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Abstract

Transmembrane potassium (K) gradients are key determinants of membrane potential that can
modulate action potentials, control muscle contractility, and influence ion channel and transporter
activity. Daily K intake is normally equal to the amount of K in the entire extracellular fluid
(ECF) creating a critical challenge — how to maintain ECF [K] and membrane potential in a
narrow range during feast and famine. Adaptations to maintain ECF [K] include sensing the K
intake, sensing ECF [K] vs. desired set-point and activating mediators that regulate K distribution
between ECF and ICF, and regulate renal K excretion. In this focused review, we discuss the basis
of these adaptions, including (1) potential mechanisms for rapid feedforward signaling to kidney
and muscle after a meal (before a rise in ECF [K]), (2) how skeletal muscles sense and respond

to changes in ECF [K], (3) effects of K on aldosterone biosynthesis, and (4) how the kidney
responds to changes in ECF [K] to modify K excretion. The concepts of sexual dimorphisms in
renal K handling adaptation are introduced, and the molecular mechanisms that can account for
the benefits of a K-rich diet to maintain cardiovascular health are discussed. Although the big
picture of K homeostasis is becoming more clear, we also highlight significant pieces of the puzzle
that remain to be solved, including knowledge gaps in our understanding of initiating signals,
sensors and their connection to homeostatic adjustments of ECF [K].
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Introduction

Eukaryotes evolved to possess steep transmembrane gradients of potassium (K) and sodium
(Na), created and maintained by the ubiquitous Na,K-ATPase (NKA, the sodium pump).

By actively pumping K into the intracellular fluid (ICF) and Na out of the cell into the
extracellular fluid (ECF), this system supports a number of critical life-promoting functions:
high ICF K facilitates protein synthesis and cell volume regulation, the Na and K gradients
are “storehouses” of potential energy used to transport electrolytes and substrates across
membranes, and the transmembrane K gradients are key determinants of membrane potential
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that can modulate action potentials, control muscle contractility, and influence ion channel
and transporter activity [111]. As a result of this dynamic, the ICF K pool is large (~

3500 mEq) and the ECF K pool is small (~ 70 mEq). In mammals, the ECF and ICF [K]
are 3.8-5, and 120-140 mM, respectively. This system evolved to accommodate prevalent
K-rich food sources; in fact, high dietary K intake is beneficial as it can lower blood
pressure, blunt the negative effects of dietary NaCl, and reduce the risk of kidney stones
and bone loss, benefits that are probably also impacted by higher organic anions like citrate
in high K diets [34, 72, 116]. Among the major electrolytes, K has the highest ratio of
daily intake (70-120 mEq) to extracellular pool size (70 mEq), and as such is a significant
daily homeostatic challenge. Since changes in the ECF [K] can provoke life-threatening
disruptions in membrane potential, the system evolved multilayered complex mechanisms
of homeostatic control to minimize changes in ECF [K] brought about by the significant
challenge of a simple meal [73].

The numerous components of the K homeostatic system are still being elucidated but can
be categorized into (1) sensing the K intake, (2) sensing ECF [K] and comparing it to the
desired set point, (3) regulating K distribution between ECF and ICF, and (4) regulating

K excretion (Fig. 1). For illustration, let us consider the response to a simple meal of an
avocado sandwich, tomato soup, yogurt with blueberries and black coffee. Containing ~

35 mEq (1.4 mg) K, the meal has the potential to raise the ECF K pool 50%. Studies in
rodents and humans suggest that the gastrointestinal system senses the incoming K [102,
164] (and glucose with it) and, before any detectable increase in ECF K, sends anticipatory
signals to various targets to prepare to blunt the rise in ECF K. Once absorbed, the ECF

K concentration ([K]) increases, a classic signal to shift K from ECF to ICF. ECF K

is first transiently shifted into liver [7], then persistently into muscle, facilitated by the
glucose in the meal driving a rise in insulin that is known to activate the NKA via an
insulin receptor-mediated increase in the affinity of sodium pumps which increase net K
uptake into ICF [25]. In parallel, the rise in ECF [K] directly activates sensors in the
kidney to secrete and excrete K, and in the adrenal gland to synthesize aldosterone, which
further stimulates K excretion from the kidney (as well as from colon, salivary and sweat
glands). These adaptations accomplish the goal of minimizing postprandial increases in
ECF [K]. This review aims to cover recent advances in understanding systemic control

of whole-body K homeostasis (Fig. 1), and to identify key knowledge gaps that remain:

(1) sensing [K]and comparing it to the desired set point in various cells and tissues,
including sensing and responding to depressed ECF K; (2) mediators of the adaptations
including K per se, aldosterone, and local modulators; (3) target transporter responses across
tissues (extrarenal, intrarenal, importance of Na—K crosstalk); (4) therapeutic opportunities
to use what we know about K homeostasis to treat chronic disease (e.g. hypertension). The
readers are further referred to many excellent comprehensive reviews of various aspects of K
homeostasis [7, 24, 43, 46, 73].

Rapid buffering of K intake — timing is everything

K homeostasis is, ultimately, a function of balancing K output to K intake [46]. Most recent
research attention has focused on discoveries about the kidney K excretion arm of adaptation
(see Potassium handling by kidney section below). Nonetheless, Bia and DeFronzo’s
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classic 1981 review, Extrarenal Potassium Homeostasis [7], lays out the importance of the
postprandial shift in K from ECF to ICF and highlights that during the first 3-6 h after a K
load (whether a meal or intravenous, and across species), only about % of the K is excreted
in the urine. This observation was confirmed in rats [106] and humans [66]. If the remaining
50% of the K load were retained within the ECF, the [K] would rise to potentially dangerous
levels. This does not occur because nearly all the retained K is rapidly translocated into

the ICF. Between meals, this excess K, mainly stored in muscle ICF, moves into the ECF

as a function of muscle activity, and is filtered into the kidneys to be excreted to match K
intake over the next 10 h. Whether ECF [K] remains elevated has not been measured in
parallel, but plasma aldosterone remains elevated [106, 123]. This remarkable multilayered
acute adaptation occurs with each K-containing meal over a lifetime (Fig. 1).

Given the importance of preventing large fluctuations in ECF [K], it is not surprising that
feedforward regulation, specifically, responses that operate independently of a change in

the ECF [K] are key (Fig. 1). Proposed by Rabinowitz [103], and reviewed more recently
by Youn [164], evidence suggests that K is “sensed” in the Gl tract and signals are sent

to the periphery and the kidneys to shift K from ECF to ICF and to increase K excretion

— prior to any change in ECF [K]. In a meal-fed sheep model, Rabinowitz provided
evidence for feed-forward sensing of K intake in the splanchnic bed that signaled kidneys

to excrete K, independent of changes in plasma K or aldosterone [104]. Followup studies

by Morita et al. provided evidence for involvement of hepatic afferent nerve activity in

the sensing of both Na and K intake, attenuated by inhibitors of the Na,K,2Cl transporter
(NKCC) [77]. A followup study reported that high-NaCl or high-KCl diets decreased

liver NKCC1 expression, and potentially reduced hepatic sodium- and potassium-receptor
sensitivity [139]. Further investigations by Youn and colleagues indicated that a number

of GI hormones, including guanylin peptides and incretin hormones were not requisite
mediators of this signal [87]. Their more recent investigation of feedforward signal(s)
pursued the idea that the brain, specifically the pituitary, receives K intake signals from the
gut. Carefully controlling for light/dark cycles, they observed that normal nighttime feeding
of rats with a control 1% K diet was associated with a 0.2 mEq rise in plasma K in sham
rats, while hypophysectomized rats exhibited a fivefold higher 1 mEq rise in plasma K,
evidence of K intolerance and supporting a role of central regulation [88]. While the specific
sensors and signals of gut sensing feedforward regulation remain elusive, there is evidence
for such mechanisms in humans. A study by Preston and colleagues provided 32 individuals
with either a complex meal that was deficient in Na and K, a 35 meq oral K load, or both
[52, 102]. The oral K load alone did not provoke insulin release but did increase serum [K]
by 0.5 mM and raised urine K excretion fivefold within 1 h. Adding the meal to the oral K
load prevented any change in serum K, and blunted the acute rise in urine K excretion to
twofold. Using mineralocorticoid blockers, they demonstrated the gut-kidney-kaliuresis axis
functions independent of any change in mineralocorticoids or serum [K] [102].

The role of the postprandial rise in insulin as a driver of the cellular uptake of both glucose
and K, (independent of a rise in ECF [K]) warrants discussion as a parallel feed-forward
mechanism. The Youn and McDonough labs developed and implemented a hyperinsulinemic
glucose and K clamp technique in conscious rats with indwelling tail catheters in which,
during insulin administration, the incremental infusions of glucose (Ginf) and K (Kinf)
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necessary to maintain constant plasma concentrations of both substrates were quantified,
i.e., the cellular uptake of glucose and K in response to insulin/time can be estimated

from the rate of infusion of these substrates [23]. The technique was applied to rats fed a
high fat diet, which is known to provoke insulin resistance to glucose uptake, in order to
assess the impact on insulin-sensitive cellular uptake of K [22]. After normalizing dietary
K intake between rat groups fed control and high fat diet, we observed the expected insulin
resistance to glucose uptake in the high-fat fed group, but no decrement in insulin sensitivity
to cell K uptake. That is, insulin sensitivity of cell K uptake was preserved despite insulin
resistance to glucose uptake during high fat diet. Nguyen and Moe extended these findings
to humans with type 2 diabetes (also implementing a hyperinsulinemic euglycemic clamp)
[85]: glucose cellular disposal was significantly lower with increasing body mass index,
while cellular K uptake was independent of body mass index, that is, postprandial K uptake
is preserved in type 2 diabetes in spite of insulin resistance to cell glucose uptake.

Does postprandial cellular K uptake adapt in response to consuming a K-deficient meal or
diet? As described above, a K-deficient meal alone stimulated a rise in insulin along with a
fall in serum [K] (by 0.5 mM over 90 min) without a rise in urinary K excretion [102]. To
determine whether dietary K intake impacts insulin-stimulated cell K uptake (or whether it is
solely determined by insulin), Choi et al. used the “hyperinsulinemic K- and glucose-clamp”
described above. In control rats on a normal diet, both Kinf and Ginf increased in a
dose-dependent manner with insulin infusion, as expected. In rats fed a K-deficient diet for
2 days (plasma [K] fell from 4.2 to 3.8 mM), then infused with insulin, Ginf remained at
control levels, and Kinf fell 80%, providing evidence for the development of a novel variety
of insulin resistance to cellular K uptake when dietary K is limiting [23]. A role for the fall
in ECF [K] was ruled out in a subsequent study in which rats were fed a diet with K reduced
from 1 to 0.33% in which plasma [K] remained unchanged from baseline levels [20]: this
diet reduced both urine K excretion (80%) and insulin-stimulated Kinf (50%) indicating

that these feedforward responses were independent of plasma [K]. Clearly, these adaptations
serve to minimize fluctuations in ECF [K]. But what are the mechanisms of this insulin
resistance? One hypothesis is that the feedforward signal(s) from the gut are permissive for
insulin-sensitive cellular K uptake and for anticipatory K excretion in the urine.

Maintaining plasma [K] in feast and famine — buffering by muscle K stores

A 2021 review of Regulation of Muscle Potassium by Lindinger and Cairns [65] lists

K transport proteins in skeletal muscle including NKA a1 and a2 isoform sodium

pumps which create and maintain the transmembrane Na and K gradients and respond

to catecholamines and insulin stimulation; the co-transporters NKCC1 and KCC1, which
stabilize cell volume and membrane potential; ATP-sensitive K channels (Kir 6.2) which
open when ATP falls; KCa 1.1, a voltage-gated, Ca-sensitive delayed rectifier K channel
which releases ICF K during stimulation; and IKir 2.1 and IKir 2.2 which re-capture K
from the T-tubules after stimulation [31]. DiFranco and Heiny compared properties of the
two skeletal muscle NKA (sodium pump) isoforms and provided evidence that they operate
over different ranges of ECF [K] such that the a2 isoform can serve as an ECF K—sensor in
skeletal muscles [30]. In brief, both NKA isoforms are rapidly stimulated by a rise in ECF K
through occupancy of an ECF facing K binding site. At baseline, the a1 isoform, localized
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to the muscle outer sarcolemma, works above its Ky, for K (1-2 mM) and maintains the
resting membrane potential and transmembrane Na and K gradients (as in most other cells).
In contrast, the more abundant muscle a2 NKA, localized to the T-tubules, operates below
its Kqy2 (~ 4.3 mM) at rest, but is rapidly activated when ECF [K] rises. That is, the K
affinity of the NKA a2 isoform is much lower than that of the a1 isoform, but active K
uptake into muscle ICF is rapidly increased in proportion to the T-tubular ECF [K] in the
physiological range (4-40 mM), demonstrating K-sensor properties of the NKA a2 isoform

(Fig. 1).

While this K sensing by a2 was defined as a function of muscle activity [30], the properties
are applicable to challenges of feast (K rich meal) and famine (low K meal). The DiFranco
and Heiny results suggest that after a K-rich meal, when ECF creeps above 4 mM, NKA a2
is immediately activated to pump K from ECF to ICF, a feedback loop that is independent
of — yet amplifies — the feed-forward gut factor and insulin signals arising from K intake.
Although not tested experimentally, the kinetic properties of NKA a2 may also explain the
blunted response to insulin after a low K meal: without a rise in ECF [K] the feed-forward
response could, potentially, be limited to insulin stimulation of the small pool of muscle
NKA al. McKenna and Clausen investigated the activation of NKA a2 by insulin (100
muU/ml) in isolated soleus [75] and found uptake of 86 Rb (a K surrogate) increased rapidly
by 23%, while ouabain binding (a surrogate for plasma membrane NKA) did not change,
indicating that insulin can stimulate NKA-mediated K uptake independent of translocation
of NKA.

In response to a K deficient diet, skeletal muscle altruistically donates K from ICF to buffer
the fall in ECF [K]. This fall in ECF [K] occurs secondary to the persistent non-zero K
secretion and excretion from kidney, colon, saliva, and sweat glands. We can now predict
that as ECF [K] falls, especially below the NKA a2 Ky, of 4.3 mM, K influx via this
isoform will fall and the equilibrium will be shifted to greater net K efflux (e.g. via KCa
1.1) vs. K influx during muscle activity. With prolonged low K diet, the pool size of

NKA a2 protein is (post-translationally) reduced [132, 133], further contributing to net K
efflux. We recently examined the coordinate adaptations of skeletal muscle and kidney to

a K deficient diet in mice [74]. As previously determined in rats [20, 23, 132], plasma

[K] fell from 4.5 to 2 mM despite renal K conservation (K excretion fell from 200 to 3
pumol/overnight collection). Compartmental modeling revealed that the amount of K lost in
the urine over 10 days (48 pmol) was equivalent to the amount leaving the muscle during the
same time (47 umol). Despite this correlation, ECF K mass fell from 26 to 11 pmol, likely
an important error signal to continue the redistribution of K from ICF to ECF until ECF
[K] is corrected with sufficient intake. Muscle [K] fell by 28 mM and [Na] increased by 27
mM in the same study; this doubling of tissue Na was not accompanied by any evidence of
inflammation, contrary to studies suggesting that tissue Na accumulation is proinflammatory
[58, 60, 136]. At the transporter level, NKA a2 and 2 isoform subunits fell 25 and 50%,
respectively (NKA a1-p1 subunits were unchanged). Interestingly, during K deficiency,
both muscle and kidney exhibited increased pools of phosphorylated STE20/SPS1-related
proline/alanine-rich kinase and oxidative stress—responsive kinase 1 (SPAK and OSR1), the
kinases that activate Slc12 cotransporters. In the muscle, this was associated with elevated
phosphorylation of NKCC1, a cell volume regulator, but no activation of KCC, likely a
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response to contracted muscle cell volume. In the kidney, SPAK and OSR1 activation are
correlated with elevated Na-Cl cotransporter activity, (discussed under Potassium handling
by kidney section).

What do we know about how the system resfores basal muscle stores in the transition

from famine to feast? When K intake is restored (e.g., the tiger finally catches a boar)

the K-rich meal raises ECF [K] and activates feedforward and direct kinetic stimulation of
NKA a2 in muscle which rapidly re-fill the depleted ICF stores; the renal adaptations to
retain K during hypokalemia would exhibit a lag until transporters are re-adjusted. Note
that hypokalemia that is secondary to renal K excretion also provokes K donation from the
muscle ICF to ECF (e.g., aldosterone excess, loop diuretics). Veiras et al. [143] showed
that angiotensin Il infusion in rats fed a normal K-containing diet provokes hypokalemia
attributable to increased activation of collecting duct ENaC and Na,K-ATPase which drives
K secretion and excretion. Providing these rats a single K-rich meal acutely increased

ECF [K] by 1 mM but did not increase K excretion, suggesting that the ingested K was
preferentially routed to replenish ICF stores, stimulated by feedforward responses and NKA
a2 activation. In humans with K-wasting phenotypes, this is likely the restorative response
to K-supplementation.

Potassium regulation of aldosterone biosynthesis

Plasma aldosterone increases two-sixfold as early as 30 min after an acute K intake
challenge (gavage, feeding, venous infusion) [106, 123], a classic feedback response
triggered when adrenal zona glomerulosa cells sense rising ECF [K] and initiate aldosterone
biosynthesis. The K-sensors in the glomerulosa cells include TWIK-related acid-sensitive

K channels (TASK-1 and TASK-3), which are constitutively open K leak channels that
maintain cell membrane potential (Fig. 1). A small rise in ECF [K] depolarizes the
membrane potential and triggers Ca influx via voltage dependent L- and T-type Ca channels,
which sets off a signaling cascade culminating in increased biosynthesis of aldosterone
synthase (CYP11B2) and release of aldosterone into the ECF [3, 45, 47]. Once secreted,
aldosterone binds to the mineralocorticoid receptor (MR) in target tissues, including kidney,
colon, salivary and sweat glands, where it clearly contributes to increased Na reabsorption,
K excretion, and restoration of K homeostasis (Fig. 1) [111].

Does a rise in plasma aldosterone in response to elevated ECF [K] play a role in stimulating
cellular K uptake, e.g., into skeletal muscle? MuscleDB, a database of muscle tissue gene
expression from rats and mice [131], indicates that the MR (NR3C2) is expressed in
skeletal muscles at 5-10 Fragments Per Kilobase per Million reads (FPKM). Evidence for
physiologically relevant activity of MR in muscle comes from studies in mouse models of
muscular dystrophy showing that antagonizing MR activity in myotubes alters expression of
known targets [17]. However, expression of 11 B OH steroid dehydrogenase 2 (HSD11B2)
is not significantly detected (< 0.2 FPKM) in rat or mouse muscles [131]. HSD11B2
confers aldosterone specificity to the MR by degrading cortisol (which can also activate
MR) [41], suggesting that skeletal muscle MR may be a receptor for cortisol, rather

than for aldosterone. Nevertheless, can aldosterone increase cellular K uptake? While it

is challenging to assign an aldosterone-driven drop in plasma K to muscle K uptake versus
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kidney K excretion, a classic study by Bia and DeFronzo attempted to control kidney
variables [8]. Rats were adrenalectomized, repleted with the glucocorticoid dexamethasone
and saline drinking water, anesthetized, acutely nephrectomized, then infused with KCI for
60 min. Plasma [K] increased from 5.3 to 8.9 mEq (AK of 3.6 mEq). In sham-treated control
rats, the same K infusion increased plasma [K] less from 4.4 to 7 mEq (AK of 2.6 mEq).
When the adrenalectomized + nephrectomized rats were repleted with aldosterone along
with dexamethasone, both baseline and AK values were indistinguishable from controls,
consistent with a role for aldosterone in lowering plasma K during K infusion. However,

a role for the other aldosterone sensitive K-secreting epithelial tissues (colon, salivary and
sweat glands) in lowering K cannot be ruled out. Nowadays, investigators could address this
issue with skeletal muscle—specific knockdown of MR, which has not been reported to our
knowledge [26]. In any case, we can assume that the “heavy lifting” of moving K from

the ECF to the ICF in response to a K-load can be accomplished by the feedback kinetic
activation of the NKA a2 in the T-tubules of the muscles as ECF [K] increases.

Aldosterone-producing adenomas (APA) are the most prevalent cause of secondary
hypertension characterized by arterial hypertension and hypokalemia. Somatic mutations
leading to the APAs have been defined over the past decade [6, 115, 117]. The G protein—
gated, inwardly rectifying potassium channel GIRK (KCNJ5) is abundant in adrenal cortex
(Fig. 1), and mutations, accounting for 40% of APAs, cause the loss of K selectivity and
provoke membrane depolarization that initiates the signaling cascade that sets off chronic
activation of CYP11B2, aldosterone biosynthesis and release. This is an example of an
adenoma provoked by K-sensor malfunction. Somatic mutations in zona glomerulosa cell
plasma membrane ATPases can also cause APAs: NKA mutations (ATP1AL, 5% of APAS)
can cause loss of K affinity and ATPase activity associated with membrane depolarization,
and the Ca-ATPase mutations (ATP2B3, 1.6% of APAs) can reduce Ca efflux from the
cytoplasm and raise cell Ca; both chronically activate CYP11B2, increase aldosterone
release and provoke arterial hypertension and hypokalemia [6].

Potassium handling by the kidney — bulk reclamation along proximal

nephron coupled to decision-making in the distal nephron

Several recent excellent reviews cover the regulation of renal K handling in great detail,
[16, 51, 99, 101, 152] so herein, only an overview of the most recent developments is
provided. Independent of the plasma [K], the majority of K freely filtered at the glomerulus
is reabsorbed by the proximal tubule (PT) and the thick ascending limb of Henle’s loop
(TAL). Reabsorption of K in the PT occurs passively via a paracellular pathway (Fig. 2).
This reabsorption is secondary to the reabsorption of Na and water (predominantly by

the Na/H exchanger NHE3 and Aquaporin 1, respectively), and in later portions of PT
further enhanced by the lumen positive potential difference produced by CI~ reabsorption
[153]. An unanswered question regarding PT K reabsorption is whether there is a role of
claudins. For example, although the small cation selective claudin-2 is expressed in the PT,
genetically modified mice lacking this channel appear to have no abnormalities in renal K
handling [5, 92]. In the TAL, secondary active transport via the Na*-K*-2Cl™-cotransporter
(NKCC2) provides a transcellular route for K reabsorption, which is coupled to K recycling
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through the renal outer medullary K channel (ROMK). This recycling of K increases the
lumen-positive potential difference, driving the paracellular reabsorption of K (Fig. 2).

As the PT and the TAL reabsorb ~ 90% of the filtered K, the enormous capacity of

the mammalian kidney to alter urinary K excretion is reliant on the “distal nephron,”
comprised of the late distal convoluted tubule (DCT), the connecting tubule (CNT), and
the cortical collecting duct (CCD) (Fig. 2). Except under extreme K depletion, when the
actions of the H,K-ATPase in a-intercalated cells can promote K reabsorption [46], the
distal nephron is almost exclusively responsible for K secretion, the magnitude of which is
determined by the intracellular and tubular K concentrations and pH, the voltage difference
across the apical plasma membrane, and the permeability of this membrane for K. Several
of these parameters are altered by aldosterone effects on the MR; hence, this region is
often named the aldosterone-sensitive distal nephron (ASDN) [118]. An electroneutral K
secretory pathway is present in the ASDN [144] and aldosterone-regulated flow-dependent
K secretion can occur via big-K channels (BK, or “maxi-K” channels) [108, 156, 158].
However, the predominant mode of K secretion is electrogenic, primarily occurring through
the renal outer medulla K channel ROMK (Kirl.1) subsequent to active K uptake via

the basolateral Na,K-ATPase. Na reabsorption via apical ENaC and thus apical membrane
depolarization provides the electrical driving force for this K secretion (Fig. 2) [39, 147].
ROMK and ENaC activity are altered by dietary K [39, 62, 64, 74, 84, 147], with recent
studies suggesting that the late DCT and early CNT have high baseline ROMK and ENaC
activity that are important for regulating K secretion during dietary K deficiency in an
aldosterone-independent manner, whereas the latter portions of the CNT and/or CCD play a
greater role in K secretion during increased K intake [83, 163].

In addition to the effects of aldosterone on tubular transport, urinary K excretion is increased
when distal delivery of Na is increased. In the following sections, we initially discuss how
K-mediated changes in Na handling by the PT and the TAL likely contribute to alterations in
distal Na delivery [155]. Subsequently, we provide more extensive insight into the role of the
DCT as a K sensor, a topic that has recently gained enormous attention due to the potential
impact on blood pressure (BP, see¢ /aten): specifically, how the DCT “senses” hyperkalemia
and responds by reducing the activity of the main NaCl transport pathway in this segment,
the thiazide-sensitive sodium chloride cotransporter (NCC).

Modulation of distal sodium delivery by the PT and TAL

Mathematical modeling has indicated that, despite potentially attenuated tubuloglomerular
feedback (TGF), Na delivery to the ASDN can be influenced by reduced Na reabsorption in
the PT and TAL [154]. K loads decrease PT fluid reabsorption and increase Na delivery to
the DCT [159] (accompanied by a TGF-mediated reduction in GFR) [155], whereas low K
diets can decrease intracellular pH and increase NHE3 activity [2, 38, 122], consistent with
reduced Na delivery to the ASDN during K depletion. K channels also play a central role

in modulating PT ammoniagenesis [9, 146], which can also impact K secretion. Potassium
depletion is associated with an increase in PT ammoniagenesis and decreased K secretion,
whereas decreased ammoniagenesis increases K secretion. The mechanisms responsible for
this are not fully elucidated, but it is likely due to alterations in delivery of NH,* to the
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CNT and CCD, with subsequent changes in cell pH altering ENaC and ROMK conductance
[155]. Whether changes in PT ammoniagenesis also contribute to the hypokalemia observed
in individuals with mutations in KCNJ16 (encoding Kir5.1) warrants consideration [113].

K loading also leads to a reduction in the active phosphorylated form of NKCC2 [106] and
decreased NaCl reabsorption in the TAL [140], which would increase the delivery of Na to
the ASDN to promote K secretion. In summary, it is likely that all segments proximal to the
ASDN work together to modulate the amount of Na delivered to the K secreting segments of
the ASDN. How the K sensors drive altered transporter activity along the PT and TAL is not
as well defined as the signaling cascades elucidated along the distal nephron, providing an
important area for further study.

Altering DCT sodium reabsorption influences kaliuresis

Adequate homeostatic kaliuresis can only occur if the activity of apical cation transporters
in the ASDN is modulated appropriately. The majority of NaCl reabsorption in the DCT
is electroneutral via NCC [32], with a contribution by ENaC in later portions [83, 163]. In
addition to Na balance, the importance of NCC activity for K homeostasis is highlighted
by the urinary K wasting and hypokalemia in patients with Gitelman syndrome due to
loss of NCC function [121]. Phosphorylation of threonine (Thr) and serine (Ser) residues
in the amino-terminal domain of NCC can be considered as the master regulator of NCC
function, as they increase NCC transport capacity and decrease NCC endocytosis from the
DCT plasma membrane [90, 109, 110]. The intricate details of the signaling mechanisms
underlying NCC phosphorylation are covered in other excellent reviews [16, 51, 152], but
as the molecular basis of this pathway is key to understanding how the DCT senses K

to alter NCC activity, a simplistic overview is provided here (Fig. 3). In low K states,
NCC is phosphorylated primarily by the Ste-20-related proline alanine-rich protein kinase
(SPAK) [44, 71, 107, 145], which itself is phosphorylated and activated by a member

of the With No Lysine (K) kinases family WNK4, aided by WNK1 [80]. WNK4 is
activated by autophosphorylation, a process that is prevented when a CI~ ion binds to

the kinases active site [97]. Hence, WNK4 senses changes in the intracellular chloride
concentration [CI7];: low cell [CI7];enhances WNK4 activity and subsequently SPAK and
NCC phosphorylation, and high cell [CI7],inhibits WNK4 activity and ultimately NCC
phosphorylation and activation [4]. WNKSs are also targeted for proteasomal degradation
by the Cul3-KLHL3-Ring E3 ubiquitin ligase complex [13, 69, 89]. The syndrome of
pseudohypoaldosteronism type 1l (PHAII, also called familial hyperkalemic hypertension
or Gordon syndrome), presents in patients as increased NCC activity, hyperkalemia and
hypertension, and is a result of mutations in the WNKZ1, WNK4, CUL3, or KLHL3 genes
[16], underscoring the importance of this signaling network for K balance. Importantly,
dephosphorylation of NCC virtually eliminates NCC activity [110], but discussion remains
regarding the responsible phosphatase [42, 78, 94, 98, 100].

So, how does the DCT cell sense changes in K in order to set off the signaling cascade
that targets NCC activity? A key observation to answering this question came from the
clinical presentation of patients with EAST syndrome due to mutations in the KCNJ10
gene (encodes the K channel Kir4.1). These patients suffer from hypokalemia, salt-wasting,
hypomagnesaemia and hypocalciuria [10], symptoms very similar to those observed in
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Gitelman syndrome, suggesting that the activity of Kir4.1 could play a crucial role in
regulating NCC [10, 114]. Kir4.1 is present in the DCT basolateral membrane where it
interacts with Kir5.1 (encoded by KCNJ16) to form a 40 pS heterotetrameric K channel
[70, 91, 126] (Fig. 3). K efflux through Kir4.1 (e.g., when ECF K is low), increases the
driving force for Cl efflux through basolateral CIC-Kb channels, lowering intracellular [CI]
and Cl-mediated WNK inhibition which ultimately increases NCC phosphorylation via

the WNK-SPAK cascade [4, 19, 27, 50, 59, 97, 130, 148]. Indeed, mouse models with
disruption of Kir4.1 suffer from hypokalemia and present with decreased SPAK and NCC
phosphorylation [27, 149, 165]. Supporting the idea that Kir4.1 (together with Kir5.1) is a
critical K sensor that influences intracellular CI levels and the WNK-NCC pathway, kidney-
specific KCNJ10knockout mice have a depolarized membrane potential not influenced by
the altered plasma K levels accompanying either a low or high K diet [27, 148]. Deletion
of CIC-Kb in mice also leads to a marked downregulation of NCC [50] and these mice

do not increase NCC phosphorylation on a low K diet [86]. The WNK mediating these
effects is likely WNK4, as WNK4 knockout mice (or knock in mice with a CI™ insensitive
WNKA4) do not increase NCC phosphorylation during low K diet [19, 128]. An intriguing
hallmark of dietary K restriction is the appearance of discrete and membrane-lacking foci
in the DCT cytosol called “WNK bodies” that are thought to be potentially important for
signal amplification [11, 15, 134, 135]. In summary, in response to low ECF K, K efflux
through Kir4.1 increases CI~ efflux through CIC-Kb resulting in reduced intracellular CI.
Cl-mediated inhibition of WNK4 is relieved, allowing phosphorylation of SPAK and NCC,
which increases Na* reabsorption in the DCT and reduces distal Na* delivery to limit
kaliuresis (Fig. 3, left panel).

In contrast to the well-defined signaling cascades responsible for increasing NCC activity

in response to a fow K diet, the mechanisms for reducing NCC activity to increase renal

K secretion following a high K diet are less well-defined. As reviewed in an earlier

section, adaptation to high K intake involves feed-forward signaling that increases urinary K
secretion and excretion before any measurable changes in ECF [K] [164]; the rapid signaling
events in kidney remain to be characterized. Additionally, half of the ingested K is rapidly
taken into the muscle ICF and then released over hours into the ECF (as a function of
muscle activity) and K secretion and excretion continue to be elevated over hours to match
output to intake. Renal adaptation to high K feeding involves a requirement to “turn off” the
Kird.1-WNK4-SPAK cascade, supported by: blunting of the inhibitory effects of a high K
diet on NCC in Kir4.1 or Kir5.1 knockout mice [148, 160], and the absence of the acute K
loading effects on NCC phosphorylation in Cl-insensitive WNK4 mice [19] (Fig. 3. Right
panel). Other mediators that play a role include K-dependent alterations in Cul3-KLHL3-
driven WNK degradation [54, 55, 79, 119], alteration in Kir4.1/Kir5.1 activity by Nedd4-2
(neural precursor cell expressed developmentally downregulated 4-2) [161], and K-mediated
ubiquitylation and degradation of NCC [61]. Furthermore, the ability of high K to rapidly
reduce (within minutes) NCC phosphorylation in vivo and in vitro strongly suggests that
high K increases NCC dephosphorylation [56, 93, 120, 124]. As NCC dephosphorylation
can occur by raising plasma K by intravenous K infusion [106] or by using amiloride

[40, 130], the dephosphorylating effect of high K on NCC does not require feed-forward
gastrointestinal kaliuretic signaling. Characterizing the DCT responses to a K load during

Pflugers Arch. Author manuscript; available in PMC 2023 August 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

McDonough and Fenton Page 11

the window of time when urinary K increases before plasma K increases remains to be
determined [102, 164]. Despite all the evidence for rapid NCC dephosphorylation, the
phosphatase responsible for mediating the effects after an acute high K load is still unclear
as results with various phosphatase inhibitors are inconsistent [78, 93, 100, 120, 124].

In summary, in response to high extracellular K (Fig. 3. Right panel), the Kir4.1-WNK4-
SPAK cascade is inhibited, which, in combination with rapid NCC dephosphorylation,
results in reduced DCT Na reabsorption, increased distal Na delivery and kaliuresis. These
mechanisms, coupled to the observations that chronic aldosterone infusion or high K diet
decreases NCC expression and membrane abundance [39, 150] lead to the conclusion that
the changes in NCC when aldosterone is elevated are due to aldosterone-mediated ENaC
activation driving K secretion and excretion, rather than aldosterone effects on the MR in
the DCT. Further supporting this concept, NCC remains functional in kidney-specific MR
knockout mice [14, 129], and NCC abundance and phosphorylation are essentially the same
in MR-negative versus MR-containing DCT cells [28]. K-induced NCC dephosphorylation
is also aldosterone- and MR-independent [124]. The regulation of NCC via plasma K

also explains how aldosterone can cause Na retention without K secretion (hypovolemia),
but also K secretion without Na retention (hyperkalemia) [51]. Of note, aldosterone can
increase NCC phosphorylation acutely (within minutes) in the DCT independent of changes
in plasma K [21] but the physiological significance of this response is unclear.

Role of the CNT and CD

K handling in the CNT and CD is covered extensively in recent reviews [16, 51, 99, 101,
105, 152]. Principal cells of the CNT and CD are the main K-secreting cells of the renal
tubule (Fig. 2). Classically, their ability to secrete K depends on the delivery of Na and the
actions of aldosterone on ENaC and ROMK [141]. However, peritubular K can also acutely
regulate ENaC and ROMK in the CNT and CCD by mechanisms most likely dependent on
basolateral K channels [37, 95, 125, 138] and subsequent to changes in intracellular [CI];
mechanisms similar to those observed in the DCT. CD intercalated cells also play a role in
K homeostasis [99], with BK channels activated by high dietary K, volume flow, and the
respective ENaC activity in surrounding principal cells [12, 67, 151]. Additionally, Type A
ICs express an apical H*, K-ATPase that can reabsorb K in exchange for H* during a low K
diet in a mechanism requiring TRPV4 activity [137]. The CI"/HCO3- exchanger pendrin in
Type B ICs also plays a role in K homeostasis by modulating the activity of principal cell
ENaC [68, 96].

K handling in females versus males. Adaptation to reproduction

Recent comparative studies in female and male rodents demonstrate sex-specific differences
in renal K handling. Females exhibit less Na reabsorption via NHE3 along the PT, more Na
reabsorption along the distal nephron and lower fasting plasma [K]. The female anatomy
and lower PT Na reabsorption in females expedite excretion of a saline load and enhances
NCC and ENaC activity, facilitating K secretion and consequently lowering the fasting
plasma [K] set point relative to males [53, 142]. Interestingly, this pattern in females is
similar to that of male rodents fed a high K diet, discussed above, which also facilitates

K excretion. Consistent with NCC differences in mice at baseline, females exhibit greater
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thiazide-induced K excretion than males [64]. Under high K diet, males exhibit decreased
NHE3, and larger increments in thiazide sensitive K excretion than females, thus coming

to resemble the female transporter profile [64]. In response to low K feeding for 1 week,
NCC abundance and activation are doubled in males with only a minor effect in females, and
plasma K is reduced more in females (to 2.7 mEq) than males (to 3.3 mEq) [162]. Overall,
the results suggest more robust responses to high- and low-K diets in males than females.
Related to this issue, sexual dimorphisms in adrenal regulation of aldosterone production
have been reported that warrant future investigation [33, 48].

Sexual dimorphisms in nephron operation likely evolved in females to facilitate reproductive
transitions, as pregnancy and lactation involve dramatic increases in Na and K retention by
the mother [29]. An analysis of kidney and colonic K transporters in pregnant rats identified
the following adaptations: increased active K reabsorption by H,K-ATPase a2 in CD and
colon, and decreased K secretion via collecting duct ROMK and BK. This K-conserving
pattern is observed in males and non-pregnant females fed a K-deficient diet, thus, the
pattern in pregnancy is consistent with requisite K retention for the fetal-placental unit [157].
Whether there are extrarenal (skeletal muscle) adaptation to facilitate K retention in muscle
stores during increased K intake during pregnancy has not been examined.

K-induced natriuresis, diuresis, and blood pressure

K-induced natriuresis is a mechanism that promotes kaliuresis independent of the actions of
aldosterone [49]. Dietary K also acts as a genuine diuretic by altering the sensitivity of the
CD to vasopressin [127]. These observations are of relevance when considering that urinary
K excretion negatively correlates with BP [76, 81]. The fact that a low K diet activates
NCC provides a link between dietary K and salt-sensitive hypertension and explains why
dietary K depletion increases BP even in non-hypertensive subjects [63]. Conversely, diets
rich in K are associated with lower BP in hypertensive and normotensive individuals [1,

36, 72, 112]. Furthermore, a recent study with > 20,000 participants demonstrated that in
older patients with hypertension, substituting 25% of dietary table NaCl with KCI lowered
SBP by ~ 3.5 mmHg and significantly reduced the rates of stroke and cardiovascular events
[82]. Although there are several possible explanations for the ability of increased dietary

K to lower BP, K-induced natriuresis through NCC inhibition provides a valid mechanism,
with the anti-hypertensive effects of high K similar to those obtained with NCC inhibiting
thiazide diuretics. Thus, increasing dietary K intake may be a low-cost and effective measure
to curtail the global epidemic of hypertension. However, too much dietary K is not always
beneficial; urinary K excretion = 1 g/day in DASH (dietary approach to stop hypertension)
trial participants consuming their regular diet [18] was not associated with lower SBP.
Furthermore, a “U-shaped” association between K intake and BP was uncovered in a large
meta-analysis of randomized-controlled trials (duration = 4 weeks), with elevated SBP both
when dietary K intake was under 30 or over 80 mmol/day [35].

Consumption of a fruit and vegetable enriched “Paleolithic” diet [57] containing a surfeit
of K is a commonsense recommendation that would likely reduce the global burden

of hypertension and cardiovascular disease. This review has discussed the molecular
mechanisms that can account for the benefits of a K-rich diet to maintain cardiovascular
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health. However, further studies are needed to understand if raising dietary K will benefit
those with kidney disease or diabetes. Whether raising K intake by KCl-enriched table salt
or a DASH-style diet, the current challenge is society-wide implementation. Strategies for
consideration include raising the K/Na ratio in processed and fast foods and subsidizing the
costs of K-rich fruits and vegetables.
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Fig. 1. Mechanismsto maintain potassium (K) homeostasis after a K-rich meal.
A K-rich meal stimulates the intestine to release an unidentified “gut factor” that potentially

targets the pituitary to release a mediator that targets skeletal muscle and liver to take up

K from ECF to ICF, in addition to stimulating the renal nephron to excrete K before a rise
in plasma [K]. Additionally, the meal stimulates the pancreas to release insulin, a mediator
that activates muscle Na,K-ATPase independent of a rise in plasma [K]. These feedforward
mechanisms are the initial homeostatic response to buffering ECF [K] in response to K
intake. As the meal is absorbed, the rise in plasma [K] is a power signal that targets (1)
Skeletal muscle Na,K-ATPase alpha 2 isoform, which is kinetically activated by rising [K],
(2) Kidney basolateral membrane K-channel sensors Kir4.1/5.1 and potentially Kir4.2/5.1,
which rapidly stimulate signaling cascades that mediate increased K secretion and excretion
and depress ammoniagenesis, and (3) Adrenal glomerulosa cell K channels GIRK-4,
TASK-1, and TASK-3 which change membrane potential and cell [Ca] and stimulate
biosynthesis and release of the mediator aldosterone. Aldosterone targets mineralocorticoid
receptors in the renal distal nephron, colon, sweat and salivary glands to secrete and excrete
K. Together, stimulation of K secretion and excretion match K output to input, forming
complex feedforward plus feedback loops that are needed to tightly maintain ECF [K].
Figure created with BioRender.com
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Fig. 2. Basics of renal K handling.
The different segments of the renal tubule involved in K reabsorption and secretion are

highlighted along with some of the main apical plasma membrane transport pathways. Some
of the mediators of K transport are also shown (? indicates potential role). Reabsorption

of K in the proximal tubule occurs passively via a paracellular pathway secondary to

the reabsorption of Na. In the TAL, secondary active transport provides a transcellular
route for K reabsorption and a lumen-positive potential difference drives paracellular K
reabsorption. Cells of the late DCT, CNT, and CCD are important for K secretion by K
chloride cotransporters (KCC), the renal outer medullary K channel (ROMK), and “Big” K
(BK) channels. Distal delivery of Na alters electrogenic Na reabsorption by the epithelial
Na™* channel (ENaC) and subsequent K secretion by ROMK, whereas increased tubular
flow stimulates K secretion by BK channels. Reabsorption of K through the HK-ATPase

in type A intercalated cells can also occur. Abbreviations: DCT, distal convoluted tubule;

Pflugers Arch. Author manuscript; available in PMC 2023 August 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

McDonough and Fenton Page 25

CNT, connecting tubule; CCD, cortical collecting duct; NHE3, sodium-hydrogen exchanger
3; NKCC2, Na*-K*-Cl.~ cotransporter 2. Figure created with BioRender.com
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Fig. 3. Effects of low and high dietary K intake on NCC-mediated Na reabsorption in the DCT.
During hypokalemia, Kir4.1/5.1 is activated leading to a reduction in intracellular [K] and

hyperpolarization of the basolateral membrane, thus creating a driving force for CI~ efflux
via CIC-Kb. The subsequent reduction in intracellular CI™ relieves the inhibition of WNK4
autophosphorylation and allows the WNK-SPAK pathway to phosphorylate and activate
NCC. This leads to greater NaCl reabsorption in the DCT, less Na delivery to the distal
tubule and reduced K secretion. During high K intake, high ECF [K] inhibits Kir4.1/5.1
leading to membrane depolarization and inhibition of CI~ efflux via CIC-Kb. The increase
in intracellular [CI7] inhibits WNK4 resulting in reduced SPAK and NCC phosphorylation.
The influence of the SPAK pathway is also reduced by enhanced proteasomal degradation of
WNKA4. High ECF [K] also causes NCC dephosphorylation and degradation. The reduction
in NCC activity increases distal Na delivery and flow which promotes kaliuresis. Figure
created with BioRender.com
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