research in this area can help integrate 

what is ostensibly a bewildering array of mechanisms and signaling pathways, including cell 

metabolism and circadian clock regulation, into a more cohesive and understandable model.

The future for clinical research dealing with mineralocorticoid antagonist also will likely 

continue to provide great insight. With the development of potent inhibitors of the RAAS 
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system we have come to understand the benefits of RAAS blockade to attenuate the 

development of hypertension, and the progression of cardiovascular and renal disease. 

Critical issues to consider are whether the benefits of mineralocorticoid antagonists will 

result in reduction in all-cause mortality or slowing the progression of renal disease, 

as recent studies have shown in select populations, despite the presence of significant 

hyperkalemia, and what level of hyperkalemia in patients with high risk for progression to 

CKD and ESRD can be safely tolerated. Such information would provide the clinician with 

the assurance that MRB therapy is beneficial and justified as a therapeutic option. In this 

regard, the role of novel aldosterone antagonists that do not directly block MR mediated 

transcription should be compared to classic MRBs, preferably in large clinical studies 

that can assess the effects of each agent on all-cause mortality, as well as on composite 

and specific outcomes. Higher order structural information about MR, particularly the 

holoreceptor complex and its interaction with DNA, co-activators or co-repressors, and other 

transcription factors will allow for more rational drug design. The future of research into this 

most potent corticosteroid will need to take note of these facts if we are to provide safer and 

healthier recommendations for the general population.
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Figure 1: Mineralocorticoid and Glucocorticoid synthesis pathways.
Enzymes involved in pathway reactions are in bold
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Figure 2: The adrenal gland.
The adrenal cortex is made up of three layers: the outermost layer is known as the zona 

glomerulosa and is the main area for mineralocorticoid production. The middle layer of the 

cortex is called the zona fasciculata, and mainly synthesizes glucocorticoids. The inner layer 

of the cortex is known as the zona reticularis, and this section produces androgens. The core 

of the adrenal gland is known as the adrenal medulla, which is the site of catecholamine 

production.
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Figure 3: The renin-angiotensin aldosterone system (RAAS).
In response to a decrease in blood volume, BP decreases, which elicits a response from the 

kidney to increase BP. This renal response is mediated by the production and secretion of 

renin by the juxtaglomerular cells in response to decreased arterial pressure sensed by renal 

baroreceptors and decreased luminal NaCl concentration sensed by the macula densa. The 

enzyme renin cleaves angiotensinogen, also known as renin substrate to produce angiotensin 

I, which is further processed to angiotensin II. Angiotensin II increases blood volume by 

two mechanisms: directly constricting systemic and renal arteries and arterioles, and by 

stimulating the production of aldosterone from the adrenal gland. The subsequent increase 

in vascular resistance and the NaCl and water reabsorption restores blood volume and BP 

toward normal and reduces RAAS activity.
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Figure 4. Steroid-binding properties of the human mineralocorticoid receptor (MR) expressed in 
cultured cells.
(A) Scatchard analysis of tritiated aldosterone binding in extracts prepared from pRShMR-

transfected COS cells (B and C) Competition of unlabeled steroids for binding with 5 nM 
[3H] aldosterone in transfected COS cell extracts Abbreviations: Aldo, aldosterone, Doc, 

deoxycorticosterone; Dex, dexamethasone; Spiro, spironolactone; E2, 17β-estradiol; CS, 

corticosterone; HC, hydrocortisone; and Prog, progesterone. Figure adapted from Arriza et 

al (28).
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Figure 5: Cellular Mechanisms of Na+ and K+ Transport in the Aldosterone-sensitive Distal 
Nephron (ASDN).
The ASDN, consisting of the late distal convoluted tubule (DCT2), the connecting 

(CNT) and initial collecting tubule (ICT), and the collecting duct (CD), express 

the mineralocorticoid receptor (MR) and the high affinity enzyme 11ß-hydroxysteroid 

dehydrogenase type 2 (11ß-HSD2) which oxidizes cortisol to cortisone and is important 

in conferring mineralocorticoid specificity to the ASDN. Na+ reabsorption occurs 

predominantly by the electroneutral NaCl cotransporter in the DCT2, with progressive 

increasing the proportion of electrogenic Na+ absorption occurring in the CNT, ICT and 

CD. K+ in the ASDN is secreted by two classes of K+ channels, inwardly-rectifying K+ 

channels (Kir1.1; also known as the renal outer medullary channel or ROMK) and large 

conductance Ca2+-activated K+ channels (also known as BK or Maxi-K channels). The 

apical KCl cotransporter in principal cells is involved in non-conductive K+ secretion. K+ 

absorption is an active process driven by an apical HKα1 H+K+-ATPase and basolateral K+ 

channels in intercalated cells and in the principal cells by HKα2 H+K+-ATPase (not shown). 

The ~ symbol indicates an ATPase.
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Figure 6: Stimulation by aldosterone of active sodium transport across the toad bladder in vitro.
Experiments performed on paired membranes. The serosal surface of one bladder half was 

exposed to aldosterone and the corresponding half served as control. Eight toads had been 

maintained in distilled water, eight in saline, prior to these incubations. Figure adapted from 

Crabbé et al (146).
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Figure 7: Effect of aldosterone on urine Na excretion.
Results of a representative clearance experiment. Urine sodium excretion (UNaV), urinary 

Na:K concentration ratio (Una/UK), and glomerular filtration rate (GFR) are graphed over 

time before and after intravenous aldosterone (arrow). Adapted from Wingo et al (905).
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Figure 8: Effect of low versus high mineralocorticoid levels on paracellular chloride (Cl−) 
permeability and conductance.
The low tissue conductance in response to high mineralocorticoid stimulation correlates with 

a high resistance. At low mineralocorticoid levels, tissue conductance increases to modest 

levels.
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Figure 9: The role for the renal aldosterone endothelin feedback system (RAEFS) on 
mineralocorticoid-stimulated Na+ retention.
Normal mice are shown in black lines and squares. Mice not expressing ET-1 in the 

collecting duct (CD ET-1 KO) are shown in dashed lines and open circles. Normal mice 

exhibit transient Na+ retention before escaping from progressive positive Na+ balance. CD 

ET-1 KO fail to undergo aldosterone escape, with persistent positive daily Na+ balance. 

Daily Na+ balance over days 1–19. Solid lines are controls, and dotted lines are CD ET-1 

KO. Control, n = 9; CD ET-1 KO, n = 6. Data is shown as means + SE. In B, *P < 

0.05 within control, day 1 vs. days 2, 3, 6, and 7, Tukey's test; †P < 0.05 within control, 

day 11 vs. days 9–12 and 14–19, Tukey's test; ‡P < 0.05, significant effect of genotype, 

repeated-measures ANOVA. Adapted from Lynch et al (506).
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Figure 10: Diagram of a theoretical renal aldosterone-endothelin feedback system (RAEFS) in 
the collecting duct.
In response to a low Na+ intake, high aldosterone levels activate mineralocorticoid receptors 

(MR), but the production of endothelin-1 (ET-1) is attenuated by reduced distal luminal 

Na+ delivery and flow. Consequently, ET-1 mediated inhibition of ENaC in the collecting 

duct (CD) is reduced and the CD is poised to enhance Na+ absorption. When aldosterone 

is inappropriately high for the dietary Na+ content, high luminal Na and flow serve to 

enhance aldosterone mediated ET-1 activity which reduces Na absorption. Evidence for a 

sex-dependent natriuretic effect of ET-1 via endothelin A (ETA) receptors has been shown 

previously by Nakano et al (565). Dashed line indicates attenuation of pathway. UNaV, 

urinary sodium excretion; ETB, endothelin B receptors; NOS1, nitric oxide synthase 1; NO, 

nitric oxide.
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Figure 11. 
Summary of principal results of simultaneous microperfusion experiments (distal tubular 

potassium secretion, JK, top) and clearance experiments (urinary flow rate, V, and potassium 

excretion, UKV, middle and lower, respectively) in each of the five experimental groups 

studied. The conditions prevailing in each group are shown at the bottom of the figure: N 
represents normal (for plasma K+), or basal (for hormone levels). ALDO, aldosterone; DEX, 

dexamethasone. Adapted from Field et al (213).
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Figure 12: Molecular pathways through which aldosterone can stimulate ENaC.
Mineralocorticoid receptor (MR) activation by aldosterone leads to stimulation of the 

epidermal growth factor receptor (EGFR). Stimulation of EGFR lead to multiple 

cascading pathways, including the mitogen activated protein kinase (MAPK) and the 

phosphatidylinositol 3-kinase (PI3-K) pathways. The MAPK pathway leads to an inhibition 

of ENaC by the ERK1/2, reducing Na+ reabsorption and promoting urinary Na+ excretion. 

The PI3-K pathway leads to the stimulation of ENaC through the synergistic inhibition 

of the ubiquitin ligase Nedd4-2 by MR transcription products SGK1 and GILZ. GILZ 

can also inhibit the ability of the MAPK pathway to inhibit ENaC by inhibiting Raf1 (c-

Raf). Black arrows indicate direction of pathways. Blue arrows indicate aldosterone-bound 

MR relocating to the nucleus. Green arrows indicate MR transcription products. ENaC, 

epithelial sodium channel; GILZ, glucocorticoid-induced leucine zipper; SGK1, serum- 

and glucocorticoid-induced kinase 1; PKB, protein kinase B (also known as Akt), PTEN, 

Phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase; mTORC2, mammalian target of 

rapamycin complex 2, PDK1/2, phosphoinositide-dependent kinases 1 and 2; ERK1/2, 

extracellular signal-regulated kinases 1 and 2; MEK, MAPK/ERK kinase or mitogen-

activated protein kinase kinase (MAPKK).
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Figure 13: Other pathways stimulated by aldosterone and mineralocorticoid receptor (MR) 
activation.
MR activation by aldosterone leads to stimulation of the epidermal growth factor receptor 

(EGFR), either on its own or through activation of c-Src. Stimulation of EGFR leads to 

multiple cascading pathways, including the MEK/ERK and PI3K pathways (Figure 12), 

along with the JNK/SAPK pathways. MR-induced activation of c-Src can also lead to the 

activation of p38MAPK, a kinase pathway commonly known to be induced by cell stress 

or inflammatory cytokines. MAPK, mitogen activated protein kinase; ERK, extracellular 

signal-regulated kinase; MEK, MAPK/ERK kinase or mitogen-activated protein kinase 

kinase (MAPKK, also known as MKK); MEKK, map kinase kinase kinase; PI3-K, 

phosphatidylinositol 3-kinase. JNK/SAPK, c-Jun NH2-terminal kinases/stress-activated 

protein kinase; TGFβR, Transforming growth factor ß receptor.
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