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Abstract
In recent years, our understanding of the physiology of the aldosterone-sensitive distal nephron (ASDN) has greatly advanced 
thanks to the discovery of the complex with-no-lysine kinase (WNK) signaling and the molecular characterization of the 
epithelial sodium channel (ENaC). A series of studies, initially focused on rare tubulopathies such as Gordon and Liddle 
syndromes, eventually led to a partial elucidation of the so-called “aldosterone paradox”, the traditional explanation of the 
physiology of such disparate conditions such as hyperkalemia and low effective arterial blood volume. The physiology of 
the ASDN is herein illustrated in light of the novel acquisitions in an easy-to-understand fashion, with the aim of giving the 
practicing nephrologist a solid “first glance” into this exciting but challenging field. Focus is on ion channels and transport-
ers, their regulation by key hormones such as aldosterone and angiotensin II, and dietary implications.
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Introduction

In the last 30 years, two intertwined fields of research in 
renal physiology have greatly expanded our knowledge of 
potassium and sodium handling by the kidney. These novel 
insights arose from seminal observations, respectively in 
the early 1990s and the early 2000s: on the one hand, the 
discovery of the epithelial sodium channel (ENaC) molec-
ular composition by the groups of Rossier, Lifton [1, 2] 
and Lingueglia [3], on the other hand the identification of 
with no lysine kinases (WNKs) mutations leading to an 
extremely rare Mendelian tubulopathy characterized by 
volume-dependent hypertension and hyperkalemic meta-
bolic acidosis (pseudohypoaldosteronism type-2 or Gor-
don’s syndrome) [4]. These acquisitions and the ones that 
followed helped to fully or partially explain not only the 
pathophysiology of other rare monogenic tubulopathies, 
but also of common pathologic conditions as well as the 
physiology of sodium and potassium handling in the distal 
nephron. Altogether, these insights helped overcome the 
traditional view that held aldosterone as the sole respon-
sible of potassium secretion and sodium reabsorption in 
the aldosterone-sensitive distal nephron (ASDN), a view 
that could not explain the different handling of potassium 
and sodium in high aldosterone states as diverse as hypo-
volemia and hyperkalemia, the so-called “aldosterone 
paradox”.

In this review, modern views of potassium and sodium 
renal pathophysiology will be examined, encompassing 
the molecular mechanisms in the kidney and the gut, the 
gut–kidney axis, and the circadian rhythm of kaliuresis, 
along with dietary implications of these new concepts.

The aldosterone paradox

Aldosterone has traditionally been appreciated as the key 
regulator of the physiologic response to two extremely 
different conditions: hypovolemia and hyperkalemia. 
Indeed, both conditions stimulate aldosterone secretion. 
However, the response to hypovolemia is salt retention 
without increased potassium excretion, while the response 
to hyperkalemia is increased potassium excretion without 
salt retention. This is commonly referred to as “the aldos-
terone paradox”, an expression which assumes that the 
same hormone mediates different effects in two different, 
irreconcilable scenarios. Thus, a single hormone would 
be responsible of sodium reabsorption and potassium 
secretion, although variations of sodium and potassium 
balance can still occur independently. The first objection 
to this view is that during hypovolemia, angiotensin II 

(AII) levels are also elevated, which is not the case of 
hyperkalemia, thus highlighting the possibility of a direct 
action of AII in blunting aldosterone-dependent potassium 
excretion while maintaining sodium retention. The second 
objection is that aldosterone-mediated potassium-lowering 
actions have a slow onset of action and would not prevent 
a normal-high dietary potassium load from causing hyper-
kalemia if aldosterone were the only regulator at play [5].

The discovery of the differential expression of sodium 
and potassium channels along the distal nephron and the 
modulation of complex kinase pathways signaling by dif-
ferent stimuli shed light on this paradox. Before offering 
an integrative view of sodium and potassium handling 
in different physiological/pathophysiological conditions 
and dietary patterns, the distribution and regulation of 
sodium and potassium channels in the distal nephron will 
be reviewed.

The aldosterone‑sensitive distal nephron

The distal nephron is comprised of the distal convoluted 
tubule (DCT), the connecting tubule (CNT) and the col-
lecting duct (CD). Only principal-like cells in the late 
DCT, i.e. the DCT2 cells, the CNT and the cortical collect-
ing duct (CCD) are aldosterone-sensitive, thereof the defi-
nition of ASDN for this particular portion of the nephron 
(Fig. 1). The aldosterone-sensitivity is determined by the 
cellular expression of both the mineralocorticoid receptor 
(MR) and the enzyme 11β-hydroxysteroid dehydrogenase 
type 2 (11BHSD2), which converts cortisol to cortisone, 
thus preventing cortisol from occupying MR [6, 7].

Sodium channels: distribution, regulation 
and activity

Six to 10% of filtered sodium is reabsorbed in the DCT 
and CNT, while the CD handles about 1% [8]. In the early 
portion of DCT, i.e. DCT1, which is not aldosterone-
sensitive, sodium is reabsorbed via the sodium chloride 
cotransporter (NCC), which is thiazide-sensitive [9]. In the 
principal-like cells in the DCT2, sodium is reabsorbed via 
both NCC and ENaC, whereas principal cells in the CNT 
and CCD only express ENaC (Fig. 1) [10]. In type B inter-
calated cells (DCT2, CNT and CCD) other two transport-
ers are expressed: the sodium-driven chloride bicarbonate 
exchanger (NDCBE), and pendrins (chloride–bicarbonate 
exchangers), which work in tandem to reabsorb sodium 
electroneutrally. NDCBE is also thiazide-sensitive [10].



433Journal of Nephrology (2020) 33:431–445	

1 3

NCC

NCC mediates the electroneutral reabsorption of sodium 
chloride (i.e., it reabsorbs one sodium and one chloride ion). 
The activity of NCC is regulated by three main mechanisms: 
(1) an increase in sodium delivery to the distal tubule leads 
to an increase in NCC sodium transport capacity (this is the 
reason behind hypertrophic changes in DCT cells during 
chronic treatment with loop diuretics); (2) phosphorylation 
of NCC by a complex system of kinases (and prevention 
of these kinases’ degradation) following a series of stimuli 
causes its activation; (3) aldosterone, insulin and vasopressin 
increase NCC apical abundance via yet unidentified molecu-
lar mechanisms [9].

NCC is phosphoactivated by Ste20-like proline–alanine 
rich kinase (SPAK)–oxidative stress responsive kinase 
1 (OSR1). In order to phosphorylate NCC, SPAK–OSR1 
must be phosphorylated by WNKs. WNKs are activated by 
autophosphorylation, a phenomenon that depends on intra-
cellular chloride concentration [11]. A low chloride concen-
tration leads to WNK autophosphorylation, thus switching 
on the SPAK–OSR1 signaling pathway. WNK1, WNK3 and 
WNK4 have all been shown to phosphoactivate NCC. They 
differ, however, in terms of intracellular chloride concentra-
tion sensitivity, WNK4 being the most and WNK3 being 
the least chloride-sensitive. Moreover, WNK4 has an inhibi-
tory effect in basal conditions: it complexes with WNK1 or 
WNK3, thus preventing their activation. The higher chlo-
ride-sensitivity and its inhibitory role under basal conditions 
explain why WNK4 among all WNKs is the key regulator 
of NCC: its activity can be modulated. Since intracellular 
chloride concentration directly depends on membrane poten-
tial, hyperpolarization or depolarization of DCT cells leads 
to WNK4 activation or inactivation, respectively. Through 
these mechanisms, low plasma potassium activates NCC 
whereas high plasma potassium blunts them. Kelch-like 3 
(KLHL3) and cullin 3 (CUL3) form a RING-type E3-ubiq-
uitin ligase complex that recruits WNKs for ubiquitination 

Fig. 1   Roadmap of the distal convoluted tubule and of the aldoster-
one-sensitive distal nephron. In the upper part of the figure, distal 
tubular segments are shown. A distinction is made between the early 
portion of the distal convoluted tubule, the late portion, the connect-
ing tubule and the cortical collecting duct, since the former is not 
aldosterone-sensitive. In the middle part of the figure, cells responsi-
ble for electroneutral sodium and electrogenic sodium are indicated. 
In the lower part of the figure, the different cell types and the different 
channels they express are shown, from the distal convoluted tubule 
towards the collecting duct. DCT1 early portion of the distal convo-
luted tubule, DCT2 late portion of the distal convoluted tubule, CNT 
connecting tubule, CCD cortical collecting duct, ASDN aldosterone-
sensitive distal nephron, NCC sodium–chloride cotransporter, ENaC 
epithelial sodium channel, ROMK renal outer medullary potassium 
channel, BK big potassium channel, Na/K-ATPase sodium–potassium 
ATPase, Kir4.1/5.1 inward rectifier potassium channel 4.1/5.1

▸
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and promotes their proteasomal degradation. AII-induced 
signaling both prevents WNK4 degradation and promotes 
WNK4 phosphorylation [12–14].

Magnesium restriction has been recently shown to down-
regulate NCC in mice via neural precursor cell expressed 
developmentally down-regulated protein 4-2 (Nedd4-2), 
which ubiquitinates NCC tagging it for proteasomal degra-
dation; interestingly, if potassium intake is also restricted, 
the effect of magnesium restriction prevails, i.e. NCC is not 
upregulated by potassium restriction, thus partly explaining 
the sustained hypokalemia observed in states of hypomagne-
semia (see also the effect of magnesium on renal outer med-
ullary potassium channels (ROMK) in the following section) 
[15]. Finally, there is experimental evidence in animals that 
zinc deficiency leads to hypertension via NCC upregulation 
[16].

NDCBE/pendrins

NDCBE works in tandem with pendrins to reabsorb sodium 
chloride electroneutrally in type B intercalated cells. Two 
cycles of pendrin-mediated bicarbonate/chloride exchange 
and one cycle of NDBCE-mediated chloride/sodium bicar-
bonate exchange result in the net reabsorption of one mol-
ecule of sodium chloride (Fig. 2). The chloride ions recy-
cle across the apical membrane. Chloride exits the cell via 
CLCK2 [17]. Sodium exits the cell via the basolateral anion 
exchanger 4, together with bicarbonate. Intracellular bicar-
bonate ions derive from the activity of a carbonic anhy-
drase. While in principal cells the gradient driving sodium 
reabsorption is due to the activity of the sodium–potassium 
ATPase, in intercalated cells the activity of the latter is low. 
Instead, the necessary gradient is generated by a two-step 
process driven by the basolateral hydrogen ATPase. Hydro-
gen is pumped out of the cell, thus favoring bicarbonate 
generation by an intracellular carbonic anhydrase (step 
one). The intracellular accumulation of bicarbonate in turn 
drives pendrin activity, with accumulation of intracellular 
chloride. Bicarbonate and chloride in turn drive NDCBE 
activity and thus sodium reabsorption (step two). The gen-
eration of bicarbonate and its excretion via pendrins is par-
ticularly important as its intraluminal concentration is low in 
this segment, and would not be sufficient to drive NDBCE. 
Thus, sodium reabsorption by intercalated cells is driven by 
a bicarbonate (firstly) and chloride (secondly) gradient gen-
erated by the hydrogen ATPase, in contrast with the sodium 
gradient generated by sodium–potassium ATPase in prin-
cipal cells [18]. As stated, like NCC, NDCBE is thiazide-
sensitive. Experimental studies showed that the integrity of 
this system (i.e. the complex of NDCBE and pendrin) is 
required for sodium chloride reabsorption: genetic ablation 
of pendrin blunts thiazide-sensitive sodium reabsorption 
in this segment [18, 19]. Pendrin appears to be of critical 

importance in extracellular volume (and thus blood pres-
sure) conservation during salt restriction: pendrin knockout 
mice waste salt and become hypovolemic and hypotensive 
during salt restriction, despite appropriately high aldosterone 
levels [20].

ENaC

ENaC is also called amiloride-sensitive sodium channel, 
since amiloride (as well as triamterene) specifically blocks 
the channel, which reabsorbs sodium ions, thus creating a 
lumen-negative transepithelial gradient (electrogenic sodium 

Fig. 2   Electroneutral sodium chloride reabsorption in the cortical 
collecting duct via sodium-driven chloride–bicarbonate exchanger. 
The process of electroneutral sodium reabsorption via the combined 
actions of sodium-driven chloride–bicarbonate exchanger (NDCBE) 
and pendrin is shown. NDCBE activity results in the electroneutral 
exchange of one intracellular chloride for two bicarbonate and one 
sodium ions; pendrin mediates the also electroneutral exchange of 
one intracellular bicarbonate for one chloride ion. Thus, two cycles of 
transport via pendrin, when coordinated with one cycle of NDCBE, 
result in the net uptake of one sodium and one chloride. NDCBE 
sodium-driven chloride–bicarbonate exchanger, H+-ATPase hydro-
gen ATPase, AE4 anion exchanger 4, CLCK2 chloride channel kidney 
type 2
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reabsorption). The latter in turn drives paracellular chloride 
reabsorption. The activity of ENaC is mainly modulated 
by aldosterone, which is antagonized by MR-antagonists 
(spironolactone, eplerenone, finerenone). Other relevant 
mediators that up-regulate ENaC are insulin, which also 
stimulates sodium reabsorption via sodium–hydrogen anti-
porter 3 in the proximal tubule, and vasopressin. Insulin 
has vasodilatory effects that are blunted in insulin-resistant 
states. Thus, insulin-resistance might directly contribute to 
the development of salt-sensitive hypertension in affected 
patients. Surprisingly, vasopressin has a stimulatory effect 
on ENaC. A possible explanation is that in states of low-
water and low-sodium intake vasopressin-mediated ENaC 
stimulation helps maintain central volume. Moreover, vaso-
pressin-mediated ENaC stimulation may contribute, through 
incompletely elucidated mechanisms, to the increased uri-
nary concentration that leads to hyponatremia in high vaso-
pressin states, suggesting a mechanistic shift of the role of 
ENaC from plasma volume to plasma osmolarity regulation. 
Indeed, adrenalectomized mice with markedly elevated vas-
opressin levels have increased ENaC activity in the absence 
of aldosterone or other steroids, thus facilitating urinary con-
centration and the development of hyponatremia, provid-
ing an adjunctive explanation for hyponatremia of adrenal 
insufficiency to already established mechanisms (e.g., the 
lack of cortisol-mediated inhibition of vasopressin secretion, 
the corticotropin releasing hormone-mediated stimulation of 
vasopressin secretion, the hypovolemic baroceptor-mediated 
vasopressin secretion and the decreased fluid delivery to the 
diluting segments of the nephron) [9, 21, 22].

The afore-mentioned paracellular chloride absorption 
is mediated by anion transporters located in the tight junc-
tions between tubular epithelial cells, called claudins. Sev-
eral claudins have been identified in the CD but current 
evidence mainly regards claudin 4 and 8. The presence of 
claudins confers anion-specificity to paracellular transport 
(in this specific case, to chloride ions), presumably because 
of intrinsic structural features. Claudin 4 and 8 knockout 
rodents develop hypochloremia, hypovolemia, hypotension 
and metabolic alkalosis from profound chloride depletion, 
especially after restriction of dietary salt intake. The drop in 
blood pressure is more marked in claudin 8 knockout animal 
models, which additionally develop hypokalemia, probably 
due to the exaggerated lumen-negative transepithelial gradi-
ent which favors potassium secretion. Claudin 8 is removed 
by the proteasome after ubiquitination by KLHL3, while 
claudin 4 is downregulated by channel-activating protease 
1, whose expression is induced by aldosterone. While from 
a mechanistic standpoint claudin 8 regulation by KLHL3 
remains quite obscure, the actions of aldosterone, i.e. 
upregulating both ENaC and claudin 4 degradation, seem 
to serve the purpose of switching from sodium reabsorption 
to potassium secretion: by increasing sodium reabsorption 

and reducing paracellular chloride reabsorption, the tran-
sepithelial lumen-negative gradient is maximized, favoring 
potassium secretion [23–25].

Potassium channels: distribution, regulation 
and activity

The proximal tubule and the loop of Henle mediate the reab-
sorption of the most part of filtered potassium, so that less 
than 10% of the latter reaches the distal tubule [26].

Three are the main potassium channels in the ASDN, two 
apical and one basolateral: on the one hand, ROMK and big 
K channels (BK), on the other hand Kir4.1/5.1 [12].

Kir4.1/5.1

Inward-rectifier potassium channel 4.1/5.1 (Kir4.1/5.1) is 
a basolateral secretory potassium channel. It is found all 
along the ASDN, but its role has been well-established in 
the DCT. Potassium exit via Kir4.1/5.1 leads to cell hyper-
polarization and subsequent chloride exit through chloride 
channel Kb (CLCNKB), thus lowering chloride intracellular 
content. A low intracellular chloride concentration “switches 
on” WNK4, which phosphorylates SPAK–OSR1, that in 
turn phosphoactivates NCC. When potassium cannot exit 
via Kir4.1/5.1, the cell membrane potential decreases as 
there is a pump-leak uncoupling (sodium–potassium ATPase 
keeps pumping in potassium ions that cannot exit the cell). 
Depolarization blunts chloride exit through CLCNKB. A 
higher intracellular chloride concentration halts the WNK4-
SPAK/OSR1 pathway, the end result being the lack of NCC 
activation (Fig. 3). Ki4.1/5.1 two main regulators are: (1) 
extracellular potassium concentration [27], (2) AII. Low 
extracellular potassium concentration leads to DCT cells 
hyperpolarization (i.e., more potassium is able to exit the 
cell via Kir4.1/5.1), whereas an elevation of extracellular 
potassium levels (as in hyperkalemia or mild elevation due 
to dietary loading) causes depolarization (i.e., less potassium 
can leave the cell via Kir4.1/5.1). AII stimulates Kir4.1/5.1 
activity, thus leading to cell hyperpolarization [12]. Norepi-
nephrine has been shown to increase sodium reabsorption 
through NCC by increasing potassium current via Kir4.1/5.1 
[28].

ROMK and BK

Two conditions are needed for potassium secretion in the 
ASDN: (1) a transepithelial lumen-negative gradient, which 
is provided by electrogenic sodium reabsorption via ENaC 
(in contrast with electroneutral sodium reabsorption via 
NCC, where chloride reabsorption is coupled with that of 
sodium), and (2) the presence of a sufficient number of open 
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potassium channels. A third element, tubular flow, deter-
mines the activity of a particular type of potassium channels, 
the BKs [12, 29].

ROMK is a secretory potassium channel with a high basal 
open probability. It is found in principal-like and principal 
cells in the DCT, CNT and CCD. ROMK regulation is the 
result of a balance between opposing signals driving either 
the transport of newly synthesized channels to the apical 
membrane or their clathrin-dependent internalization. Potas-
sium depletion/low plasma potassium via WNKs signaling 
and AII via angiotensin II receptor type 1 (AT1R) are inhibi-
tory signals, while aldosterone, via serum and glucocorti-
coid-regulated kinase 1 (SGK-1), and hyperkalemia/dietary 
potassium load are stimulatory signals once again via WNKs 
signaling. Kir4.1/5.1 might regulate ROMK trafficking by 

modulating WNKs activity as with NCC phosphoactivation. 
By either depolarizing or hyperpolarizing the cell mem-
brane, changes in potassium flow through Kir4.1/5.1 cause 
either a decrease or an increase of intracellular chloride con-
centration leading to either activation/inactivation of WNKs, 
which in turn promote either endocytosis or synthesis of 
ROMKs. Thus, high serum potassium leads to ROMK trans-
location to the apical membrane while low serum potassium 
leads to its internalization, which is opposite and comple-
mentary to what happens to NCC (Fig. 4) [12].

Difficult-to-treat hypokalemia in the presence of 
hypomagnesemia is a common clinical scenario. Under 
physiological conditions, magnesium has an inhibitory 
effect on potassium secretion via ROMKs. During states 
of potassium wasting, concomitant low magnesium levels 

Fig. 3   Differential handling of sodium and potassium during high-
aldosterone states. In the figure, a DCT1 cell is exemplified. a 
High-aldosterone state of volume depletion. During volume deple-
tion, angiotensin II and aldosterone are both secreted. Angiotensin 
II, through its AT1 receptor, promotes WNKs activity via direct and 
indirect mechanisms. One key indirect mechanism is the promotion 
of Kir4.1/5.1 activity, a basolateral potassium channel. Potassium 
exits the cell, leading to hyperpolarization that in turn drives chlo-
ride exit via CLCKB, a basolateral chloride channel. Lower chloride 
intracellular concentration promotes WNKs activation and finally 
NCC activation and sodium chloride reabsorption. b High-aldos-
terone state of hyperkalemia. During hyperkalemia, aldosterone is 
secreted whereas angiotensin II is not. In this scenario, hyperkalemia 
per se blunts Kir4.1/5.1 activity since there is an unfavorable electro-

chemical gradient for potassium secretion. Depolarization leads to 
increased intracellular chloride concentration, which prevents WNKs 
from activating NCC. Blunting sodium chloride reabsorption allows 
for increased sodium delivery to DCT2 and CNT/CCD cells, i.e. the 
aldosterone-sensitive distal nephron, so that sodium can be exchanged 
with potassium by the combined actions of ENaC, ROMK and BK 
(not shown). NCC sodium–chloride cotransporter, SPAK Ste20-like 
proline–alanine rich kinase, WNKs with-no-lysine kinases, Kir4.1/5.1 
inward rectifier potassium channel 4.1/5.1, Na/K-ATPase sodium–
potassium ATPase, AII angiotensin II, AT1R angiotensin II receptor 
type 1, CLCKB chloride channel kidney type B, DCT1 early portion 
of the distal convoluted tubule, CNT connecting tubule, CCD cortical 
collecting duct, ENaC epithelial sodium channel, ROMK renal outer 
medullary potassium channel, BK big potassium channel



437Journal of Nephrology (2020) 33:431–445	

1 3

lead to reduced intracellular magnesium, removing its 
inhibitory effect on ROMKs. This might explain why 
correction of hypokalemia requires both potassium and 
magnesium supplementation, if hypomagnesemia coex-
ists [30].

BKs are potassium channels possibly found both in 
intercalated and principal-like/principal cells of the CNT 
and CCD, although current evidence based on functional 
data seem to support their selective localization in interca-
lated cells. Interestingly, intercalated cells lack basolateral 
sodium–potassium ATPase and instead rely on NKCC1 to 
sustain potassium secretion. BKs are responsible for what is 
called flow-induced potassium secretion (FIKS). In states of 
potassium excess, sodium reabsorption in upwards tubular 
segments is decreased, leading to an increase in tubular flow 
rate in the distal nephron, which in turn bends primary cilia 
in principal cells. The bending of cilia leads to an increase in 
intracellular calcium which, in turn, activates BKs (Fig. 5) in 
intercalated cells via paracrine signals. Thus, primary stimu-
latory signals for BKs activity are tubular flow rate (any con-
dition that increases tubular flow rate, e.g. osmotic diuresis) 
and serum potassium via WNKs, which have a coordinated 
effect on ROMKs and BKs, inhibiting the latter presumably 
via an ubiquitin-related degradation pathway [12, 31].

Aldosterone actions on the ASDN

Aldosterone increases the number of functional ENaC units 
via their translocation on the apical membrane of ASDN 
epithelial cells [32]. This is the most rapid effect of aldos-
terone on the kidney (less than 2 h) and is partly mediated 
by SGK-1, which also induces other early-onset aldosterone 
effects: indeed, it enhances ENaC activity both by stimulat-
ing the channel via the phosphorylation of WNK4 [33] and 
by inhibiting the ubiquitin ligase Nedd4-2 [34], which would 
otherwise promote ENaC degradation. SGK-1 also enhances 
basolateral sodium–potassium ATPase activity [35].

Slower aldosterone-mediated actions include: (1) the 
stimulation of the basolateral sodium–potassium ATPase, 
both indirectly by the means of an increase in sodium 
entrance via ENaC and directly by the means of increased 
recruiting from the intracellular pool and/or increased 
expression of the pump; (2) the increased synthesis of ENaC.

Moreover, aldosterone increases ROMK apical abundance 
through SGK-1- and protein kinase A-mediated phospho-
rylation [12]. Altogether, these aldosterone-mediated effects 
facilitate ROMK activity, since the final effect is an increase 
in the transepithelial lumen-negative gradient, which is 
favorable for potassium secretion. Thus, aldosterone is 

Fig. 4   Regulation of ROMK activity during high-aldosterone states 
and during potassium depletion. A cell from the aldosterone-sensitive 
distal nephron is shown. Three main scenarios are depicted. (1) In 
response to potassium excess (either hyperkalemia or a dietary load), 
which is “sensed” by Kir4.1/5.1, the latter promotes depolarization, 
which in turn leads to an increase in intracellular chloride concentra-
tion that blunts WNKs, which would otherwise promote ROMK deg-
radation. At the same time aldosterone, secreted in response to potas-
sium excess, blocks WNKs via SGK-1. Kaliuretic factors might lead 
to the same end result through yet to be clarified mechanisms. (2) In 

response to potassium depletion, the opposite occurs. (3) During vol-
ume contraction, aldosterone promotes ROMK activity via the inhibi-
tion of WNKs. This signal is mediated by SGK-1. To prevent potas-
sium loss during volume contraction, AII, through its AT1 receptor, 
promotes ROMK degradation. Green and red arrows stand, respec-
tively, for activating and inhibitory signals. ROMK renal outer medul-
lary potassium channel, WNKs with-no-lysine kinases, SGK-1 serum 
and glucocorticoid-regulated kinase 1, Aldo aldosterone, Kir4.1/5.1 
inward rectifying potassium channel 4.1/5.1, AngII angiotensin II, 
AT1R angiotensin II receptor type 1 (color figure online)
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necessary to maximize ROMK secretory activity. However, 
it is not sufficient. Indeed, in an experimental model, aldos-
terone levels comparable to those observed after a high die-
tary potassium load were not sufficient to stimulate ROMK 
[36]. This implies that other kaliuretic factors, particularly 
potassium serum levels per se and a gut–kidney axis, are 
necessary to rapidly stimulate ROMK in an aldosterone-
independent fashion in order to prevent hyperkalemia [37].

Finally, there is experimental evidence that in the pres-
ence of aldosterone, insulin or vasopressin, the apical abun-
dance of phosphorylated NCC is also increased. However, 
whether these stimuli act through SGK1 and/or WNKs is yet 
to be clarified [9]. Aldosterone also increases NCC activity 
(via phosphorylation) within minutes in mice as shown in 
both ex vivo and in vivo models [38]. A more definite role 
of AII in NCC activation has recently emerged, and current 
evidence will be reviewed in the next section.

Pendrin expression is upregulated by aldosterone, i.e. 
the plasma membrane-enriched fraction is increased in high 
aldosterone states [39]. This effect appears to be mediated 
by MR. However, additional mechanisms are at play. The 

phosphorylated or dephosphorylated status of a specific site 
in the ligand-binding domain of the MR determines if the 
aldosterone-MR interaction actually leads to pendrin upreg-
ulation. In more detail, hyperkalemia leads to phosphoryla-
tion of the site therefore shutting down the effects of aldos-
terone, whereas AII leads to its dephosphorylation, thereby 
allowing the aldosterone-MR interaction to be effective and 
thus upregulate pendrin expression. Interestingly, while MR 
can be phosphorylated in multiple sites, the phosphorylation 
of the specific site involved in pendrin upregulation is almost 
exclusively observed in intercalated cells [40]. Hypokalemia 
appears to have similar effects to aldosterone, but only in the 
presence of the latter [39].

Angiotensin II actions on the ASDN

From a distal nephron perspective of sodium and potassium 
handling, AII is responsible of three key effects: NCC acti-
vation, Kir4.1/5.1 stimulation and ROMK inhibition.

Fig. 5   Flow-induced potassium secretion in the cortical collect-
ing duct. Flow-induced bending of cilia in principal cells leads to 
an increase in cellular calcium concentration, in turn leading to the 
secretion of potassium via big potassium channels (BK) in interca-

lated cells via paracrine signals. Green and red arrows stand, respec-
tively, for activating and inhibitory signals. BK big potassium chan-
nel, Na/K-ATPase sodium–potassium ATPase, H+-ATPase hydrogen 
ATPase, WNKs with-no-lysine kinases (color figure online)



439Journal of Nephrology (2020) 33:431–445	

1 3

There are two proposed molecular mechanisms of NCC 
activation by AII. By binding to AT1R on DCT cells, AII 
might: (1) prevent WNK4 from interacting with WNK1 
and with WNK3, therefore letting WNK4 phosphorylate 
SPAK–OSR1; (2) activate free inactive WNK4 [13].

AII, through AT1R, stimulates Kir4.1/5.1 to hyperpolar-
ize DCT cells, thus driving chloride basolateral exit, the 
end result being NCC activation. Moreover, AII-induced 
signaling activates protein kinase C, which phosphorylates 
KLHL3, thus preventing it from binding WNK4 and the 
subsequent proteasomal degradation of the latter, the end 
result being an increase in WNK4 and therefore increased 
NCC activity [14].

AII, again via AT1R, leads to ROMK clathrin-dependent 
internalization by the means of a Src family of protein tyros-
ine kinases signaling pathway, an effect that is opposite to 
that of aldosterone. AII receptor type 2 mediates opposite 
effects, as it stimulates ROMK through a protein kinase 
A-signaling pathway [12].

The relationship 
between the calcium‑sensing receptor, NCC 
and WNKs in the ASDN

Thiazide and thiazide-like diuretics have been traditionally 
used in calcium stone formers to prevent stone recurrence 
as they lower urinary calcium excretion [41]. On the other 
hand, loop diuretics increase calciuria and this is the ration-
ale for their use in the treatment of hypercalcemia [42]. Two 
hereditary tubulopathies, Bartter syndrome (BS) and Gitel-
man syndrome (GS), which emulate the effects of loop and 
thiazide diuretics, also induce hyper- and hypocalciuria, 
respectively. It has long been appreciated that while in the 
thick ascending limb of the loop of Henle (TAL) calcium and 
sodium chloride are transported in the same direction (either 
both reabsorbed or both excreted), in DCT they go opposite 
ways (when one is reabsorbed, the other is excreted and vice 
versa). In TAL, sodium chloride enters the cell via apical 
sodium–potassium–chloride cotransporter 2 (NKCC2) and 
exits the cell via basolateral sodium–potassium ATPase and 
CLCNKB. Potassium is recycled in the tubular lumen, i.e. 
it enters the cell via NKCC2 and exits the cell via ROMK, 
thus providing a lumen-positive gradient that drives paracel-
lular calcium (and magnesium) reabsorption. The calcium-
sensing receptor (CaSR) is located in the basolateral mem-
brane in TAL; when calcium levels in the interstitial fluid 
are high (or when calcimimetics are administered), CaSR 
blunts NKCC2 and ROMK, thus favoring calcium excretion 
and sodium chloride distal tubular delivery. In DCT, there is 
an inverse relationship between salt reabsorption via NCC 
and calcium excretion via transient receptor potential cation 
channel subfamily V (TRPV5), a relationship which is still 

largely unclear. CaSR is found both on the apical and baso-
lateral membrane of DCT cells. When interstitial calcium 
levels are high (or when a calcimimetic is administered) and/
or distal calcium delivery is increased (e.g., during hyper-
calcemia for the afore-mentioned consequences on TAL, 
or secondarily to loop diuretics or BS), basolateral and/or 
apical DCT CaSRs activate (Fig. 6). This, in turn, leads to 
WNK4 phosphoactivation via the WNK4-SPAK pathway 
and increased NCC activity. The mechanistic interpretation 
is that in order to excrete calcium, TAL wastes sodium chlo-
ride that must be reabsorbed in the DCT, the two actions 
being coordinated by CaSR [43].

It has long been appreciated that impaired urine concen-
tration in the CD is responsible for hypercalcemia-associated 
polyuria. It appears that CaSR in the CD blunts vasopressin-
induced aquaporin insertion, thus allowing a dilution of cal-
cium ions, presumably in order to prevent their precipitation, 
orchestrating a complex mechanism not dissimilar to the one 
we described in the DCT [44]. As a final note, it is worth 
reporting that both acute and chronic furosemide administra-
tion have been found to induce an increase of apical calcium 
transporters abundance in the DCT, in a similar fashion to 
what happens to sodium transporters (chronic loop diuretic 
use induces hypertrophic changes in DCT cells) [42].

Intestinal potassium handling: a brief 
overview

On a normal Western diet, 100 mmol of potassium are 
ingested daily, with 90% being excreted by the kidneys, the 
rest (10 mmol) with feces. Normal stool volume is about 
100 ml, which means that fecal potassium concentration 
would be 100 mmol per liter, that is more than 28 times 
normal serum potassium concentration. The daily excretion 
of potassium with stools ranges between 2 and 20 mmol, 
reflecting oral intake, which means that in normal (100 ml) 
stool volume, the fecal potassium concentration can rise 
up to 50 times the serum potassium concentration. On the 
other hand, on a potassium restriction diet, fecal potassium 
excretion can drop to as low as to 3.5 mmol/day, a value cor-
responding to the obligatory excretion rate. Since kidneys 
remove the major share of ingested potassium, a reduced 
intestinal potassium excretion does not cause  hyperkalemia 
per se. On the contrary, severe intestinal potassium wasting 
(e.g. due to diarrhea) is a relevant cause of hypokalemia, 
which can sometimes be hidden since metabolic acidosis 
and/or hypovolemia (with hemoconcentration) frequently 
coexist. On a brighter note, intestinal potassium excretion 
appears to be increased in oligo-anuric patients with end-
stage renal disease, thus partially replacing the impaired 
kidney potassium excretory functions. In the small intes-
tine, 90% of ingested potassium is absorbed passively. On 
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the contrary, in the colon, passive absorption in proximal 
and distal segments, and active absorption and secretion of 
potassium in all segments are observed. The active absorp-
tion is mediated by an apical hydrogen-potassium ATPase, 
similar to the gastric transporter but ouabain- and not ome-
prazole-sensitive. Potassium secretion in the colon follows 
the pump-leak dynamics observed in other tissues: it enters 
the cell via basolateral sodium–potassium ATPase (directly 
or in a “secondarily active” fashion via basolateral NKCC1) 
and it exits the cell via apical potassium channels (presum-
ably BK). Passive potassium secretion is paracellular, driven 
by the lumen negativity. A recent hypothesis postulates that 
distal colon potassium secretion and absorption are medi-
ated by separate cells, respectively the crypt and surface 
enterocytes, both expressing BKs. On surface enterocytes, 
ENaC is also expressed.

During a low sodium diet, aldosterone stimulates both 
potassium secretion (presumably through BKs, as men-
tioned) and potassium absorption via hydrogen-potassium 
ATPase; however, experimental models showed that no 

potassium fecal wasting is observed in mice fed with a low 
sodium diet despite high aldosterone levels, the mechanis-
tic interpretation being that during a low sodium diet the 
“unwanted” potassium loss is balanced by colonic potas-
sium absorption, since the primary aim of aldosterone 
secretion is to keep volume (sodium chloride) balance. 
During a low potassium diet, hydrogen-potassium ATPase 
is upregulated by different (yet to be clarified) means, as 
obviously aldosterone is not at play. Finally, during a high 
potassium diet/potassium loading, BKs on crypt (secre-
tory) enterocytes are upregulated. We mentioned that 
surface (absorptive) enterocytes express both ENaC and 
BK. It appears that in high aldosterone states (sodium 
restriction or potassium loading), surface cells contribute 
to active potassium secretion following an ENaC-depend-
ent mechanism which recapitulates that observed in the 
ASDN: potassium is excreted since sodium reabsorption 
via ENaC promotes a lumen-negative electrical gradient 
[45].

Fig. 6   Relationship between calcium and sodium handling in the 
thick ascending limb of the loop of Henle and in the distal convo-
luted tubule. Green and red arrows stand for activating or inhibitory 
signals. NKCC sodium–potassium–chloride cotransporter, ROMK 
renal outer medullary potassium channel, CLCKB chloride channel 

kidney type B, Ca-mim calcimimetics, CaSR calcium-sensing recep-
tor, Na/K-ATPase sodium–potassium ATPase, NCC sodium–chloride 
cotransporter, TRPV5 transient receptor potential cation channel sub-
family V (color figure online)
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Aldosterone‑independent kaliuresis, 
the gut–kidney axis, the kaliuresis circadian 
rhythm

The intestine absorbs virtually the whole bulk of ingested 
potassium. If all the potassium content of a potassium-rich 
meal were to reach the extracellular fluid, fatal cardiac 
arrhythmias would inevitably ensue, as serum potassium 
would rapidly rise towards life-threatening levels. Luckily 
this is not the case, but the mechanisms that allow us to 
“survive” potassium-rich meals are still largely obscure.

The physiological mechanisms dealing with a potas-
sium-rich meal (and with its opposite, a potassium-
deficient meal) can be distinguished in five “blocks”: a 
feedback system regulating kaliuresis; potassium transcel-
lular shifts; a feed-forward control of kaliuresis; circadian 
clock-driven kaliuresis; non-renal (i.e., mainly colonic) 
potassium handling.

A very small rise in serum potassium (0.1 mmol/l) is 
sufficient to induce depolarization of adrenal cells in the 
zona glomerulosa, causing aldosterone secretion [46]. As 
explained, aldosterone mediates both rapid- and slow-onset 
actions on the ASDN, the rapid ones (onset in less than 2 h) 
mainly involving ENaC translocation to the apical mem-
brane [32]. Aldosterone facilitates ROMK to maximize 
potassium secretory activity, but it would not be sufficient 
alone to prevent hyperkalemia due to a dietary potassium 
load, since aldosterone-induced kaliuresis has a slow onset 
of action [37]. One fundamental kaliuretic factor is serum 
potassium concentration per se: serum potassium levels are 
sensed by Kir4.1/5.1 in the ASDN and potassium secretion 
through ROMKs follows, as we previously mentioned [12]. 
Although this feedback loop is rapid enough, it requires an 
“error” to start, that is, an increase in potassium concentra-
tion in peritubular capillaries. This is also the case for potas-
sium transcellular shifts, as they happen only after sensing a 
change in serum potassium concentration: in response to a 
potassium-rich meal that includes glucose, pancreatic insulin 
secretion causes skeletal muscle and liver sodium–potassium 
ATPase activation, so that potassium is pumped from the 
plasma to the intracellular fluid, minimizing the postprandial 
increase in serum potassium concentration; subsequent mus-
cle activity causes potassium release into plasma; in order to 
maintain balance, the amount of potassium ingested (minus 
the minimal amount lost in the feces) must eventually be 
secreted in urine. These mechanisms are blunted in case of 
hypokalemia, i.e. sodium-potassium ATPase is down-regu-
lated in the liver and in skeletal muscle, allowing a “leak” 
of potassium from the intracellular to the extracellular fluid 
[47].

It has long been appreciated, however, that variations 
in potassium dietary intake too little to cause changes in 

serum potassium concentration, and thus directly or indi-
rectly (through aldosterone secretion) stimulate kaliuresis 
through the feedback system, did indeed alter kaliuresis in 
sheep. Moreover, sheep fed with a potassium-rich meal, 
that is, a meal that could alter serum potassium concen-
tration, were shown to increase kaliuresis in 20 min, well 
before any change in serum potassium concentration and 
aldosterone secretion might have occurred [47]. These 
observations led to the hypothesis of a feed-forward con-
trol of kaliuresis. Unlike feedback systems, a feed-forward 
control does not need an “error” to start. Instead, it starts 
when a signal that could lead to an “error” is sensed, i.e. 
it is a predictive system, whereas a feedback system is 
reactive. Instead of hyperkalemia (the “error” in the feed-
back system), the signal in the feed-forward system is the 
amount of potassium ingested. Even though the sensors 
that detect the signal and the mediators that transmit it to 
the kidneys to promote kaliuresis are still unknown, there 
is evidence that a gut–kidney kaliuretic axis actually exists 
in humans [48]. Preston et al. in their seminal work per-
formed a series of experiments in healthy humans to assess 
the existence of an aldosterone-independent gut–kidney 
axis. A potassium load without glucose led to an increase 
in venous potassium concentration, activating the feedback 
system and leading to aldosterone-dependent kaliuresis. 
A potassium load with concomitant glucose-derived meal 
did not alter venous potassium concentration, presumably 
because insulin led to a transcellular potassium shift, but 
there was a small increase in aldosterone concentration, 
and increased kaliuresis was observed, whether due to 
aldosterone or unknown “gut factors” cannot be ascer-
tained. In the third intervention, a potassium load with 
concomitant glucose-derived meal was administered to 
subjects who had been given eplerenone, an MR antago-
nist. As expected, venous potassium concentration did not 
change, but even though aldosterone-dependent signals 
were blunted, kaliuresis was nonetheless observed, cor-
roborating the hypothesis that an aldosterone-independent 
gut–kidney axis actually exists. These experiments, how-
ever, prove more than this: (1) they do not rule out the pos-
sibility that the unknown “gut factor” is indeed once again 
potassium concentration itself (via hyperpolarization of 
DCT cells, ensuing downregulation of NCC and increased 
sodium delivery to the CCD with increased sodium/potas-
sium exchange via the coordinated activity of ENaC and 
ROMK), however not the venous but the arterial potassium 
concentration, similarly to the wide variations in arterial 
sodium concentration with small or no variation in sodium 
venous concentration, demonstrated by other investiga-
tors in other conditions, such as water loading [49]; (2) 
an arterial potassium concentration variation might be 
responsible for the early aldosterone secretion observed, 
which occurred as early as 15 min after the intervention, 
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an observation that conflicts with the traditional view of 
a slow (hours) feedback kaliuresis versus a fast (minutes) 
feedforward kaliuresis, suggesting instead that aldoster-
one might be an early actor and that the two systems act 
simultaneously. It must be observed, however, that a large 
body of evidence showed that aldosterone alone fails to 
promote significant kaliuresis in the absence of increased 
serum potassium concentration [48, 50].

Nonetheless, in adrenalectomized animal models dietary 
potassium intake increases apical sodium and potassium 
transport in the CCD despite aldosterone deficiency [51, 52]. 
However, up until recently there were concerns that adre-
nalectomy in animal models might not have been complete 
and that a residual local production of aldosterone (e.g. in 
the kidney itself) might persist [53, 54]. A mouse model of 
complete aldosterone deficiency, relying on targeted inacti-
vation of aldosterone synthase rather than adrenalectomy, 
has been effectively used to explore potassium homeostasis 
in this setting: investigators showed that despite complete 
aldosterone deficiency, dietary potassium intake resulted in 
increased sodium and potassium urinary excretion, mainly 
via upregulation of ROMK; moreover, sodium and thus 
volume balance was partly maintained due to AII-induced 
upregulation of ENaC [55]. Altogether, these experiments 
show that the aldosterone-independent kaliuresis, including 
the mechanisms at play in the gut–kidney axis illustrated by 
Preston et al., might indeed be mediated by potassium per 
se and/or AII, at least in part.

Underlying these mechanisms, there is an ever-active 
clock dictating the circadian rhythm of potassium urinary 
excretion. Indeed, a central clock in the suprachiasmatic 
nucleus of the brain and peripheral clocks in renal cells 
regulate the circadian rhythm of kaliuresis. The circadian 
rhythm of potassium excretion is so important that the abla-
tion of the suprachiasmatic nucleus, which is responsible 
for the disruption of many other circadian rhythms, does 
not affect it, presumably for the preserved activity of renal 
cell clocks. This rhythm is preserved even after adrenalec-
tomy. The central circadian oscillator in the suprachiasmatic 
nucleus responds to the ambient light–dark cycle. Over a 
24-h period, the clock dictates the kaliuresis rhythm so that 
the maximum potassium excretion is at noon, while the 
minimum is at midnight. If the potassium content of single 
meals is fixed and meals are evenly distributed across the 
day (e.g., every 6 h), the kaliuresis can increase from nadir 
to maximum (e.g., midnight–noon) by a factor of 2–4 in 
normal potassium intake (70–100 mmol per day), or to 1.6 
in high potassium diets (400 mmol per day). In any case, 
the circadian periodicity is always retained. Long distance 
travels with changes in day–night cycle cause the rhythm 
to slowly adjust (over several days) to the new ambient 
light–dark cycle. The role of hormones, particularly cortisol 
and aldosterone, in relation to kaliuresis circadian rhythm 

has been partly unveiled. Glucocorticoids promote potas-
sium excretion and have been shown to act on the phase of 
circadian clock gene expression both centrally (the suprachi-
asmatic nucleus) and peripherally (the kidneys), thus acting 
to coordinate, or “synchronize” the clocks. Aldosterone has 
been shown to modestly increase potassium excretion in the 
afternoon, with no effect in the morning or at night. On the 
other hand, it promotes the transcription of circadian clock 
genes which, in turn, promote the expression of the ENaC 
alfa subunit, with the final effect of enhancing sodium reten-
tion [56].

The “aldosterone paradox” reconciled

In two different high aldosterone states, namely hyper-
kalemia and hypovolemia, sodium and potassium are han-
dled independently. Neither hyperkalemia causes sodium 
retention, nor does hypovolemia cause potassium wasting. 
The novel acquisitions we outlined have led to a partial rec-
onciliation of this paradox. In this section we will briefly 
review how recent insights in renal physiology led to a better 
understanding of sodium and potassium handling in high 
aldosterone states.

During hypovolemia, both AII and aldosterone levels are 
elevated. AII promotes sodium retention in the ASDN by 
enhancing NCC activity, while aldosterone mediates sodium 
retention by enhancing ENaC activity. The increased sodium 
reabsorption through NCC reduces sodium delivery to the 
CCD, thus preventing potassium excretion, both by impair-
ing FIKS and by decreasing the amount of sodium which 
can be “exchanged” with potassium by the means of the 
already-described electrogenic sodium reabsorption/potas-
sium excretion through ENaC and ROMK. In addition, AII 
inhibits ROMK, further limiting potassium secretion.

Hyperkalemia increases aldosterone secretion, without 
changing circulating AII levels, since it does not affect renin 
release. Hyperkalemia per se inhibits NCC, thus increasing 
sodium delivery to the CCD, allowing ENaC to reabsorb 
sodium in so promoting a negative tubular lumen, which in 
turn allows potassium excretion through ROMK. Moreover, 
the rise in aldosterone level increases the expression and 
activity of ROMK. At the same time, the increased sodium 
delivery to the CCD promotes FIKS.

The unfortunate coexistence of hypovolemia and hyper-
kalemia poses a problem, as the maintenance of volume is 
the priority, preventing the correction of hyperkalemia until 
an euvolemic state is restored. On the other hand, a high 
dietary potassium load leads to increased sodium excretion.

In the opposite condition of potassium depletion (e.g. due 
to low dietary potassium intake), hypokalemia lowers aldos-
terone secretion, which results in reduced activity of both 
ENaC and ROMKs, so diminishing potassium excretion. 
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At the same time, hypokalemia-induced hyperpolarization 
in the DCT activates NCC via WNKs, which contributes 
to limit the potassium excretion, but at the cost of sodium 
retention and blood pressure increase. The dietary implica-
tions of these conditions will be reviewed in the next section.

Dietary implications

Over million years, renal physiology evolved to adapt to a 
low sodium high potassium diet, i.e. to retain sodium and 
excrete potassium. Agriculture and industrialization, how-
ever, led to a drop in dietary potassium intake and a rise 
in sodium consumption, which is associated with a vari-
ety of unfavourable outcomes. Low potassium intake leads 
to principal-like and principal cells hyperpolarization in 
DCT, causing the activation of the ASDN sodium-retaining 
mechanisms we already outlined [57]. An explanation of 
the mechanisms at play during a high-potassium and low-
sodium diet, irrespective of WNKs signaling, is available 
in a recent, in-depth review, to which the reader is referred 
[58]. Among the unfavourable outcomes associated with a 
low-potassium and high-sodium diet, are disorders such as 
hypertension, obesity, nephrolithiasis and osteoporosis. In 
recent years, the return to a “paleolithic diet” was proposed 
as a way to reduce the risk of developing the afore-men-
tioned conditions. The peculiarity of the paleolithic diet lies 
not only in the high potassium but also in the high alkaline 
content [59].

Potassium intake is inversely related to the prevalence 
of hypertension and the risk of stroke. Blood pressure 
decreases in hypertensive patients put on a high potassium 
diet. Two large scale studies, NHANES III and DASH, found 
that increased dietary potassium consumption was associ-
ated with lower blood pressure [60, 61].

The Western diet tends to be poor in alkali, too (fruits, 
vegetables). If bicarbonate ions are insufficient to maintain 
arterial blood pH within normal ranges, alkaline calcium 
salts are mobilized from bones, leading to calcium loss and 
eventually osteoporosis. There is experimental evidence 
that supplementation of potassium chloride to potassium 
depleted mice reduces bone resorption. Studies in postmen-
opausal women either taking potassium bicarbonate sup-
plements or adhering to a diet rich in potassium-containing 
fruits and vegetables showed they had less bone resorption 
and higher bone densities, respectively, compared to controls 
[59].

Postulated mechanisms include: (1) a thiazide-like effect 
of potassium loading, which by inhibiting NCC through 
already-discussed mechanisms leads to hypocalciuria, (2) 
increased urinary pH with subsequent increased citraturia 
(the higher the urinary pH the higher the fraction of tri-
valent citrate will be, and only the divalent form of citrate 

is reabsorbed by the proximal convoluted tubule) [29]. 
Potassium loading presumably leads to increased urinary 
citrate excretion as a consequence of proximal intracellular 
alkalosis due to transcellular potassium shifts (exchanged 
with hydrogen), which cause a decrease in both ammoni-
agenesis and proximal bicarbonate reabsorption. Moreover, 
the increased intracellular pH inhibits citrate metabolism 
by m-aconitase [62]. Another mechanism involves meta-
bolic acidosis and hypokalemia, both leading to increased 
proximal citrate reabsorption via NaDC1 [63]. Therefore, 
a paleolithic diet, thanks to its high content of potassium 
and alkali, promotes hypocalciuria and increases citraturia, 
both beneficial for the prevention of calcium stone recur-
rence [59].
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