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(NaCl) to avoid a hemodynamic threat. Because the intake of
K+ was episodic, but large at times, to avoid the risk of dangerous hyperkalemia and cardiac arrhythmia, there was a need to
have mechanisms to shift ingested K+ rapidly into the liver
before K+ could reach the heart and mechanisms to switch the
renal response from NaCl conservation to K+ excretion.
With regard to K+ shift into hepatocytes, we propose a novel
mechanism that integrates the role of L-lactic acid released from
enterocytes in the process of absorption of dietary sugars. With
regard to the excretion of K+, it is important to recognize that
aldosterone can be a NaCl-retaining hormone or a kaliuretic
hormone, what is known as the ‘aldosterone paradox’ [2].
Aldosterone causes the insertion of open epithelial Na+ channels (ENaC) in the luminal membrane of principal cells in the
cortical distal nephron (CDN), namely the late distal convoluted
tubule (DCT), the connecting segment and the cortical collecting duct (CCD). This, however, could permit either NaCl retention or K+ secretion. Thus, there must be other signals to select
one of these effects. A family of organic anions that can be converted into bicarbonate ions (HCO3 ) accompanies K+ ingestion when its source is fruit and berries. We attempt to integrate
the role of WNK kinases and modulation of delivery of HCO−
3
to the CDN to achieve the desired renal response. A different
mechanism to enhance the excretion of K+ is required if its
source is from the ingestion of animal organs and hence does
not come with a load of HCO3 . Since urea is produced from
oxidation of dietary amino acids, we examine the role of intrarenal recycling of urea in this context [3].
While we admit that some of the mechanisms we propose
remain speculative, we think they are plausible and hope our
hypothesis will provide impetus for further investigations.
In each section, key concepts of physiology will be outlined,
to set the stage for a discussion of newer ﬁndings and how

A B S T R AC T
Our purpose is to integrate new insights in potassium (K+)
physiology to understand K+ homeostasis and illustrate some
of their clinical implications. Since control mechanisms that
are essential for survival were likely developed in Paleolithic
times, we think the physiology of K+ homeostasis can be better
revealed when viewed from what was required to avoid threats
and achieve balance in Paleolithic times. Three issues will be
highlighted. First, we shall consider the integrative physiology
of the gastrointestinal tract and the role of lactic acid released
from enterocytes following absorption of sugars (fruit and
berries) to cause a shift of this K+ load into the liver. Second,
we shall discuss the integrative physiology of WNK kinases
and modulation of delivery of bicarbonate to the distal
nephron to switch the aldosterone response from sodium
chloride retention to K+ secretion when faced with a K+ load.
Third, we shall emphasize the role of intra-renal recycling of
urea in achieving K+ homeostasis when the diet contains
protein and K+.
Keywords: bicarbonate, intracellular potassium shift, potassium, urea recycling, WNK kinases

INTRODUCTION
Our major physiological control mechanisms were likely developed in Paleolithic times. The diet consumed by our ancient ancestors consisted mainly of fruit and berries, which provided
sugar, potassium (K+) and organic anions, but little sodium
(Na+) or chloride (Cl−) [1]. Hence, there was a need for mechanisms to ensure renal conservation of sodium chloride
© The Author 2014. Published by Oxford University Press on
behalf of ERA-EDTA. All rights reserved.
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they may be integrated into the overall understanding of K+
homeostasis from a Paleolithic perspective. Some of the clinical implications of these novel insights into K+ physiology will
be illustrated.
S H I F T O F D I E TA R Y K + I N T O T H E L I V E R

Integrative potassium physiology

from enterocyte in causing a shift of K+ into the liver. The circle represents a hepatocyte. When lactic acid enters the cell it dissociates, this
may cause a large increase in the concentration of H+ in the local submembrane region where NHE-1 exists. This increase in H+ concentration can activate NHE-1 by binding to its modiﬁer site. In the presence
of insulin, which also activates NHE-1 and causes the translocation of
more Na+-K+-ATPase subunits to the cell membrane, there will be an increase in entry of Na+ into cells in electroneutral fashion, with its subsequent exit in electrogenic fashion. This will make the cell interior voltage
more negative and result in retention of K+ inside the cell. MCT, monocarboxylic acid transporter; L, lactate.

hepatocytes and its electrogenic exit via Na+-K+-ATPase
will lead to a higher intracellular negative voltage and hence the
retention of K+ in hepatocytes (Figure 1). This mechanism
requires the presence of insulin [10], which is released into
portal venous blood in response to the sugar load from fruit
and berries. The requirement for the presence of insulin may be
due to its effects to cause translocation of more Na+-K+-ATPase
units to the cell surface of hepatocytes and phosphorylation of
FXYD1.

Clinical implications. The administration of a relatively
large dose of insulin is the mainstay of therapy in patients with
emergency hyperkalemia; hypoglycemia is a frequent complication. The effect of L-lactic acid to induce a shift of K+ into
the liver was also observed with the infusion of Na Lactate (unpublished observation). The administration of Na lactate with
a smaller dose of insulin may provide an effective means to
lower PK with a lower risk of hypoglycemia in the emergency
treatment of patients with hyperkalemia than when higher
dose of insulin alone is used. Further studies are required to
examine the effectiveness of this approach.

I N T E G R AT I O N O F T H E R E N A L R E S P O N S E T O
D I E TA R Y K + I N TA K E
Control of K+ secretion occurs primarily in the CDN [13].
Two factors inﬂuence the rate of excretion of K+: the net secretion of K+ by principal cells in the CDN (which raises the
luminal concentration of K+) and the ﬂow rate in the terminal
CCD [14].
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Role of L-lactic acid to induce a shift of K+ into the liver
In a recent study in fed rats and in rats with acute hyperkalemia induced by the infusion of HCl or KCl, Cheema-Dhadli
et al. [10] have shown that the infusion of L-lactic acid was associated with a fall in the arterial plasma K+ (PK) due to K+ shift
into the liver. As it has previously been observed that a rise in
plasma L-lactate level (PL−lactate) in portal venous blood occurs
after absorption of dietary glucose [11], these authors suggested
that a possible function of this high portal venous PL-lactate is to
prevent hyperkalemia in hepatic venous blood following the absorption of dietary K+ from the gastrointestinal tract. It is interesting to note that the sodium-linked glucose transporter
(SLGT) in this location is SLGT-1. Hence, when 1 mmol of
glucose is absorbed, 2 mmol of Na+ must be absorbed. Therefore,
more ATP is required to absorb a given quantity of glucose than
if the stoichiometry of the transporter was the absorption of
1 mmol of Na+ per 1 mmol of glucose. Should glycolysis occur at
a faster rate than pyruvate oxidation, L-lactic acid will be formed
and released into the portal vein. The proposed mechanism
by which the L-lactic acid causes a shift of K+ into the liver
is that the uptake of L-lactic acid on the monocarboxylic acid
co-transporter [12] could raise the concentration of H+ in the
sub-membrane region of hepatocytes and hence activate
NHE-1. The subsequent electroneutral entry of Na+ into

F I G U R E 1 : Proposed mechanism for a role of lactic acid released
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Key physiology concepts
K+ are kept inside the cell due to the negative voltage in cell
interior. To shift K+ into cells, a more negative cell voltage is
required. This is generated by increasing the ﬂux through the
sodium/potassium ATPase (Na+-K+-ATPase) pumps; this is
an electrogenic pump which exports three Na+ ions while importing only two K+ ions [4]. There are three ways to acutely
increase ion pumping by the Na+-K+-ATPase: ﬁrst, a rise in
the concentration of its rate-limiting substrate-intracellular
Na+; second, an increase in its afﬁnity for Na+ or its maximum
velocity (Vmax); third, an increase in the number of active Na+K+-ATPase pump units in the cell membrane by recruitment
of new units [5].
Insulin causes a shift of K+ into cells as it promotes translocation of Na+-K+-ATPase from an intracellular pool to the
cell membrane [6]. Insulin via atypical protein kinase C
causes phosphorylation of FXYD1 ( phospholemann), which
increases the Vmax of Na+-K+-ATPase. Insulin also activates
the sodium/hydrogen exchanger-1 (NHE-1) and hence increases the electroneutral entry of Na+ into cells [7].
Another activator of NHE-1 is a rise in intracellular H+
concentration [8]. H+ ions are not only a substrate for the exchanger but also increase its activity by binding to a modiﬁer
site on its intracellular domain [9]. The signiﬁcance of this is
described below.

F I G U R E 2 : Mechanism of electroneutral NaCl transport across the

luminal membrane of intercalated cells in the CCD. The top dark
circle represents Pendrin. The bottom dark circle represents the Na+−
dependent Cl−/HCO−
3 exchanger (NDCBE). The exchange of 2 Cl
for 2 HCO3 via 2 cycles of pendrin with the subsequent uptake of 2
HCO3 and 1 Na+ in exchange for 1 Cl− via one cycle of NDCBE
results in net electroneutral transport of 1 Na+ and 1 Cl− across the
luminal membrane with the recycling of 2 HCO3 and 1 Cl−.
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HCO3 may be that since the HCO3 gradient is needed
to increase ﬂux through pendrin (Figure 2), an increase in
luminal HCO3 concentration may inhibit pendrin, and
hence NDCBE, and thereby the electroneutral NaCl reabsorption. In addition, there are data to suggest that an increase in
luminal ﬂuid HCO3 concentration increases luminal ENaC
abundance and activity [27]. This may lead to a higher rate of
electrogenic reabsorption of Na+ and hence secretion of K+,
provided that open ROMK are present in the luminal membrane of principal cells.
Big K+ conductance ‘BK’ or maxi-K+ channels, which are
activated by a rise in intracellular Ca2+, are thought to play an
important role in ﬂow dependent K+ secretion [28]. Although
these channels likely mediate K+ secretion in patients with
Bartter’s syndrome, which is due to a loss-of-function mutation in ROMK [29], their role in physiological regulation of
renal excretion of K+ is not clear. It is possible that BK channels may provide a way for a ‘speedy’ K+ excretion if there is a
large intake of K+, if ﬂow through CCD were augmented and if
‘conductance’ through ROMK in this setting is rate limiting.
Integration of the role of WNK kinases and the
modulation of HCO3 delivery to CDN
A complex network of with-no-lysine kinases (WNKs),
WNK4 and WNK1, via effects on the thiazide-sensitive NaCl
cotransporter (NCC) in the DCT and on ROMK seem to function as a switch to change the aldosterone response of the
kidney to either conserve Na+ or excrete K+, depending on
whether the release of aldosterone is induced by a reduction in
dietary Na+ intake or an increase in dietary K+ intake [30, 31].
In addition, modulation of the delivery of HCO−
3 to the CDN
may play a role in determining the rate of electrogenic versus
electroneutral Na+ reabsorption as described above. The
complex interplay of these mechanisms may be better understood if analyzed from a Paleolithic perspective when there
was a need to both conserve NaCl as the diet was NaCl poor
and therefore avoid the threat of hemodynamic instability, but
also be able to excrete a large dietary K+ load and avoid the
risk of hyperkalemia.
Conservation of NaCl. WNK4 is thought to inhibit NCC
activity by reducing its abundance in luminal membranes by
diverting post-Golgi NCC to the lysosome for degradation [32]
(Figure 3A). Angiotensin II (ANGII) is released in response to
low effective arterial blood volume (or low salt intake). ANGII
signaling through its AT1 receptor (ATR1) converts WNK4
from an NCC-inhibiting to an NCC-activating kinase. The
mechanism by which ANGII activates WNK4 is not clearly
known but is likely to involve phosphorylation. SGK-1 also
phosphorylates WNK4, and both SGK-1 and ATR1 signaling
are required to switch WNK4 from an inhibitor to an activator
of NCC. The activated form of WNK4 phosphorylates members
of the STE20 family of serine/threonine kinases, speciﬁcally the
STE 20-related proline-alanine-rich-kinase (SPAK) and the oxidative stress response kinase type 1 (OSR1). Phosphorylated
SPAK/OSR1 in turn phosphorylates and activates NCC,
enhancing reabsorption of Na+ and Cl− in DCT [33].

K.S. Kamel et al.
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K+ secretion in CDN
Key physiology concepts. The secretory process for K+ by
principal cells in the CDN has two elements. First, a lumennegative transepithelial voltage must be generated by electrogenic reabsorption of Na+ (i.e. reabsorption of Na+ without its
accompanying anion, which is largely Cl−) via the amiloridesensitive epithelial Na channel (ENaC). Second, open renal
outer medullary K+ channels (ROMK) must be present in the
luminal membrane of principal cells [15, 16].
Aldosterone actions lead to an increase in the number of
open ENaC units in luminal membrane of principal cells in
the CDN [17]. Aldosterone binds to its receptor in the cytoplasm of principal cells, the hormone-receptor complex enters
the nucleus, leading to the synthesis of new proteins including
the serum and glucocorticoid regulated kinase-1 (SGK-1) [18].
SGK-1 increases the expression of ENaC in the apical membrane of principal cells via its effect to phosphorylate and inactivate the ubiquitin ligase Nedd-4-2 [19].
In addition to transport via ENac, there are other pathways
for reabsorption of NaCl in the CDN. It was thought that the
paracellular pathway plays an important role in reabsorption of
Cl− in the CCD [20]. Studies by Knepper’s group suggested a
thiazide-sensitive, electroneutral NaCl co-transport in CCD in
rats [21, 22]. Recently an electroneutral, thiazide-sensitive and
amiloride-resistant NaCl transport was identiﬁed in the intercalated cells of the CCD in mice [23, 24]. This seems to be
mediated by the parallel activity of the Na+ independent
Cl /HCO3 exchanger (pendrin) and the Na+-dependent
Cl /HCO3 exchanger (NDCBE) (Figure 2).
An increase in luminal ﬂuid concentration of HCO3 and/
or an alkaline luminal ﬂuid pH seem to increase the amount
of K+ secreted in the CDN [25]. It was suggested that this may
be due to a decrease in the paracellular permeability of Cl−
[25, 26]. A different mechanism for the effect of luminal

This effect of ANGII diminishes the delivery of NaCl to the
CDN; ANGII, however also causes the release of aldosterone
and SGK-1. This would tend to enhance K+ excretion; therefore, other mechanisms are needed to make aldosterone
function in CDN as a NaCl-retaining hormone and not a kaliuretic hormone. First, ANGII has been shown to inhibit
ROMK activity in dietary K+-restricted rats, but not in rats on
their usual dietary K+ intake [34]. The effect of ANGII may be
mediated via increasing the expression of protein tyrosine
kinase such as c-Src, which phosphorylates ROMK and results
in its endocytosis, so that it is not available to permit secretion

Integrative potassium physiology

of K+ [35]. Second, ANGII is a potent activator of sodium/
hydrogen exchanger-3 (NHE-3) and the reabsorption of
HCO3 in the cells of the PCT [36]. Therefore, there will be
diminished delivery of HCO3 to the CDN, which may allow
for more electroneutral than electrogenic reabsorption of Na+
in this nephron segment and hence more NaCl retention and
less kaliuresis (Figure 3A) [2].
Excretion of a large K+ load. In response to a large intake of
K+, the release of ANGII is inhibited while the release of aldosterone and SGK-1 is stimulated. Increasing K+ secretion

985

FULL REVIEW

(B), the upper rectangle represents a PCT cell, the middle rectangle represents a DCT cell and the lower rectangle represents a CDN cell (for illustrative purposes, we do not separate principal cells from intercalated cells). In (C), only a DCT cell and a CDN cell are shown. (A) The NaClretaining state. ANGII phosphorylates and activates WNK4, activated WNK4 induces phosphorylation of SPAK and OSR1, which in turn phosphorylates and activates NCC. To prevent kaliuresis, ANGII induces endocytosis of ROMK via increasing the expression of protein tyrosine
kinase (PTK). ANGII enhances the reabsorption of HCO3 in the cells of the PCT, and hence diminishes its delivery to the CDN, which will
allow for electroneutral reabsorption of Na+ by the parallel activity of pendrin and NDCBE (shown as two adjacent circles in the luminal membrane of CDN cell) and hence diminishes the luminal negative voltage. (B) The events after a K+ load. Because of inhibition of ANGII release,
and an increase in the ratio of KS-WNK1 to L-WNK1, WNK4 will be in its NCC-inhibiting mode. Existing phosphorylated NCC in luminal
membrane will need to be de-activated or removed from the luminal membrane to allow for more NaCl to be delivered downstream. The increase ratio of KS-WNK1 to L-WNK1 leads to more ROMK units in the luminal membrane of principal cells in CDN. A higher PK leads to inhibition of the reabsorption of HCO3 in the PCT. A higher luminal HCO3 concentration increases the rate of electrogenic reabsorption of
Na+ and the generation of luminal negative voltage. (C) Events involved in re-establishment of the NaCl-retaining mode. As the ratio of KSWNK1 to L-WNK1 isoforms is reduced, L-WNK1 exerts its effects to up-regulate NCC either by blocking the inhibitory form of WNK4 or directly by phosphorylation of SPAK/OSR1. L-WNK1 also inhibits ROMK via endocytosis. As ANGII is released, WNK4 will be converted to its
NCC-activating kinase form. The effects of ANGII to diminish the delivery of HCO−
3 to the CDN and to inhibit ROMK will reestablish the role
of aldosterone as a NaCl-retaining hormone in CDN.
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F I G U R E 3 : Integration of the role of WNK kinases and modulation of delivery of HCO3 in regulation of K+ secretion in CDN. In (A) and

Re-establishment of a NaCl-retaining state. As the danger
of a large K+ load is dealt with, the NaCl-retaining mode
needs to be re-established. L-WNK1 up-regulates NCC either
by blocking the inhibitory form of WNK4 or directly by phosphorylation of SPAK/OSR1, and hence enhances the reabsorption of NaCl in DCT [41] (Figure 3C). A reduction in the ratio
of KS-WNK1 to L-WNK1 transcripts leads to greater endocytosis of ROMK [42]. As ANGII is released, WNK4 will be
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converted to its NCC-activating kinase form. The effects of
ANGII to diminish the delivery of HCO−
3 to the CDN (which
increases electroneutral reabsorption of Na+) and to inhibit
ROMK will reestablish the role of aldosterone as a NaCl-retaining hormone in CDN.
Clinical Implications
Familial hyperkalemia with hypertension. Patients with
this syndrome (also known as Pseudohypoaldosteronism type
II or Gordon’s syndrome) behave as if they have a gain-offunction in the thiazide-sensitive NCC. Major deletions in the
genes encoding for WNK1 and missense mutations in WNK4
have been reported in these patients [43]. Hypertension and
hyperkalemia in these patients respond nicely to thiazide
diuretics, which may reﬂect their effect to inhibit NCC but
also the electroneutral reabsorption of Na+ in CCD.
Syndrome of hyporeninemic hypoaldosteronism. A similar
set of clinical ﬁndings to those patients with ‘Familial Hyperkalemia with Hypertension’ may occur in other patients, most
commonly those with diabetic nephropathy [44]. Support for
the hypothesis that suppression of renin release is the result of
volume expansion is the ﬁnding that circulating atrial natriuretic
peptide blood levels are elevated in these patients [45], and
many will respond to either NaCl restriction or furosemide with
an increased plasma renin mass [45]. It is possible that the reabsorption of Na+ and Cl− in these patients may be augmented
in the DCT. Of relevance to patients with type 2 diabetes mellitus, who often have hyperinsulinemia and the metabolic syndrome, it has been noted that chronic insulin infusion in rats is
associated with the retention of NaCl due to its enhanced reabsorption in different nephron segments including the DCT.
There is also less WNK4 expression in the renal cortex [46].
Furthermore, obese Zuker rats were shown to be more sensitive
to thiazides than their lean counterparts with a greater natriuresis, kaliuresis and drop in blood pressure [47]. Reduced renal
cortical expression of WNK4 was also observed in this model.
In addition, work in cell culture indicates involvement of
PI3-kinase in activating WNK1 [48]. Thiazide diuretics may be
particularly effective in these patients.
Hyperkalemia with calcineurin inhibitors. Hoorn et al.
[49] demonstrated that tacrolimus caused salt-sensitive hypertension and increased the abundance of phosphorylated NCC
and the NCC-regulatory kinases WNK3, WNK4 and SPAK
in mice. Hydrochlorothiazide reversed tacrolimus-induced
hypertension. Tacrolimus treated mice developed hyperkalemia when they consumed a high K+ chow.
Increasing K+ secretion with induction of bicarbonaturia.
Inducing bicarbonaturia with the administration of acetazolamide, a carbonic anhydrase inhibitor, may increase the excretion of K+. This may be an option for treatment of patients
with mild-to-moderate hyperkalemia due to the use of reninangiotensin-aldosterone blockers, which might allow the continuation of these medications. To prevent the development of
metabolic acidosis, administration of NaHCO3 may be required. This needs to be examined in a clinical study.

K.S. Kamel et al.
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requires the delivery of more NaCl to CDN by inhibiting its reabsorption in DCT. In the absence of sufﬁcient ANGII, WNK4
will be in its NCC-inhibiting form because of the dual requirement of both SGK-1 and ATR1 signaling to activate WNK4.
Alternative promoter usage of the WNK1 gene produces a
kidney-speciﬁc, truncated form of WNK1, called KS-WNK1,
and a more ubiquitous long form, called L-WNK1 [34].
L-WNK1 imposes an inhibitory effect on WNK4 [35]. The
KS-WNK1 isoform blocks this effect of L-WNK1 on WNK4
(Figure 3B). An increase in dietary K+ leads to an increased
ratio of KS-WNK1 to L-WNK1, hence WNK4 will be in its
NCC inhibiting mode. WNK4, however, does not cause endocytic retrieval of NCC, but rather interferes with the forward
trafﬁcking pathway by diverting NCC to the lysosome for degradation and hence reduces its steady state abundance in the
luminal membrane in the DCT. Studies by Vallon et al. [37]
showed decreased renal expression of total and phosphorylated NCC in mice on a high K+ diet. A mechanism is needed,
however, to de-activate the existing NCC units in the luminal
membrane ( perhaps via de-phosphorylation) or cause their
removal from the luminal membrane in response to an acute
K+ load. The mechanism involved and how it is regulated are
yet to be identiﬁed.
Nevertheless, as delivery of NaCl to the CDN is increased,
two additional requirements are needed to achieve a high rate
of K+ secretion in the CDN: a high rate of electrogenic reabsorption of Na+ and open ROMK in the luminal membrane
of principal cells. In Paleolithic times, the major source of
dietary K+ was from fruit and berries, with organic anions that
are metabolized to HCO3 . This increases the ﬁltered load of
HCO3 . In addition, a higher PK is associated with alkalinization in PCT cells, which leads to inhibition of the reabsorption
of HCO3 and an increase in its distal delivery [38]. An
increase in luminal HCO3 concentration may increase the
rate of electrogenic reabsorption of Na+. For this, however, to
result in kaliuresis, ROMK channels in an open conﬁguration
must be present in the luminal membrane of principal cells.
Two processes seem to be involved. First, WNK4 inhibits
ROMK by stimulating endocytosis of the channel via clathrincoated vesicles [39]. When ANGII is suppressed but SGK-1 is
present (as in conditions of high K+ intake), SGK-1 phosphorylates WNK4 and reverses its inhibition of ROMK [40].
Second, L-WNK1 inhibits ROMK by inducing its endocytosis;
the KS-WNK1 isoform inhibits this effect of L-WNK1. The
relative abundance of the WNK1 isoforms is regulated by
dietary K+. An increase in dietary K+ leads to an increased
ratio of KS-WNK1 to L-WNK1, so there is reduced endocytosis of ROMK; the ratio is decreased by dietary K+ restriction,
which thereby leads to greater endocytosis of ROMK [40].

Flow rate in the CCD
Key physiology concepts. When vasopressin acts, the late
distal nephron is permeable to water owing to the insertion of
aquaporin-2 water channels (AQP2) in the luminal membrane
of principal cells. The osmolality of ﬂuid in the terminal CCD
becomes equal to the plasma osmolality and hence is relatively
ﬁxed. Therefore, the number of osmoles present in luminal
ﬂuid determines the ﬂow rate in the terminal CCD [14]. These
osmoles are largely urea, Na+, Cl− and K+ with an accompanying anion.
Intra-renal recycling of urea. This process is illustrated
in Figure 4. To obtain a quantitative estimate of the amount
of urea that is recycled, one needs an estimate of the amount
of urea that is delivered to the early DCT. Using data from micropuncture studies in fed rats, the amount of urea in the early
DCT was 1.1 times the amount of urea that was ﬁltered [50].
Extrapolated to an adult human with a GFR of 180 L/day, and
a plasma urea concentration of 5 mmol/L, a reasonable
estimate of the daily delivery of urea to the early DCT is
∼1000 mmol/day. Since subjects eating a typical Western diet
excrete close to 400 mmol of urea per day, the amount of urea
that recycles would be ∼600 mmol per day. This process of
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urea recycling adds an extra 2 L to the ﬂow rate in terminal
CCD (600 mosmol divided by a luminal ﬂuid osmolality that
is equal to plasma osmolality, i.e. ∼300 mOsm/L).
Integration of intra-renal recycling of urea into renal
K+ excretion
The importance of this process of intra-renal recycling of
urea for K+ excretion becomes evident when one considers
that the second source of dietary K+ is from ingestion of
animal organs (e.g. muscle). The anions that accompany this
K+ load are organic phosphates or sulfate, which unlike
HCO3 , do not augment the secretion of K+ in the CDN,
unless the concentration of Cl− in luminal ﬂuid in the CDN is
very low [53]. At the same time, urea is produced when the
amino acid constituents of protein are oxidized [54]. By increasing the volume of ﬂuid that exits the terminal CCD, this
process of urea recycling aids the excretion of a K+ load from
the ingestion of dietary proteins [55].
Clinical implications. In a quantitative analysis, Kamel and
Halperin illustrated that even in patients with a large defect
in their ability to generate a lumen negative voltage in CDN, a
signiﬁcant degree of hyperkalemia is not likely to develop,
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the luminal membrane of cells in the inner medullary collecting duct (MCD) [51]. A higher concentration of urea in the luminal ﬂuid in the
inner MCD than that in the interstitial ﬂuid in the inner medulla is achieved because all the segments of the late distal nephron upstream to the
inner MCD are likely to be impermeable to urea, but permeable to water owing to the insertion of AQP2 into the luminal membranes of principal cells. The bulk of the urea that is reabsorbed in the inner MCD leaves the inner medulla via ascending vasa recta, because it has UT-A2. Most
of this urea will enter the luminal ﬂuid of the descending thin limbs (DtL) of the loop of Henle of superﬁcial nephrons that have their bends
deep in the outer medulla, as they possess the UT-A2 and the concentration of urea is higher in the interstitial compartment than in the luminal
ﬂuid of the DtL, which allows for a high rate of delivery of urea to the early DCT [52]. This calculation does not take into account the relatively
small amount of urea that exits the medulla via the ascending vasa recta.
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F I G U R E 4 : Intra-renal recycling of urea. Vasopressin phosphorylates and causes the insertion of urea transporters (UT) UT-A1 and UT-A3 in

while consuming a usual K+ intake, unless there is decreased
ﬂow rate in terminal CCD [55]. Since, owing to the process of
intra-renal urea recycling, a large fraction of the osmoles delivered to terminal CCD are urea, restricting protein intake may
decrease the amount of urea that recycles and hence the rate of
ﬂow in terminal CCD. This analysis may provide new insights
into the pathophysiology of hyperkalemia that may develop in
some patients on an angiotensin converting enzyme inhibitor
or an angiotensin receptor blocker. It is interesting to note that
ANGII stimulates the transport of urea in the inner MCD in
the presence of vasopressin [56]. Hence, hyperkalemia may be
more likely to develop in patients who are taking these drugs if
they are protein restricted, since there would now be two
reasons for diminished urea recycling and therefore diminished ﬂow in terminal CCD.

In summary, our purpose was to integrate new insights in K+
physiology into an understanding of K+ homeostasis, viewed
from a Paleolithic perspective. The release of L-lactic acid into
portal venous blood in response to ingestion of fruit and
berries and its entry into hepatocyte may cause an increase in
H+ concentration near NHE-1, and in the presence of insulin,
induce a shift of K+ into hepatocyte and hence prevent a dangerous rise in PK in blood reaching the heart. In response to a
large intake of K+, because of the inhibition of the release of
ANGII and the increase in KS-WNK1 to L-WNK1 ratio,
WNK4 will be in its NCC-inhibiting mode. A mechanism is
needed to de-activate the existing NCC units in the luminal
membrane or cause their removal to increase the delivery of
NaCl to CDN. Increasing delivery of HCO−
3 to CDN increases
the rate of electrogenic reabsorption of Na+ in CCD, which promotes kaliuresis. An increase in ratio of KS-WNK1 to L-WNK1
isoforms causes more ROMK to be present in luminal membrane of principal cells. The process of urea recycling, by increasing the volume of ﬂuid that exits the terminal CCD, aids
the excretion of a K+ load from the ingestion of dietary protein.
Some of the clinical implications of these new insights were illustrated.

5.

6.

7.
8.
9.
10.

11.
12.
13.
14.
15.
16.

17.
18.
19.

20.
21.

22.
23.

24.

C O N F L I C T O F I N T E R E S T S TAT E M E N T

25.

None declared.
26.

REFERENCES
27.
1. Eaton SB, Konner M. Paleolithic nutrition. A consideration of its nature
and current implications. N Engl J Med 1985; 312: 283–289
2. Halperin ML, Kamel KS. Dynamic interactions between integrative physiology and molecular medicine: The key to understand the mechanism of
action of aldosterone in the kidney. Can J Physiol Pharmacol 2000; 78:
587–594
3. Kamel SK, Shih-Hua L, Sung-Sen Y et al. Clinical Disorders of Hyperkalemia. In: Alpern RJ, Moe OW, Caplan M (eds). Seldin and Giebisch’s The

988

28.

29.

K.S. Kamel et al.

Downloaded from http://ndt.oxfordjournals.org/ at INSERM on May 12, 2014

FULL REVIEW

SUMMARY

4.

Kidney (Fifth Edition) Physiology & Pathophysiolog. Elsevier Inc, 2012,
pp. 1741–1772
Clausen T, Everts ME. Regulation of the Na,K-pump in skeletal muscle.
Kidney Int 1989; 35: 1–13
Benziane B, Chibalin AV. Frontiers: skeletal muscle sodium pump regulation: a translocation paradigm. Am J Physiol Endocrinol Metab 2008; 295:
E553–E558
Al-Khalili L, Yu M, Chibalin AV. Na+, K+-ATPase trafﬁcking in skeletal
muscle: insulin stimulates translocation of both alpha 1- and alpha 2subunit isoforms. FEBS Lett 2003; 536: 198–202
Moore RD. Stimulation of Na: H exchange by insulin. Biophys J 1981; 33:
203–210
Juel C. Regulation of pH in human skeletal muscle: adaptations to physical
activity. Acta Physiol (Oxf ) 2008; 193: 17–24
Kinsella JL, Heller P, Froehlich JP. Na+/H+ exchanger: proton modiﬁer
site regulation of activity. Biochem Cell Biol 1998; 76: 743–749
Cheema-Dhadli S, Chong CK, Kamel KS et al. An acute infusion of lactic
acid lowers the concentration of potassium in arterial plasma by inducing
a shift of potassium into cells of the liver in fed rats. Nephron Physiol
2012; 120: p7–15
McGarry JD, Kuwajima M, Newgard CB et al. From dietary glucose to
liver glycogen: the full circle round. Annu Rev Nutr 1987; 7: 51–73
Juel C, Halestrap AP. Lactate transport in skeletal muscle—role and regulation of the monocarboxylate transporter. J Physiol 1999; 517: 633–642
Wang WH, Giebisch G. Regulation of potassium (K) handling in the renal
collecting duct. Pﬂugers Arch 2009; 458: 157–168
Halperin ML, Kamel KS. Potassium. Lancet 1998; 352: 135–142
Giebisch G. Renal potassium transport: mechanisms and regulation. Am J
Physiol 1998; 274: F817–FF33
Welling PA, Ho K. A comprehensive guide to the ROMK potassium
channel: form and function in health and disease. Am J Physiol Renal
Physiol 2009; 297: F849–F863
Garty H. Regulation of the epithelial Na+ channel by aldosterone: open
questions and emerging answers. Kidney Int 2000; 57: 1270–1276
Farman N, Boulkroun S, Courtois-Coutry N. Sgk: an old enzyme revisited.
J Clin Invest 2002; 110: 1233–1234
Flores SY, Debonneville C, Staub O. The role of Nedd4/Nedd4-like dependant ubiquitylation in epithelial transport processes. Pﬂugers Arch
2003; 446: 334–338
Stokes JB. Ion transport by the collecting duct. Semin Nephrol 1993; 13:
202–212
Tomita K, Pisano JJ, Burg MB et al. Effects of vasopressin and bradykinin
on anion transport by the rat cortical collecting duct. Evidence for an electroneutral sodium chloride transport pathway. J Clin Invest 1986; 77:
136–141
Terada Y, Knepper MA. Thiazide-sensitive NaCl absorption in rat cortical
collecting duct. Am J Physiol 1990; 259: F519–F528
Leviel F, Hubner CA, Houillier P et al. The Na+-dependent chloride-bicarbonate exchanger SLC4A8 mediates an electroneutral Na+ reabsorption process in the renal cortical collecting ducts of mice. J Clin Invest
2010; 120: 1627–1635
Eladari D, Chambrey R, Peti-Peterdi J. A new look at electrolyte transport
in the distal tubule. Annu Rev Physiol 2012; 74: 325–349
Carlisle EJF, Donnelly SM, Ethier J et al. Modulation of the secretion of
potassium by accompanying anions in humans. Kidney Int 1991; 39:
1206–1212
Schambelan M, Sebastian A, Rector FC, Jr. Mineralocorticoid-resistant
renal hyperkalemia without salt wasting (type II pseudohypoaldosteronism): role of increased renal chloride reabsorption. Kidney Int 1981; 19:
716–727
Pech V, Pham TD, Hong S et al. Pendrin modulates ENaC function by
changing luminal HCO3. J Am Soc Nephrol 2010; 21: 1928–1941
Woda CB, Bragin A, Kleyman TR et al. Flow-dependent K+ secretion in
the cortical collecting duct is mediated by a maxi-K channel. Am J Physiol
Renal Physiol 2001; 280: F786–F793
Bailey MA, Cantone A, Yan Q et al. Maxi-K channels contribute to
urinary potassium excretion in the ROMK-deﬁcient mouse model of Type
II Bartter’s syndrome and in adaptation to a high-K diet. Kidney Int 2006;
70: 51–59

Received for publication: 19.4.2013; Accepted in revised form: 13.11.2013

989

FULL REVIEW

Integrative potassium physiology

45. Chan R, Sealey JE, Michelis MF et al. Renin-aldosterone system can
respond to furosemide in patients with hyperkalemic hyporeninism. J Lab
Clin Med 1998; 132: 229–235
46. Song J, Hu X, Riazi S et al. Regulation of blood pressure, the epithelial
sodium channel (ENaC), and other key renal sodium transporters by chronic
insulin infusion in rats. Am J Physiol Renal Physiol 2006; 290: F1055–F1064
47. Bickel CA, Verbalis JG, Knepper MA et al. Increased renal Na-K-ATPase,
NCC, and beta-ENaC abundance in obese Zucker rats. Am J Physiol
Renal Physiol 2001; 281: F639–F648
48. Xu BE, Stippec S, Lazrak A et al. WNK1 activates SGK1 by a phosphatidylinositol 3-kinase-dependent and non-catalytic mechanism. J Biol Chem
2005; 280: 34218–34223
49. Hoorn EJ, Walsh SB, McCormick JA et al. The calcineurin inhibitor
tacrolimus activates the renal sodium chloride cotransporter to cause
hypertension. Nat Med 2011; 17: 1304–1309
50. Lassiter WE, Gottschalk CW, Mylle M. Micropuncture study of net transtubular movement of water and urea in non-diuretic mammalian kidney.
Am J Physiol 1961; 200: 1139–1146
51. Zhang C, Sands JM, Klein JD. Vasopressin rapidly increases phosphorylation of UT-A1 urea transporter in rat IMCDs through PKA. Am J Physiol
Renal Physiol 2002; 282: F85–F90
52. Fenton RA. Urea transporters and renal function: lessons from knockout
mice. Curr Opin Nephrol Hypertens 2008; 17: 513–518
53. Velazquez H, Wright FS, Good DW. Luminal inﬂuences on potassium secretion: chloride replacement with sulfate. Am J Physiol 1982; 242:
F46–F55
54. Jungas RL, Halperin ML, Brosnan JT. Lessons learnt from a quantitative
analysis of amino acid oxidation and related gluconeogenesis in man.
Physiol Rev 1992; 72: 419–448
55. Kamel KS, Halperin ML. Intrarenal urea recycling leads to a higher rate of
renal excretion of potassium: an hypothesis with clinical implications.
Curr Opin Nephrol Hypertens 2011; 20: 547–554
56. Kato A, Klein JD, Zhang C et al. Angiotensin II increases vasopressin-stimulated facilitated urea permeability in rat terminal IMCDs. Am J Physiol
Renal Physiol 2000; 279: F835–F840

Downloaded from http://ndt.oxfordjournals.org/ at INSERM on May 12, 2014

30. Welling PA, Chang YP, Delpire E et al. Multigene kinase network, kidney
transport, and salt in essential hypertension. Kidney Int 2010; 77: 1063–1069
31. Hoorn EJ, Nelson JH, McCormick JA et al. The WNK kinase network
regulating sodium, potassium, and blood pressure. J Am Soc Nephrol
2011; 22: 605–614
32. Subramanya AR, Ellison DH. Sorting out lysosomal trafﬁcking of the
thiazide-sensitive Na-Cl Co-transporter. J Am Soc Nephrol 2010; 21: 7–9
33. San-Cristobal P, Pacheco-Alvarez D, Richardson C et al. Angiotensin II
signaling increases activity of the renal Na-Cl cotransporter through a
WNK4-SPAK-dependent pathway. Proc Natl Acad Sci USA 2009; 106:
4384–4389
34. Wei Y, Zavilowitz B, Satlin LM et al. Angiotensin II inhibits the ROMKlike small conductance K channel in renal cortical collecting duct during
dietary potassium restriction. J Biol Chem 2007; 282: 6455–6462
35. Youn JH, McDonough AA. Recent advances in understanding integrative
control of potassium homeostasis. Annu Rev Physiol 2009; 71: 381–401
36. Cogan MG. Angiotensin II: A powerful controller of sodium transport in
the early proximal tubule. Hypertension 1990; 15: 451–458
37. Vallon V, Schroth J, Lang F et al. Expression and phosphorylation of the
Na+-Cl- cotransporter NCC in vivo is regulated by dietary salt, potassium,
and SGK1. Am J Physiol Renal Physiol 2009; 297: F704–F712
38. Kurtzman NA, White MG, Rogers PW. The effect of potassium and extracellular volume on renal bicarbonate reabsorption. Metabolism 1973; 22:
483–492
39. He G, Wang HR, Huang SK et al. Intersectin links WNK kinases to endocytosis of ROMK1. J Clin Invest 2007; 117: 1078–1087
40. Huang CL, Yang SS, Lin S-H. Mechanism of regulation of renal ion transport by WNK kinases. Curr Opin Nephrol Hypertens 2008; 17: 519–525
41. Moriguchi T, Urushiyama S, Hisamoto N et al. WNK1 regulates phosphorylation of cation-chloride-coupled cotransporters via the STE20related kinases, SPAK and OSR1. J Biol Chem 2005; 280: 42685–42693
42. Lazrak A, Liu Z, Huang CL. Antagonistic regulation of ROMK by long
and kidney-speciﬁc WNK1 isoforms. Proc Natl Acad Sci USA 2006; 103:
1615–1620
43. Wilson FH, Disse-Nocodeme S, Choate KA et al. Human hypertension
caused by mutations in WNK kinases. Science 2001; 293: 1107–1112
44. DuBose TD, Jr. Hyperkalemic hyperchloremic metabolic acidosis: pathophysiologic insights. Kidney Int 1997; 51: 591–602

