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Membrane voltage controls the function of excitable cells and is mainly a consequence of the ratio between the
extra- and intracellular potassium concentration. Potassium homeostasis is safeguarded by balancing the extra
−/intracellular distribution and systemic elimination of potassium to the dietary potassium intake. These pro-
cesses adjust the plasma potassium concentration between 3.5 and 4.5mmol/L. Several genetic and acquired dis-
eases but also pharmacological interventions cause dyskalemias that are associatedwith increasedmorbidity and
mortality. The thresholds atwhich serumK+not only associates but also causes increasedmortality are hotly de-
bated.Wediscuss physiologic, pathophysiologic, and pharmacologic aspects of potassium regulation and provide
informative case vignettes. Our aim is to help clinicians, epidemiologists, and pharmacologists to understand the
complexity of the potassiumhomeostasis in health and disease and to initiate appropriate treatment strategies in
dyskalemic patients.

© 2023 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Membrane voltage or potential is pivotal for the function of excitable
cells, including neurons, muscle, and endocrine cells. The ratio between
the extra- and intracellular potassium concentration is themajor deter-
minant of themembrane voltage. Consequently, potassiumhomeostasis
is of uttermost importance and potassium disorders can compromise
cell functioning entailing life-threatening conditions.

Potassium (K+) is routinely assessed in a blood sample that reflects
only a small fraction of the total K+ pool. The plasma K+ concentration
is tightly adjusted between 3.5 and 4.5 mmol/L. Serum values are ap-
proximately 0.5 mmol/L higher compared to plasma because of K+ re-
lease from platelets during the in vitro coagulation process. The mean
serum K+ concentration in the 2009–2016 adult National Health and
Nutrition Examination Survey (NHANES) was 3.98 mmol/L (Overwyk
et al., 2021). Within narrow boundaries, only small diurnal 24-h K+ os-
cillations occur with an amplitude of 0.18mmol/L peaking at 10 am and
reaching a nadir at midnight (Sennels, Jorgensen, Goetze, & Fahrenkrug,
2012). In addition, genetic factors modify the serum K+ concentration,
such as heterozygosity for a pathogenic variant in SLC12A3 encoding
the thiazide-sensitive Na–Cl cotransporter (NCC) (Wan et al., 2021).

Potassium homeostasis is safeguarded by balancing the extra−/
intracellular distribution and systemic elimination of potassium to the
dietary potassium intake. Moreover, interactions between K+, sodium
(Na+), and acid-base regulation occur with important clinical implica-
tions. A variety of conditions cause dyskalemias such as behavioral dis-
orders, genetic abnormalities, pharmacological treatments, acid-base
disturbances, and importantly, acute and chronic kidney diseases
(CKD). Kidney diseases affect K+ homeostasis through various mecha-
nisms, including reduced potassium filtration because of decreased glo-
merular filtration rate (GFR), abnormal potassium reabsorption and
secretion from dysregulated cells along the nephron, and several treat-
ments that either increase or decrease renal K+ excretion. In a large
meta-analysis with more than 1.2 million individuals, 4.2% of the CKD
patients had serum-K+ above 5.5 mmol/L compared to only 0.5% of
healthy and cardiovascular high-risk individuals without CKD
underscoring the significance of CKD as a hyperkalemia risk factor
(Kovesdy, et al., 2018). In contrast, hypokalemia below 3.5 mmol/L oc-
curred in approximately 2% of the individuals independently of CKD.
However, both lower and higher serum K+ are associated with in-
creasedmorbidity andmortality. Despite the U-shaped relationship be-
tween serum K+ and mortality (Kovesdy, et al., 2018), clinicians, for
unknown reasons, fear hyperkalemia more than hypokalemia. The
thresholds at which serum K+ not only associates but also causes in-
creased mortality is hotly debated. Consequently, there is an ongoing
discussion amongst clinicians about potassium cut-off values at which
to intervene therapeutically and what measures are appropriate.

We discuss physiologic, pathophysiologic, and pharmacologic as-
pects of potassium regulation and provide informative case vignettes.
Our aim is to help clinicians, epidemiologists, and pharmacologists
2

comprehending the complexity of the potassium homeostasis in health
and disease and to initiate appropriate actions to prevent and treat
dyskalemias.

2. Epidemiology of dietary potassium intake

In Palaeolithic times, humans consumed a diet rich in fruits, vegeta-
bles, nuts, and seeds, which provided our ancestors with ample
amounts of K+ but very little Na+. At that time, the average intakes
for these two ions were likely in the range of 230–300 mmol/day for
K+ and 1–10 mmol/day for Na+. This situation changed drastically
with the advent of agriculture and modern food processing techniques,
which reduced the K+ content due to K+ losses during cooking and
increased Na+ content due to additional salting. For these reasons, K+

intake is nowadays usually low (70–80 mmol/day), while Na+ intake
is high (150–200 mmol/day) (Castro & Raij, 2013; Meneton, Loffing,
& Warnock, 2004). The switch from a formerly K+-rich, Na+-poor
diet to a K+-poor, Na+-rich diet occurred within the last
5,000–10,000 years, which is from an evolutionary perspective, a rather
short time frame. Hence, it is likely that our genes and homeostatic con-
trol systems are still more adjusted to the times when it was necessary
to get rid of K+ and to conserve Na+. Protective mechanisms that
prevented life-threatening serum K+ increases in Palaeolithic times in-
cluded cellular K+ uptake induced by K+-accompanying sugars (e.g.
fromdietary fruits and berries) and a switch of the aldosterone response
from NaCl retention to K+ secretion involving WNK kinases and bicar-
bonate delivery to the distal nephron (e.g. from dietary citrate)
(Kamel, Schreiber, & Halperin, 2014). This lack of an evolutionary adap-
tation likely explains, why our current eating habits with a low K+ and
highNa+ intake are associatedwith numerous health problems, includ-
ing high blood pressure, cardiovascular disease, stroke, kidney stones,
osteoporosis, and eventually premature death (reviewed in (Ellison &
Welling, 2021; Penton, Czogalla, & Loffing, 2015; Rossier, Bochud, &
Devuyst, 2017)).

To reduce the risk for these diet-related sequalae, the world health
organization (WHO) recommends that adults should consume per day
at least 3.5 g of K+ and less than 2 g of Na+ (WHO, 2012a, 2012b). How-
ever, these recommendations are rarelymet. A recent systematic review
and Bayesian meta-analysis of 104 studies from 52 countries indicated
that in none of the included countries the average K+ and Na+ intake
is really in the recommended ranges (Reddin et al., 2023). Moreover,
there are significant regional differences. For example, countries in
Asia have by far both the lowest K+ and highest Na+ intakes, while
countries in Eastern and Western Europe reach the recommended K+

intakes, but still have Na+ intakes in the upper levels (Powles, et al.,
2013; Reddin et al., 2023).

Although, there is a vivid debate about the general need for salt
reduction regimes (Batuman, 2013; Cappuccio et al., 2022;
Drueke, 2016), there is quite consensus about recommendations
for a high dietary K+ intake (He & MacGregor, 2008; Messerli,
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Hofstetter, & Bangalore, 2018). Numerous observational and inter-
ventional studies in humans as well as several experimental studies
in animal models clearly documented beneficial effects of dietary
K+ (reviewed e.g. in (Penton et al., 2015; Wei et al., 2020). The ob-
servational INTERSALT study published in 1988 did already analyze
the relation between 24 h urinary K+ excretion, as a surrogate
marker for dietary K+ intake, and blood pressure. When corrected
for confounding factors, this study with more than 10,000 males
and females from 32 countries showed a significant inverse relation
of blood pressure with urinary K+ excretion (Intersalt-Cooperative-
Research-Group, 1988). More recently, the Prospective Urban Rural
Epidemiology (PURE) study, which included data from more than
100′000 adults from 18 countries, further confirmed the beneficial
effect of a high dietary K+ intake on blood pressure (Mente et al.,
2014). The authors calculated that each additional gram of urinary
K+ excretion correlates with a drop of systolic blood pressure by
more than 1 mmHg (Mente et al., 2014). The blood pressure lower-
ing effect was independent from Na+ intake, which is consistent
with observations from the Dietary Approach to Stop Hypertension
(DASH) trial. Also in this interventional study, in which participants
eat a diet rich in vegetables and fruits and hence in K+, blood pres-
sure is significantly lowered irrespective from the amount of Na+

that is ingested in parallel (Sacks, et al., 2001). The data from the
DASH trial as well as those from several other studies do even sug-
gest that the blood pressure lowering effect of dietary K+ is more
pronounced in individuals with high Na+ intake (Aburto et al.,
2013; Krishna & Kapoor, 1991; Mente et al., 2014; Sacks, et al.,
2001). The antihypertensive effect of dietary K+ goes along with a
markedly reduced risk for cardiovascular disease and stroke
(Aburto et al., 2013).

The observational PURE study demonstrated that the beneficial car-
diovascular effects of a K+-rich diet prevail even after correction for
confounding factors such as physical activity, other dietary factors and
blood pressure (Mente et al., 2018; O'Donnell et al., 2014). A positive ef-
fect of dietary K+ is also supported by large interventional studies, in
which part of the dietary NaCl had been replaced by KCl. Such salt sub-
stitution protocols significantly lowered arterial blood pressure
(Bernabe-Ortiz et al., 2020) and reduced the risk for cardiovascular
death in elderly men by almost 40% in the follow-up time of 31months
(Chang et al., 2006). Likewise, a recent cluster-randomized trial involv-
ing 20′995 persons from 600 villages in China demonstrated that salt-
substitution lowers the rates of stroke, major cardiovascular events
and death from any cause in individuals who had already a history of
stroke or were at least 60 years of age and had hypertension (Neal
et al., 2021). Apparently, elder and hypertensive people profit most
from a high dietary K+ intake, but do often have also impaired renal
function, which may predispose them for the development of
hyperkalemia. However, a recent study with 1612 participants in el-
derly care facilities in China showed that salt substitution only slightly
increases mean serum K+ levels and that this was not associated with
an increased rate of adverse outcomes (Yuan et al., 2023).

The blood pressure lowering effect of a high K+ diet has been attrib-
uted to numerous factors including a lowered sympathetic tone (Fujita
& Sato, 1984), and direct effects on the vasculature (Oberleithner et al.,
2009) and the kidney (Fujita & Sato, 1983), which promotes urinary
Na+ excretion and finally causes a negative Na+ balance as discussed
in more detail under 4.1.

Aside from the effects on the cardiovascular system, high dietary K+

intake may have additional health benefits. For example, dietary K+ re-
duces urinary calcium excretion (Lemann Jr., Pleuss, Gray, & Hoffmann,
1991; Rafferty, Davies, & Heaney, 2005) and hence may prevent kidney
stones (Ferraro, Mandel, Curhan, Gambaro, & Taylor, 2016) andmay in-
crease bone mineral density (Jehle, Hulter, & Krapf, 2013; Tucker et al.,
1999). Moreover, a sufficient K+ supply was linked to a lowered risk
for type-2 diabetes (Conen, Scanni, Gombert, Hulter, & Krapf, 2016).
Nevertheless, data on these associations are limited and inconsistent
3

(EFSA NDA Panel (EFSA Panel on Dietetic Products, N. a. A, et al.,
2016) and the role of the anion that accompanies the K+ (e.g. citrate)
is unclear. Moreover, at least part of these positive effects are likely re-
lated to the general benefits from a K+-rich healthy diet with fruits
and vegetables (Palmer & Clegg, 2016).

In conclusion, the epidemiology of potassium intake highlights the
importance of ensuring adequate K+ consumption for optimal health
outcomes. In addition to diets rich in fruits, vegetables, and other
potassium-sources, salt substitution might be a cheap and promising
strategy to improve human health. Marklund and co-workers modelled
this effect for India and calculated that 8% to 14% of annual cardiovascu-
lar deaths could be prevented in this country by a nation-wide salt sub-
stitution program (Marklund et al., 2022). Salt substitution is also a
rather safe approach. With the exception of occasional cases related to
excessive K+ loads (Wetli & Davis, 1978), hyperkalemia is rarely caused
by an enhanced dietary K+ intake (Lehnhardt & Kemper, 2011) because
effective homeostatic mechanisms are in place to maintain plasma K+

levels (see below).

3. Internal and external potassium balance

Potassium is one of the most abundant cations within the human
body and plays a critical role in various cell functions including the reg-
ulation of intracellular pH, cell volume, DNA and protein synthesis and
plasma membrane voltage. The intracellular concentration of K+

(120–140 mM) is rather high, while the extracellular concentration
(3.8–5.0 mM) is rather low (McDonough & Fenton, 2022). This steep
K+ gradient across the cell membrane is important for the restingmem-
brane potential and hence for the normal function of excitable cells in
the nervous system, the skeletal muscle and in the heart. Consistently,
disturbances in K+ balance may have severe consequences. For exam-
ple, hypokalemia (defined as serum K+ levels below 3.5 mM) can
cause muscle weakness, cramps, and irregular heart-rhythm, while
hyperkalemia (defined as serum K+ levels above 5.5 mM) can cause
muscle weakness, paralysis, and cardiac arrest.

About 98% of the whole-body K+ is stored inside the cells
(~3500mmol), while only very small quantities are present in extracel-
lular spaces (70–100mmol). The amount of extracellular K+ equals ap-
proximately the daily K+ intake of an adult person (McDonough &
Fenton, 2022; Palmer & Clegg, 2019), making every meal to a homeo-
static challenge. Nevertheless, although K+ is rapidly absorbed from
the intestinal lumen into the blood, even a K+-rich meal (e.g. with ba-
nanas, raw meat or fish) usually does not cause a major postprandial
rise of the extracellular K+ concentration (DeFronzo, Felig, Ferrannini,
& Wahren, 1980). Under these circumstances, maintenance of normal
serum K+-levels is mainly achieved by two mechanism: (i) a rapid
shift of K+ into the cells (internal K+ balance) and (ii) by an excretion
of the extra K+ via the urine and feces (external K+ balance)
(Giebisch, 2004). K+ transport across the cell membranes is coupled
to the function of specific transport proteins and channels. Nevertheless,
K+ moves rather freely between intra- und extracellular spaces and
most (~85%) of the K+ gets exchanged between compartments within
the short half live of 7 h (Zollinger Jr., Van DeWater, Maletskos, &
Moore, 1970). Thus, internal and external K+ balance are closely linked
and cooperate for the maintenance of K+ homoeostasis (Fig. 1).

3.1. Regulation of internal potassium balance

While the final control of K+ homeostasis is achieved via the kidney,
the rapid shift of K+ from extracellular to intracellular spaces acts as a
first-line defense system to avoid life-threatening increases in extracel-
lular K+ concentrations. The skeletal muscle has by far the highest K+

storage capacity followed by the liver, red blood cells, and other tissues
(Youn &McDonough, 2009). The up-take of K+ into these cells is medi-
ated by the activity of the Na+-K+-ATPase that pumps two K+ ions into
the cell in exchange for 3 Na+ ions that leave the cell. As the transport



Fig. 1. Internal and external K+ balance. Depicted are themain organs and cells involved in themaintenance of K+ homeostasis. Dietary K+ intake and urinary and fecal K+ output (all in
mmol/d) are shown in red. The main hormones and factors contributing to the regulation of the internal and external K+ balances are highlighted in green. For details see text. The figure
was assembled with licensed images from Bio.Render.com.
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occurs against steep electrochemical gradients, this process needs en-
ergy provided by ATP produced by mitochondria. The skeletal muscle
expresses high levels of theNa+-K+-ATPase, possesses numerousmito-
chondria, and accounts for up to 40% of the whole-bodymass. Thus, the
skeletal muscle is a huge and perfect sink for the rapid removal of K+

from the circulation, which is evidenced by its capacity to turn over
the entire extracellular K+ pool in less than half a minute (Cheng, Kuo,
& Huang, 2013).

While cellular K+-uptake is an active, energy-requiring process, the
release of K+ out of the cell occurs passively along the gradient of high
intracellular to low extracellular K+ concentrations. In skeletal muscle
cells, the K+ efflux is mediated via various K+ channels including in-
wardly rectifier K+ channels (Kir) and voltage-gated K+ channels
(Kv) (Lehmann-Horn & Jurkat-Rott, 1999; Vivekanandam, Mannikko,
Matthews, & Hanna, 2020). Moreover, skeletalmuscle cells express sev-
eral additional ion transport pathways including a Na+-H+-exchanger
(i.e. NHE1) (Juel, 1998), Na+-HCO3

− cotransporters (e.g. NBCe1 and
NBCe2) (Juel, 1997), and monocarboxylate transporters (e.g. MCT1
and MCT2) (Pilegaard, Terzis, Halestrap, & Juel, 1999) that cooperate
with the Na+-K+-ATPase (Fig. 2).

The internal potassium balance is regulated by a variety of different
hormonal and non-hormonal factors. The two hormones most relevant
in this context are insulin and epinephrine. A rise of extracellular K+

concentration stimulates the release of insulin and catecholamines
from the pancreas and the adrenal medulla, respectively. This was dem-
onstrated not only in vivo (Rosa et al., 1980; Santeusanio, Faloona,
Knochel, & Unger, 1973) but also ex vivo on organ preparations (Baker
& Rink, 1975; Grodsky & Bennett, 1966). Insulin binds to the insulin re-
ceptor to promote both glucose uptake via the glucose transporter
GLUT-4 and K+ up-take via the Na+-K+-ATPase. In contrast to the ef-
fects on glucose uptake, the insulin-dependent K+ uptake remains in-
tact in patients with type-2 diabetes (Nguyen, Maalouf, Sakhaee, &
Moe, 2011), suggesting that the effects on Glut-4 and the Na+-K+-
ATPase occur via different signaling mechanism. Catecholamines may
either stimulate the Na+-K+-ATPase via β-adrenergic receptors or in-
hibit the Na+-K+-ATPase via α-adrenergic receptors (Aperia et al.,
1996). This dual regulation is of particular relevance during intensive
physical exercise. Muscle contraction goes alongwith a considerable ef-
flux of K+ from the working muscle cells. With intensive exercise (e.g.
4

strenuous running, cycling, rowing), this K+ release may briefly double
plasma K+ levels andmay even cause a larger increase in the interstitial
K+ concentration around the contracting muscle cells (Clausen, 2008).
The high extracellular K+ concentration is not only a challenge for
whole body K+ homeostasis, but depolarizes also the skeletal muscle
cells and hence reduces excitability and contractility of the skeletal
muscle, which contributes to muscle fatigue (Sejersted & Sjogaard,
2000). Therefore, fast acting mechanisms are needed that limit the in-
crease in extracellular K+. In fact, exercise is associated with a fast and
pronounced release of catecholamines from the sympathetic nervous
system and the adrenalmedulla. Binding of the released catecholamines
to the β-adrenergic receptors on skeletal muscle cells is thought to acti-
vate the Na-K-ATPase and to shift at least part of the released K+ back
into the cells to avoid an even more pronounced hyperkalemia
(Williams et al., 1985). The strong stimulation of cellular K+ reuptake
during exercise may also explain the rebound hypokalemia that usually
occurs within the first few minutes after cessation of an intensive
training (Lindinger & Cairns, 2021). Under these circumstances,
norepinephrine-dependent activation of α-adrenergic receptors is
thought to reduce the activity of the Na-K-ATPase and hence to limit
postexercise K+-uptake and hypokalemia (Williams et al., 1985).
Thus, exercise-related changes in plasma K+ concentrations reflect an
intricate balance between K+ release and K+ uptake in the contracting
muscles. Themaintenance of K+homeostasis during physical exercise is
further supported by cellular K+ uptake in or release from remote tis-
sues including the resting skeletal muscle and red blood cells (Lijnen
et al., 1989; Lindinger & Cairns, 2021). Interestingly, most studies sug-
gest that strenuous exercise does not significantly increase urinary K+

excretion, which might be explained by the reduced renal blood flow
and the lowered glomerular filtration rate during physical training
(Poortmans, 1984; Virvidakis, Loukas, Mayopoulou-Symvoulidou, &
Mountokalakis, 1986). Consistent with the assumption that K+ balance
during exercise is achieved independent from the kidney is the observa-
tion that hemodialysis patients have only moderate increases of plasma
K+ levels during exercise and show a similar postexercise recovery of
plasma K+ concentration as healthy subjects (Tran, Bundgaard,
Ladefoged, Haunso, & Kjeldsen, 2013). A significant K+ loss, however,
may occur via the sweat during endurance-type exercise (Lindinger &
Cairns, 2021). Although exercise-induced changes in plasma K+

http://Bio.Render.com


Fig. 2. Ion fluxes controlling internal K+ balance under control conditions (left), and conditions of hyperkalemia, mineral acidosis, and organic acidosis (right). For details see text.
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concentration may impact the heart leading to visible changes to the
ECG, relevant cardiac arrhythmia is rare but might be triggered in vul-
nerable persons (Tran et al., 2013; Tran et al., 2022).

Importantly, insulin and catecholamines have synergistic effects on
the Na+-K+-ATPase suggesting that both act via different mechanisms
(Li & Sperelakis, 1993). Moreover, the mineralocorticoid aldosterone
was suggested to impact not only the external K+ balance (see
below), but to modulate also internal K+ balance in cooperation with
insulin and catecholamines (Palmer & Clegg, 2022).

It is general textbook knowledge that acidosis stimulates, and alkalo-
sis suppresses K+ release in exchange for proton influx or efflux from
the cells. However, there is no direct H+-K+ exchange mechanism
across the cell membrane. Instead, acidosis is thought to primarily sup-
press the activity of the ubiquitously expressed Na+-H+-exchanger
(NHE1), and to stimulate the activity of the Na+-HCO3− transporter
(Palmer, 2015). Both increase the intracellular Na+ concentration,
which lowers the activity of the Na+-K+-ATPase and hence cellular
K+ uptake (Fig. 2). Alkalosis has opposite effects.

Extracellular hypertonicity is an additional well-known condition
that stimulates K+ efflux from cells which was nicely demonstrated
by the seminal work of Moreno and co-workers already in 1964
(Moreno, Murphy, & Goldsmith, 1969). As isotonic infusions of cell-
impermeant mannitol does also cause a K+ release which parallels
water efflux (Moreno et al., 1969), it is likely that at least part of the
hypertonicity-related K+ exit is simply explained by solvent drag.
Moreover, hypertonicity-induced cell shrinkage increases the intracel-
lular K+ and HCO3

− concentrations (Makoff, da Silva, Rosenbaum,
Levy, & Maxwell, 1970) which will provide a more favorable gradient
for K+ efflux via mechanisms discussed above.
5

3.2. Disease-related modifiers of cellular potassium balance

Hyperkalemia is one of the most common complications of diabetes
mellitus and often related to impaired renal function and drug treat-
ment (e.g. with Renin-Angiotensin-Aldosterone-System (RAAS) inhibi-
tors) that reduce the renal K+ clearance. However, diabetes may also
impact internal K+ balance by shifting intracellular K+ to extracellular
compartments. Several mechanisms are discussed to explain this shift.
(i) Reduced plasma insulin levels decrease K+ uptake directly via a re-
duced activity of the Na+-K+-ATPase. (ii) Hyperglycemia induces a
shift of K+ out of the cell due to cell shrinkage, and (iii) metabolic acido-
sis decreases K+ uptake indirectly due to activation of Na+ uptake via
the Na+-H+ exchangers and Na+-HC03− transporters as described
above (Palmer, 2015). In this context, it is important tomention that or-
ganic acidosis (e.g. lactate acidosis) is less prone to cause a K+ shift from
intracellular to extracellular space than mineral acidosis
(hyperchloremic, non-ion gap acidosis) (Oster, Perez, & Vaamonde,
1978). As discussed recently, this is most likely related to the activity
of the monocarboxylate cotransporters MCT1 and MCT4 that are co-
expressed with the Na-K-ATPase and NHE1 in the plasma membrane
of skeletal muscle cells (Aronson & Giebisch, 2011). In mineral acidosis,
the strong inhibition of NHE1 andNBC lower the activity of theNa+-K+-
ATPase and hence cellular K+ uptake leading to a pronounced
hyperkalemia. Under conditions of an organic acidosis with high extra-
cellular lactate,MCT1 andMCT4mediate a lactate and proton influx into
the cells, which will lower intracellular pH and hence activate Na+ in-
flux via NHE1 (Fig. 2). Both, the drop in intracellular pH and the rise in
intracellular Na+ tend to stimulate rather to suppress the activity of
the Na+-K+-ATPase, which ameliorates the hyperkalemia.
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Acute cell or tissue breakdown as it occurs in patients with hemoly-
sis, tumor lysis, or rhabdomyolysis can be also the cause of severe
hyperkalemia (Larivee, Michaud, More, Wilson, & Tennankore, 2023;
Lehnhardt & Kemper, 2011). The magnitude of this effect can be esti-
mated from the steep differences of intra- to extracellular K+ concentra-
tions and the fact that the release of 2% of intracellular K+ will be
already sufficient to double extracellular K+ concentration if not rapidly
removed again via renal and extrarenal mechanism.

In contrast to hyperkalemia, hypokalemia is rarely a direct conse-
quence of altered cellular K+ distribution. Nevertheless, hypokalemia
is frequently associated with metabolic alkalosis in patients with intes-
tinal or renal chloride (and acid) losses due to vomiting and treatment
with diuretics (Lee Hamm, Hering-Smith, & Nakhoul, 2013). Moreover,
hypokalemic metabolic alkalosis is one of themost common findings in
critically ill patients (Achanti & Szerlip, 2023). Alkalosis shifts K+ into
the cells by mechanism that are opposite to those described above for
acidosis. However, alkalosis has also significant impact on renal K+ han-
dling (Lee Hamm et al., 2013) and hence the respective contribution of
extrarenal vs. renal mechanism is difficult to discern.

Rare causes of hypokalemia due to altered internal K+ balance are
various forms of familial and non-familial hypokalemic periodic paraly-
sis (HPP) (Cheng et al., 2013). HPP typically starts in childhood or ado-
lescence and is characterized by episodes of severe hypokalemia
(plasma K+ 2mmol/L or even lower) leading tomuscleweakness or pa-
ralysis (Cheng et al., 2013).

Familial forms of HPP are mostly related to mutations in voltage
gated Na+ (Nav1.4) (Cannon, 2018) or L-type Ca2+ (CaV1.1) channels
(Flucher, 2020). As discussed in detail by Cheng and co-workers
(Cheng et al., 2013), these mutations cause an inward leak current in
skeletal muscle cells that initiates under given conditions a self-
reinforcing vicious cycle of hypokalemia and paradoxical depolarization
of the plasmamembrane, which finally leads to a situation at which K+

uptake into the cells via the Na+-K+-ATPase drastically exceeds the K+

efflux via Kir channels. Stress, exercise, and carbohydrate-richmeals are
known triggers for HPP episodes probably because the elevated cate-
cholamine and insulin levels associatedwith these conditions stimulate
cellular K+ uptake via the Na+-K+-ATPase. In susceptible patients, this
causes the slight hypokalemia necessary for the initiation of the men-
tioned vicious cycle (Cheng et al., 2013).

Non-familial forms of HHP have a similar clinical presentation as the
familial forms and occur either spontaneously or in the context of hy-
perthyroidism. In the latter, the high levels of thyroid hormones are
thought to trigger the initial hypokalemia due to an activation of the
Na+-K+-ATPase (Lin & Huang, 2012). At least some of the affected pa-
tients have mutations or polymorphisms in Kir2.6 (Ryan et al., 2010)
confirming further that a balanced combination of both K+-uptake via
the Na+-K+-ATPase and K+ efflux via K+ channels is critical for the
maintenance of internal K+ balance. The critical role of the K+ exit
step is also supported by the observation that intoxication with the
K+ channel blocker barium is associated with hypokalemia and
paralysis (Agarwal et al., 1995; Schott & McArdle, 1974).

3.3. Pharmacological modifiers of cellular potassium balance

Several drugs are used in clinicalmedicine that induce a K+ shift into
cells. These drugs are indispensable to treat patients with hyperkalemia
but can also unintentionally produce hypokalemia. The underlying
mechanisms employed by these pharmacological interventions to in-
crease the cellular K+ uptake are based on the physiological principles
explained in detail above. We now discuss some more practical issues.

35-years ago, an important study compared the effects of insulin
with glucose, epinephrine, and bicarbonate in hyperkalemic chronic he-
modialysis patients (Blumberg, Weidmann, Shaw, & Gnadinger, 1988).
The 60-min interventions were: a) intravenous (iv) infusion of bicar-
bonate, either 240mL 8.4% or 720 mL 1.4%; b) 0.05 μg/kg/min epineph-
rine iv; c) 100 units (U) insulin (5mU/kg/min) in 500mL of 20% glucose
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iv. After 60 min, insulin/glucose had decreased serum K+ significantly
by 0.8 mmol/L, epinephrine non-significantly by 0.3 mmol/L, and bicar-
bonate had increased serum K+ by 0.15 mmol/L. Some important ca-
veats need to be considered: the investigators initially used twice as
much epinephrine and noted tachycardia and precordial oppression.
This observation is of particular importance for elderly patients with
cardiac diseases. Moreover, the insulin had to be reduced to 50 U be-
cause of hypoglycemia in some patients. Finally, basal serum HCO3

was approximately 22 mmol/L and the absence of severe metabolic
acidosis may have prevented a decrease in serum K+ by bicarbonate
infusions. Since this seminal study, several modifications of the same
therapeutic principles have been reported.

3.3.1. Insulin (+ glucose)
Because of its efficacy, insulin is the first-line treatment for

hyperkalemic patients. A main complication is the high incidence of hy-
poglycemia. This led to the use of concomitant glucose infusions. How-
ever, clinicians need to consider that high glucose concentrations
facilitate a K+ efflux from the cells by increasing extracellular osmolar-
ity, thereby inducing a solvent drag. This effect would diminish the K+-
lowering insulin effect. Another point of discussion is insulin adsorption
in containers ex vivo. One study found that the use of polypropylene sy-
ringes had the highest insulin delivery ratewith 80 to 90% (Robert et al.,
2021).

A frequently used protocol is the iv administration of 10U insulin to-
gether with 25 g glucose (e.g. 50mL of 50% glucose). Nevertheless, Apel
et al. reported that hypoglycemia occurred in 13% of the treated CKD pa-
tients with this treatment protocol (Apel, Reutrakul, & Baldwin, 2014).
Several institutions administer additional iv glucose to avoid hypoglyce-
mia, but the disadvantages have been discussed above. Blood glucose
monitoring after the initial insulin/glucose administration ismandatory,
probably over at least 4 h.

3.3.2. β-mimetics (catecholamines)
We discussed already the K+-lowering effect of iv epinephrine

(Blumberg et al., 1988). As an alternative, β-adrenergic agonists have
been applied in nebulized form. Ten chronic hemodialysis patients
with plasmaK+ consistently>5mmol/L underwent a randomized, con-
trolled, double-blind study (Allon, Dunlay, & Copkney, 1989). The pa-
tients inhaled either 10–20 mg nebulized albuterol or placebo over
10 min. Albuterol, but not placebo, significantly decreased plasma K+

within 30 min lasting for at least 2 h. 10 mg resulted in an approxi-
mately 0.6 and 20 mg in 1.0 mmol/L plasma K+ fall. Only minimal in-
crease in blood pressure and heart rate occurred with the β-mimetics.
A recent double-blind study randomized hyperkalemic premature new-
bornswith serumK+> 6mmol/L to either insulin/glucose or nebulized
salbutamol (Saw, Chiu, Chiu, Ji, & Chen, 2019). Serum K+ decreased in
both groups within 3 h without significant differences between the
treatments. Again, tachycardia and hypertension were not observed.

It is feasible to combine insulin/glucose with β-mimetics to achieve
additive effects on serum K+.

3.3.3. Bicarbonate administration
Bicarbonate is only recommended for hypokalemic patients with

more severe metabolic acidosis (and without volume overload). Study
data in CKD patients on the efficacy of this treatment to lower serum
K+ are not convincing (Blumberg et al., 1988; Allon & Shanklin, 1996).
Conceivably, in patients with preserved GFR, sodium bicarbonate in-
creases sodium delivery to the distal nephron where it is reabsorbed
via the ENaC leading to increased potassium secretion via ROMK. In
fact, a controlled study in canines with normal kidney function showed
that 8.4% sodium bicarbonate and 8.4% sodium chloride decreased
serum K+ to a similar degree (Kaplan, Braitman, Dalsey, Montgomery,
& Mangione, 1997).

A recent Kidney Disease Improving Outcome (KDIGO) Controversies
Conference recommended to initiate insulin/glucose and/or β-mimetics
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in patients with serum K+ > 6 mmol/L or at lower values when
hyperkalemic EKG changes occur, whereas bicarbonate was only con-
sidered for patients with metabolic acidosis and lacking volume over-
load (Clase et al., 2020).

4. Potassium excretion

In healthy adults, about 95% of the ingested K+ is excreted via the
kidney, while other organs such as the colon and the sweat-glands
make only minor contributions. However, K+ secretion also via these
organs may rise under certain conditions such as impaired renal func-
tion, diarrhea, or heavy sweating (reviewed in (EFSA NDA Panel (EFSA
Panel on Dietetic Products, N. a. A, et al. (2016)).

4.1. Renal potassium handling along the nephron

The kidneys regulate the urinary elimination of K+ through a pro-
cess involving filtration, reabsorption, and secretion of K+ along the
nephron (Fig. 3). The K+ solved in the blood gets initially filtered at
the glomerulus. Almost 80% of this filtered K+ is reabsorbed already
by the proximal tubule (PT) in parallel to Na+ reabsorption facilitated
by the apical Na+-H+-exchanger 3 (NHE3), various apical Na+-
dependent cotransporters (NCT), and the basolateral Na+-K+-ATPase
(NKA). The high Na+ transport rate in PT drives osmotically transcellu-
lar and paracellular water fluxes, which are followed by paracellular K+

reabsorption through solvent drag (Palmer, 2015). While the thin de-
scending limbs of Henle's loop release K+ into the tubular lumen, the
thin ascending limbs reabsorb K+ (Jamison, Work, & Schafer, 1982),
so that the net transport of K+ along the thin limbs is likely neglectable.
The thin limbs are followedby the thick ascending limb (TAL), which re-
absorbs an additional ~10% of the filtered K+. While K+ transport in PT
and TAL is largely unregulated, K+ transport in the downstream tubules
(i.e. the distal convoluted tubule – DCT, the connecting tubule – CNT,
Fig. 3.K+ handling along the nephron. Depicted are the involved nephron portions, cell types an
is adapted from Fig. 1 in (Loffing, 2014), for which the author has copyright.
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and the collecting duct CD) is tightly adjusted depending on the func-
tional needs and can switch between both K+ reabsorption and K+ se-
cretion. Under conditions of K+ deficiency, the DCT, CNT, and CD can
reabsorb up to an additional ~2% of the filtered K+ to minimize renal
K+ loss. Under conditions of a K+ excess (e.g. after a K+ rich meal),
these segments secrete large quantities of K+ (~20–180% of the filtered
K+) to keep plasma K+ concentrations in the normal range (Giebisch,
2009). As the consequence of K+ secretion and vasopressin-driven
water reabsorption, intratubular K+ concentration increases along the
cortical CD, so that in the medullary CD the transepithelial gradient is
shifted back towards K+ reabsorption (Jamison et al., 1982) (Fig. 3).

Small alterations of these K+ movements may already have severe
consequences on themaintenance of K+ homeostasis. The distal tubules
(i.e. the TAL, DCT, CNT and CD) play here a particular role and several
human diseases and drugs causing hyper- or hypokalemia interfere
with the ion transport processes in these nephron segments. Therefore,
before we discuss disease-related and pharmacological modifiers of
renal K+ handling, it is important to recapitulate the complex cellular
and molecular architecture of these tubular segments (Fig. 3).

In the TAL, ion and hence K+ transport relies on the activity of the
apical furosemide-sensitive Na+-K+-2Cl− cotransporter (NKCC2)
(Castrop & Schiessl, 2014). The Na+ and Cl− ions reabsorbed by
NKCC2 exit the TAL via the basolateral Na+-K+-ATPase and the Cl−

channel ClC–Kb, respectively (Dimke & Schnermann, 2018). The func-
tion of ClC–Kb depends on co-expression of barttin that acts as a chap-
erone to bring ClC–Kb to the cell surface (Stauber, Weinert, & Jentsch,
2012). Part of the reabsorbed K+ leaves the TAL cells via a basolateral
K+Cl− cotransport system, that likely corresponds to KCC4 (Slc12a7)
based on recent single cell mRNA expression data (Ransick et al.,
2019). The main portion of reabsorbed K+ recycles back to the tubular
lumen through apical outer medullary K+ (ROMK) channels. This K+

recycling is important to ensure sufficient intratubular K+ concentra-
tions for the activity of NKCC2. In addition, it turns the TAL lumen
dmain ion transport pathways. For details see text. The schematic drawing of the nephron
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electropositive, which creates the electrochemical driving force not only
for the paracellular reabsorption of K+ but also of magnesium (Mg2+)
and calcium (Ca2+) (Palmer, 2015).

The TAL is followed by the DCT that is characterized by the expres-
sion of the thiazide-sensitive NaCl cotransporter (NCC). Together with
the basolateral Na+-K+-ATPase, NCC facilitates transcellular Na+ reab-
sorption (McCormick & Ellison, 2015). Like in the TAL, co-transported
Cl− ions leave the cell via a basolateral ClC-Kb channel (Stauber et al.,
2012)m. In humans and rodents, the DCT is subdivided into an early
DCT (DCT1) and a late DCT (DCT2). In the latter, the apical NCC is pro-
gressively replaced by the amiloride-sensitive epithelial Na+ channel
(ENaC), that is also the dominating apical Na+ entry step in
downstream-localized CNT and CD (Bachmann, Bostanjoglo, Schmitt,
& Ellison, 1999; Loffing & Kaissling, 2003).

DCT2, CNT and CD form the so-called aldosterone-sensitive distal
nephron (ASDN) (Fig. 3). The ASDN was defined as those segments
that express high levels of ENaC, the mineralocorticoid receptor (MR),
and the enzyme 11-beta-hydroxysteroid dehydrogenase type 2
(11HSD2) (Loffing et al., 2001). TheMR is a ligand-binding nuclear tran-
scription factor that gets activated bybothmineralocorticoids (e.g. aldo-
sterone) and glucocorticoids (e.g. cortisol and corticosterone). The
11HSD2 rapidly catalysis the inactivation of corticosteroids and hence
confers mineralocorticoid-specificity to the MR. As glucocorticoids cir-
culate at about 1000-times higher concentrations as aldosterone and
as the MR is expressed in all cells of the distal nephron (including TAL
cells and intercalated cells) (Ackermann et al., 2010), it is the high ex-
pression and activity of the 11HSD2 in the segment-specific DCT2,
CNT, and CD cells that confers aldosterone-sensitivity to the ASDN.

While the activity of NCC is electroneutral, Na+ reabsorption via
ENaC is electrogenic and turns the tubular lumen electronegative
(Pearce, Manis, Nesterov, & Korbmacher, 2022). This sets-up the elec-
trochemical driving force for K+ secretion via apical K+ channels
(Yang et al., 2021). One of these secretory K+ channels is ROMK,
which is highly abundant in all segment-specific DCT, CNT and CD
cells (Mennitt, Wade, Ecelbarger, Palmer, & Frindt, 1997; Xu et al.,
1997). The other secretory K+ channel is themaxi K+ or big K+ channel
(BK), which is mainly found in intercalated cells andwhich is critical for
flow-dependent K+ secretion (Carrisoza-Gaytan et al., 2020). Data from
mice deficient for either ROMK or BK suggest that both channels can
compensate for each other (Bailey et al., 2006; Rieg et al., 2007). More-
over, BK channels have a larger single channel conductance than the
ROMK channels. Therefore a few BK channels might be already suffi-
cient to drive a sizable K+ secretion.

The intercalated cells are morphologically and functionally dis-
tinct from the segment-specific cells and are interspersed in DCT2,
CNT, cortical and first third of the medullary CD (Chambrey &
Trepiccione, 2015; Wall, Verlander, & Romero, 2020). Intercalated
cells can be roughly subdivided into two major forms with inverse
functional polarities (Fig. 3). Type A intercalated cells secrete protons
via an apical H+-ATPase and reclaim bicarbonate to the blood via the
basolateral anion exchanger AE1. Type B intercalated cells secrete bi-
carbonate via the apical bicarbonate exchanger pendrin and reclaim
protons via a basolateral H+-ATPase (Wall et al., 2020). As such, in-
tercalated cells are critical for the maintenance of acid-base homeo-
stasis (Wagner et al., 2004), but they do also participate to the
regulation of renal K+ handling (Ray et al., 2021), via an extensive
functional coupling to the segment-specific cells (Grimm et al.,
2015; Pham et al., 2020; Wen et al., 2014). However, as intercalated
cells express very little of the Na+-K+-ATPase (Brown et al., 1996),
it is not yet fully understood how these cells generate sufficient gra-
dients for transcellular K+ movements. It was suggested that the pro-
ton gradient generated by the H+-ATPase may energize secondary
transport systems (Chambrey et al., 2013) that then drive basolateral
K+-uptake via the Na+-K+-2Cl− - cotransporter NKCC1 and apical
K+ release in type A intercalated cells (Liu et al., 2011). Moreover,
an apical K+Cl+ cotransporter (KCC3a, Slc12a6) may contribute to
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K+ excretion in in type B intercalated cells (Ferdaus, Terker,
Koumangoye, Wall, & Delpire, 2023).

Interestingly, type A intercalated cells do also express a H+-K+-
ATPase (HKA) in their apical membrane that can reabsorb K+ from
the tubular fluid in exchange for protons (Greenlee, Lynch, Gumz,
Cain, & Wingo, 2010; Walter et al., 2016). As such type A intercalated
cells appear to be capable for both K+ secretion via BK and K+ reabsorp-
tion via the H+-K+-ATPase, which could eventually explain the ability
of the ASDN to switch between K+ conservation and K+ secretion. The
close intermingling of segment-specific DCT2, CNT and CD cells with
the intercalated cells may also contribute to the close interrelationship
between K+ and acid-base homeostasis (Lee Hamm et al., 2013). As de-
scribed above, there is also a close coupling of ROMK-dependent K+

secretion with paracellular Mg2+ and Ca2+ reabsorption in the TAL.
Interestingly, ROMK is also co-expressedwithMg2+ channel TRPM6

in the apical plasma membrane of DCT1and DCT2 and with the Ca2+

channel TRPV5 in the apicalmembrane of DCT2 and CNT. As yet, it is un-
clear if ROMK activity may interfere with the transcellular Mg2+ and
Ca2+ reabsorption via TRPM6 and TRPV5, respectively. A recent study
with mice on either control, high Na+ or high Na+/low K+ diets did
not provide evidence for direct effects of the diets on TRPM6 and
TRPV5, but suggested that changes to divalent cation transport in DCT
and CNT are secondary to effects on paracellular cation reabsorption
in proximal tubules and TAL (van der Wijst et al., 2018).

Another functional coupling may exist between the proximal tubule
and the ASDN. Hyperkalemia reduces proximal tubular ammoniagenesis.
The acidosismay stimulate ENaC andROMK, as both channels are pH sen-
sitive (Weinstein, 2022).

4.2. Regulation of renal potassium excretion

The regulation of renal K+ excretion is complex and coupled to
many hormonal and non-hormonal factors. The seminal studies of
Gerhard Giebisch and co-workers established the basic principles of
renal K+ excretion and of its regulation already more than 50 years
ago (Giebisch, 2002; Stanton, 2010). Since then, numerous studies fur-
ther defined the specific role of involved cell types, ion channels and
transporters, and identified the critical molecular players that control
their activity as displayed in several excellent recent reviews (e.g.
(Castaneda-Bueno, Ellison, & Gamba, 2022; Ellison, Terker, & Gamba,
2016; Hoorn, Gritter, Cuevas, & Fenton, 2020; D. H. Lin, Duan, Zheng,
& Wang, 2022; McDonough & Fenton, 2022; McDonough & Youn,
2017; Mutig & Bachmann, 2019; Nomura, Shoda, & Uchida, 2019;
Palmer & Clegg, 2019; Su, Ellison, & Wang, 2019; Tabibzadeh &
Crambert, 2023; Wei et al., 2020; Welling, 2016)). Based on these stud-
ies, the following concepts emerged.

The aldosterone-sensitive distal nephron (ASDN) is the primary site
at which K+ is secreted in response to a dietary K+ load (Malnic, Klose,
& Giebisch, 1964). Under resting conditions or on a low dietary K+ in-
take, the ion channels involved in K+ release (e.g. ROMK, BK and
ENaC) are inactive and reside at intracellular sites of the ASDN cells,
but get rapidly recruited to the apical plasma membrane after a high
K+ intake (Frindt & Palmer, 2010; Najjar et al., 2005; Wade et al.,
2011). Consistently, electrophysiological studies demonstrated that
the enhanced urinary K+ secretion after a K+ load is mainly achieved
by an increase in the number of active channels in the luminal mem-
brane of the ASDN rather than by a change of the conductance and/or
the open probability of single channels (Palmer, Antonian, & Frindt,
1994; Palmer & Frindt, 1999). The apical translocation of ROMK and
ENaC is accompanied by characteristic posttranslational modifications
of the channels, which comprise an increased glycosylation of ROMK
(Wade et al., 2011) and a proteolytic cleavage of the alpha- and
gamma subunits of ENaC (Ergonul, Frindt, & Palmer, 2006; Jensen,
Larsen, Leipziger, & Sorensen, 2016; Terker et al., 2016) which indicate
the activation of the channels. The excretion of K+ in the urine induced
by activation of ROMK and ENaC in the segment-specific cells of the
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ASDNcan bemodulated byK+ excretion via the BK channel or by K+ re-
absorption via the H+-K+-ATPase in intercalated cells (Rao, Bhalla, &
Pastor-Soler, 2019; Tabibzadeh & Crambert, 2023). Thereby, the effect
on intercalated cells may occur independent or dependent from aldo-
sterone and/or the MR (Pham et al., 2020; Shibata, 2016). Interestingly,
theMR-dependent effects appear to involve an intercalated cell-specific
dephosphorylation of theMR that promotes ligand-binding and eventu-
ally increases Cl− reabsorption and reduces K+ secretion via interca-
lated cells (Shibata et al., 2013).

Recent work established that also a dephosphorylation and hence
inactivation of NCC in the DCT is a very important component of the
renal adaptation to a high K+ intake (Sorensen et al., 2013; Terker
et al., 2015; van der Lubbe et al., 2013). The down-regulation of NCC di-
minishes Na+ uptake in the DCT and hence delivers more Na+ to the
downstream localized CNT/CD. In the CNT/CD (and perhaps also in
DCT2), this Na+ can then be reabsorbed via ENaC in exchange for K+ se-
cretion via ROMK (Fig. 3). This functional coupling between DCT and
CNT/CD is thought to significantly accelerate the renal elimination of
an excess K+ load (McDonough & Youn, 2013). The inhibition of NCC
also increases the delivery of Cl− to CNT and CD. This Cl− can be
reabsorbed either paracellular driven by the electrochemical gradient
generated by ENaC or transcellular via the apical Cl−/HCO3− exchanger
pendrin in intercalated cells (Chambrey & Trepiccione, 2015). As not all
delivered NaCl is reclaimed, part of it is lost via the urine, which readily
explains the previously not well-understood paradox natriuresis and
chloruresis after increased K+ intakes (Tannen, Wedell, & Moore,
1973; van Buren, Rabelink, van Rijn, & Koomans, 1992) and the antihy-
pertensive effect of a K+ rich diet.

A natriuretic effect of an oral K+ load is also seen in NCC-deficient
mice suggesting that other renal Na+ transport pathways are down-
regulated after a K+ rich meal as well (Sorensen et al., 2013). Indeed,
some data suggest that this may include NHE3 in proximal tubules
and NKCC2 in TALs (Frindt, Houde, & Palmer, 2011; Jung et al., 2011;
Yang et al., 2018).

According to textbooks, aldosterone is the main regulator of K+ ho-
meostasis. In fact, high plasma K+ levels directly stimulate aldosterone
release from the zona glomerulosa of the adrenal glands (McDonough
& Fenton, 2022). Moreover, aldosterone stimulates renal Na+ reabsorp-
tion and K+ excretion via both an activation of ENaC in the apical mem-
brane and of the Na+-K+-ATPase in the basolateral membrane (Pearce
et al., 2022). However, there is no clear linear relationship between
plasma K+ concentrations, plasma aldosterone levels and urinary K+

excretion (Pearce et al., 2022; Young, 1982).Moreover, the kaliuretic re-
sponse to a K+ load occurs very rapidly (i.e. in minutes) and usually
starts before plasma aldosterone levels increase (Rabinowitz, Green,
Sarason, & Yamauchi, 1988). Likewise, experiments on adrenalecto-
mized animals (Palmer et al., 1994; Stanton, Pan, Deetjen, Guckian, &
Giebisch, 1987) or mice with a targeted disruption of the aldosterone-
synthase (Todkar et al., 2015; Yang, Frindt, Xu, Uchida, & Palmer,
2020) suggested that a K+ load stimulates urinary K+ excretion and
renal Na+ and K+ channels independent from a rise of plasma aldoste-
rone levels. Based on these and several other studies, it appears that the
K+-induced regulation of ROMK and BK is largely, if not completely,
aldosterone-independent (Estilo et al., 2008), while the K+-dependent
regulation of ENaC involves both aldosterone-independent (mainly in
the early ASDN) and aldosterone-dependent (mainly in the late
ASDN) components (Nesterov, Bertog, & Korbmacher, 2022; Yang
et al., 2020; Yang et al., 2021). Likewise, the K+-dependent downregu-
lation of NCC is likely aldosterone-independent, as it occurs similarly
in controlmice and inmice that lack aldosterone or have noMR expres-
sion in the kidney (Canonica et al., 2016; Terker, Yarbrough, et al., 2016;
Todkar et al., 2015).

The last ten years brought significant insights into the underlying
molecular mechanism that mediate the aldosterone-dependent and
aldosterone-independent effects onDCT, CNT and CD asdiscussed in de-
tail in the reviews mentioned above. In short, many of the molecular
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event are triggered by a direct sensing of altered plasma K+ concentra-
tions by the tubular epithelial cells (McDonough & Fenton, 2022). Al-
ready small variations around the physiological plasma K+

concentration may elicit profound effects as demonstrated for the
strong inverse correlation of extracellular K+ and NCC phosphorylation
(Penton et al., 2016; Terker et al., 2016). The observed epithelial K+

sensing critically depends on the ATP-sensitive inward rectifier K+

channel that is formed by the heterotetrameric assembly of Kir4.1
(KCNJ10) and Kir5.1 (KCNJ16) in the basolateral plasma membrane of
DCT, CNT and CD cells (Palygin, Pochynyuk, & Staruschenko, 2018; Su
et al., 2019). Under low K+ diets, the reduced extracellular K+ concen-
tration favors the effluxof K+ viaKir4.1/Kir5.1whichhyperpolarizes the
basolateral plasmamembrane and therebywas proposed to activate the
efflux of Cl− and Ca2+ via the basolateral Cl− channel ClC-Kb (Terker
et al., 2015) and the Na+-Ca2+ exchanger NCX1 (Shoda et al., 2020), re-
spectively. Under these conditions, NCC is highly phosphorylated via a
cascade of kinases that involves the with-no-lysine(K) kinase WNK4
and the STE20/SPS1-related proline/alanine-rich kinase (SPAK)
(Murillo-de-Ozores et al., 2022; Thomson et al., 2020) and a downregu-
lation of KLHL3 (Ishizawa et al., 2016). ENaC and ROMK are inactive and
retained inside the CNT/CD cells. Ubiquitylation of ENaC via the
ubiquitin-ligase Nedd4–2 (Al-Qusairi et al., 2017) is a central mecha-
nism that keeps the apical abundance of ENaC low (Fig. 3).

With an increased dietary K+ intake, extracellular K+ levels rise and
reduce the K+ efflux via the Kir4.1/Kir5.1 channel. This depolarizes the
cell membrane and hence decreases Cl− and Ca2+ efflux via ClC–Kb
and NCX1, respectively (Hoorn et al., 2020). The increased intracellular
Cl− (Su et al., 2020) binds to the Cl− binding pocket in WNK4 and
thereby inactivates WNK4 and blocks subsequently the SPAK-
dependent NCC phosphorylation (Mukherjee et al., 2021). In parallel,
the increased intracellular Ca2+ binds to calmodulin, which activates
protein phosphatase 3 (PP3 or calcineurin) and finally reduces NCC
phosphorylation either directly or indirectly via effects on WNK4
(Melnikov, Mayan, Uchida, Holtzman, & Farfel, 2011) and KLHL3
(Ishizawa et al., 2019). In addition to PP3, protein phosphatase 1
(PP1) and perhaps other phosphatases may also contribute to the
rapid K+-induced dephosphorylation of NCC (Banki et al., 2021; Shoda
et al., 2017).

In CNT/CD, aldosterone and direct K+ sensing co-operate to enhance
K+ secretion. Aldosterone binds to the MR and thereby activates the
transcription and expression of the regulatory serum-and-
glucocorticoid-regulated kinase Sgk1. Sgk1 phosphorylates and thereby
inactivates the ubiquitin-ligase Nedd4–2, which eventually enhances
the cell surface abundance of ENaC due to the reduced ubiquitination
of the channel (reviewed in: (Pearce et al., 2022). Moreover, aldoste-
rone increases the expression of ENaC (mainly alphaENaC) and of the
Na+-K+-ATPase that will further increase the K+ (and Na+) transport
capacity of the CNT and CD cells (Pearce et al., 2022; Penton et al.,
2015). However, there is also evidence for rapid direct effects of extra-
cellular K+ on Na+ reabsorption and K+ secretion in CNT/CD (Field,
Stanton, & Giebisch, 1984; Jensen et al., 2016). Like in the DCT, a rise
in extracellular K+ concentrations might be sensed via basolateral
plasma Kir4.1/Kir5.1 (Penton et al., 2020; Wang & Lin, 2022), increase
intracellular Cl− concentrations and activate the WNK4 pathway
(Sorensen et al., 2019). However, in contrast to the DCT, the effect of
WNK4 is not dependent on its kinase activity. Instead, WNK4 forms to-
gether with its homologueWNK1 a scaffolding critical for the activation
of the mTORC2 complex (Saha et al., 2022), which increases then ENaC
function due to an enhanced phosphorylation and activation of Sgk1
(Sorensen et al., 2019). In parallel, high extracellular K+ concentrations
activate ROMK via mTORC2 and PKC (Grahammer et al., 2016) (Fig. 4)
ROMK bears two PKC phosphorylation sites (S4 and S201) that are es-
sential for the cell surface abundance of ROMK (Lin, Sterling, Lerea,
Giebisch, & Wang, 2002). Consistent with a critical role of the mTOR
pathway for K+. secretion, mice with a targeted inactivation of
mTORC2 in the renal distal tubule develop severe hyperkalemia in



Fig. 4.Molecular signaling pathways and cellular mechanism controlling ion transport in DCT and CNT/CD under low plasma K+ and high plasma K+ concentrations, respectively. For
details see text.
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response to a dietary K+ load (Grahammer et al., 2016; Saha et al., 2023;
Sorensen et al., 2019). The mTOR pathway may also control renal K+

handling via an altered phosphorylation and activation of the MR in in-
tercalated cells (Shibata et al., 2018).

The aldosterone-independent effects induced by direct K+ sensing
are mainly based on phosphorylation (e.g. Sgk1 and ROMK) and de-
phosphorylation (e.g. NCC) events that occur very rapid (minutes),
while the aldosterone effects are based on altered transcription, which
usually implies a certain lag period (hours). This suggests that direct
K+ sensing is particularly important for the immediate response to
high K+ while aldosterone plays a more important role for the long-
term response. It had been postulated that the increase in plasma-
aldosterone levels and ENaC activity is not only to favor K+ secretion,
but to limit K+ induced Na+ losses related to the down-regulation of
NCC (Jensen et al., 2016). Observations in adrenalectomized dogs with
a fixed replacement dose of aldosterone support this idea. In response
to a dietary K+ load, these dogs cannot increase plasma aldosterone
levels and hence develop a more pronounced natriuresis and drop in
blood pressure than intact dogs (Young, McCaa, Pan, & Guyton, 1976).
An overactivation of the aldosterone - ENaC axis may also explain why
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a very high K+ intake associates with high blood pressure despite
downregulation of NCC (Little et al., 2023).

A variety of additional hormones were implicated in the regulation
of renal K+ secretion. Glucocorticoids stimulate renal K+ secretion
likely indirectly via increased urinary flow (Stanton, Giebisch, Klein-
Robbenhaar, Wade, & DeFronzo, 1985), while vasopressin has direct ef-
fects on tubular K+ release possibly to ensure K+ secretion also under
conditions of antidiuresis (e.g. hemorrhagic shock) (Uyehara & Sarkar,
2013). Moreover, glucagon was suggested to increase in response to a
dietary K+ and to stimulate urinary K+ excretion in cooperation with
insulin (Bankir, Bouby, Blondeau, & Crambert, 2016). In contrast, pro-
gesterone levels rise with hypokalemia and are thought to reduce uri-
nary K+ loss via a stimulation of the H+-K+-ATPase in type A
intercalated cells (Elabida et al., 2011). Angiotensin II suppresses
ROMK, but stimulates ENaC, which may limit renal K+ secretion and
maximize renal Na+ reabsorption during hypovolemia (Welling,
2013). Furthermore, there is some evidence for a yet not identified hu-
moral kaliuretic factor. In response to a high K+ diet, this factormay get
released from the gut to stimulate renal K+ secretion even before
plasma K+ levels rise (McDonough & Fenton, 2022).
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A intrarenal kaliuretic factor is the serine protease kallikrein, which
is highly expressed in the DCT and CNT and which proteolytically acti-
vates ENaC. High potassium intake is a strong stimulator of renal kalli-
krein synthesis and data from knockout mice and humans with partial
kallikrein deficiency suggest a contribution of this protease to the regu-
lation of renal K+ excretion (El Moghrabi et al., 2010; Monteiro et al.,
2013).

Another strong aldosterone-independent regulator of renal K+ ex-
cretion is the urinary flow rate. A high urinary flow rate appear to di-
rectly activate K+ secretion in the renal distal tubule (Malnic, Berliner,
&Giebisch, 1989). Based on patch-clamp studies on isolated cortical col-
lecting ducts from rabbits, Woda and co-workers suggested that the
flow-dependent K+ secretion is mediated mainly via the BK (or maxi-
K) potassium channels (Woda, Bragin, Kleyman, & Satlin, 2001),
which are mainly expressed in intercalated cells (Palmer & Frindt,
2007). The activation of BK depends on an increased intracellular Ca2+

concentration that elicits the exocytotic insertion of the channel into
the apical membrane (Liu, Morimoto, Woda, Kleyman, & Satlin, 2007).
The Ca2+-permeable, nonselective cation channel TRPV4 may act here
as a flow sensor to activate the BK channel (Stavniichuk et al., 2023).
Flow-dependent BK activation may contribute to urinary K+ wasting
in polyuric hereditary diseases such as Bartter syndrome (Bailey et al.,
2006) or with thiazide or loop-diuretic treatment (Wen, Cornelius, &
Sansom, 2014). However, on a Palaeolithic diet with a low Na+ and
high K+ intake, furosemide may have a paradox K+ sparing effect
(Wang & Sansom, 2019). The BK channel and flow-dependent activa-
tion of renal K+ secretion likely contributes also to the physiological
adaptation of renal K+ excretion in response to a high K+ diet. In fact,
dietary K+ does not only enhance the insertion of BK channels into
the luminal plasma membrane (Najjar et al., 2005), but does also
directly increase urinary flow via a lowered water reabsorption in the
collecting system due to a reduced vasopressin sensitivity (Svendsen
et al., 2022). These additional adaptive changes to a high K+ diet likely
explain the previous observation (Malnic et al., 1989) that the flow-
dependent K+ secretion is more pronounced on a high than on a low
K+ intake. The critical role of the BK channel for flow-induced K+ secre-
tion was demonstrated recently also by studies in mice with a targeted
deletion of the alpha BK subunit specifically in intercalated cells
(Carrisoza-Gaytan et al., 2020).

4.3. Hereditary disease-related modifiers of renal potassium excretion

Several human genetic diseases associated with dyskalemia
(Table 1) support the pathophysiological relevance of the molecular
players and concepts described above. For example, in Bartter- and
Gitelman syndromes mutations in ion transporters and channels in
TAL and DCT lead to salt-losing tubulopathies with prominent hypoka-
lemia (Blanchard et al., 2017). As yet, five different types of Bartter-
Syndrome (BS) have been described, which are related to loss-of-
function mutations in the genes encoding either for NKCC2 (BS 1),
ROMK (BS 2), ClC-Kb (BS 3), barttin (BS 4a), ClC-Kb and ClC-Ka (BS
4b), and the melanoma-associated antigen D2 (MAGE-D2) (BS 5) (re-
viewed in: (Konrad et al., 2021)). BS 1–4 are rare autosomal recessive
Table 1
Examples of hereditary diseases with dykalemia.

Hereditary Disease Affected Protein Plasma P

Bartter NKCC2, ROMK, ClC-Kb, CLC-Ka, Barttin, MAGE-D2 low
Gitelman NCC low
FHHt/Gordon/PHA2 WNK1, WNK4, KLHL3, CUL3 high
PHA1A ENaC high
PHA1B MR high
Liddle ENaC low
Geller MR low
AME 11HSD2 low
EAST/SeSAME Kir4.1 low
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diseases that directly impact on the ion transporter and channels critical
for TAL function (Konrad et al., 2021). BS 5 is an X-chromosomal reces-
sive disease that indirectly reduces the expression and function of
NKCC2 and NCC possibly via an altered cyclic AMP-dependent signaling
(Laghmani et al., 2016). While BS1–4 usually require life-long therapy
including substitution of K+, BS 5 resolves spontaneously by yet ill-
defined mechanisms (Komhoff & Laghmani, 2018). Interestingly, new-
borns with ROMK mutations (BS 2) are usually hyperkalemic at birth
and develop the typical hypokalemia at later stages of life
(Bockenhauer & Kleta, 2021). This transient perinatal hyperkalemia is
likely explained by the fact that ROMK deficiency does not only impair
TAL function but does also diminish ROMK-dependent K+ excretion in
the ASDN. The K+ loss at later stages is then likely related to increases
K+ fluxes via BK.

Gitelman-Syndrome (GS) is an autosomal-recessive disease related
to loss-of functionmutations in NCC. In contrast to BS, GS is a rather fre-
quent tubulopathy with a prevalence of ~1–10 per 40′000 people
(Blanchard et al., 2017; Ji et al., 2008). So far more than 350 different
mutations have been described (Blanchard et al., 2017) and it is esti-
mated that about 1 out of 100 humans is heterozygote for a NCC muta-
tion (Fava et al., 2008). Although heterozygotes have lower blood
pressure and increased plasma aldosterone levels (Ji et al., 2008), their
plasma K+ values are not different from controls (Fava et al., 2008) sug-
gesting that the threshold for a deranged K+ homeostasis is higher than
that for Na+ homeostasis.

The primary defect in BS and GS is an impaired Na+ reabsorption in
the TAL and the DCT, respectively. This Na+ transport defect causes
renal K+ wasting likely via a combination of several mechanism:
(i) The urinary Na+ wasting activates the RAAS that will then stimulate
aldosterone-dependent K+ secretion; (ii) the enhanced delivery of Na+

to the ASDN allows that more K+ can get secreted via ROMK in ex-
change for Na+ reabsorption via ENaC, and (iii) the enhanced urinary
flow rate activates flow-dependent K+ secretion.

The critical relevance of NCC and of proteins regulating its function is
also evidenced by another group of diseases named familial
hyperkalemic hypertension (FHHt), pseudohypaldosteronism type 2
(PHA2), or Gordon syndrome that mirrors the phenotype of GS. FHHt
is caused by mutations in WNK1, WNK4 or in two proteins (KLHL3
and CUL3) that are part of an ubiquitin-ligase complex that controls
the stability of WNK (Maeoka, Cornelius, & McCormick, 2023). In this
disease, NCC activity is increased leading to renal Na+ retention with
hyporenemic arterial hypertension and hyperkalemia.

Two other mirroring genetic diseases underline the importance of
ENaC and of the MR for renal K+ excretion. Patients with autosomal-
recessive pseudohypoaldosteronism type 1 (PHA1A) have loss-of-
function mutations in one of the subunits of ENaC, which diminishes
ENaC-mediated Na+ reabsorption and hence eliminates the driving
force for K+ and also proton secretion (Furgeson & Linas, 2010). Consis-
tently, patients suffer from renal salt wasting with hypotension,
hyperkalemia and acidosis. The syndrome mimics conditions of
hypoaldosteronism (e.g. associated with Addison's disease). However,
patients with PHA1A do not have low but high plasma aldosterone
levels, which explains the name of the disease. The mirroring disease
otassium Plasma Aldosterone Extracellular Volume Acid-Base Status

high low alkalosis
high low alkalosis
normal/low high acidosis
high low acidosis
high low acidosis
normal/low high alkalosis
low high normal
low high alkalosis
high low alkalosis
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to PHA1A is Liddle syndrome. This autosomal dominant disease is char-
acterized by severe arterial hypertension associated with hyperkalemia
and alkalosis with normal to low levels of plasma aldosterone. The dis-
ease is caused by gain-of-function mutations in ENaC subunits, which
impairs the binding of Nedd4–2 to and hence the ubiquitylation of the
channel (Rizzo & Staub, 2015). The reduced ubiquitylation increases
the cell surface abundance and activity of ENaC, which readily explains
the clinical presentation of the disease and why inhibition of ENaC by
amiloride is a very effective treatment (Blanchard, 2023).

Moreover, several other genetic diseases interfere with the
aldosterone-dependent regulation of ENaC and thereby cause
dyskalemia. For example, loss-of-function mutations in the MR cause
an autosomal-dominant form of pseudohypoaldosteronism (PHA1B)
with hypokalemia (Furgeson & Linas, 2010). Patients with this MR-
related PHA1B usually have a less severe phenotype than patients
with PHA1A due to ENaC-mutations. The disease improves spontane-
ously during early childhood suggesting the activation of compensatory
mechanism (Kermond, Mallett, & McCarthy, 2023). In contrast to
inactivatingmutations of theMR, a specific single S810L mutation is as-
sociated with an overstimulation of the MR due to an altered hormone
binding (Geller syndrome) (Geller et al., 2000). PatientswithGeller syn-
drome show an early onset of hypertension with hypokalemia. In fe-
male carriers, pregnancy aggravates the situation because the
mutation confers a significant progesterone-sensitivity to the receptor.
Likewise, spironolactone becomes a potent agonist of the MR and is
hence contraindicated in patients with Geller syndrome (Geller et al.,
2000). An overactivation of the MR is also the cause of hypokalemia
seen in patients with apparent mineralocorticoid excess (AME). AME
is an autosomal recessive disorder due to a congenital defect in the
11HSD2which leads to an illicit activation of theMR by glucocorticoids.
Blockade of the MR with spironolactone is an effective therapeutic op-
tion (Funder, 2017). Excessive plasma glucocorticoid levels may also
override the capacity of normal 11HSD2 explaining for example the hy-
pokalemia seen in patientswith Cushing syndrome (Torpy,Mullen, Ilias,
& Nieman, 2002).

The importance of the Kir4.1/Kir5.1-dependent basolateral K+ sens-
ing mechanism is demonstrated by patients suffering from loss-of-
function mutations in Kir4.1 (Lo, Forst, Warth, & Zdebik, 2022). As
Kir4.1 is highly expressed in kidney, inner ear and the central nervous
system, this autosomal-recessive disease is complex. According to the
symptomatology, the syndrome was named either EAST (epilepsy,
ataxia, sensorineural deafness, and renal tubulopathy) (Bockenhauer
et al., 2009) or SeSAME (seizures, sensorineural deafness, ataxia, intel-
lectual disability, and electrolyte imbalance) (Scholl et al., 2009). Re-
garding the kidney, patients with EAST/SeSAME syndrome show a
Gitelman-like phenotype with renal sodium loss, hypomagnesemia
and profound hypokalemia (Lo et al., 2022). Experiments on Kir4.1 de-
ficientmice indicated that the renal phenotype is indeed related to both
an inappropriate downregulation of NCC in the DCT (Zhang et al., 2014)
and an inappropriate up-regulation of ENaC and ROMK in CNT/CD
(Penton et al., 2020) that impairs K+ sensing by the distal tubule
(Cuevas et al., 2017).

4.4. Pharmacological modifiers of renal potassium excretion

4.4.1. Diuretics
Diuretics belong to the most often prescribed drugs. Basically, three

main groups of diuretics can be distinguished: (i) loop-diuretics (e.g. fu-
rosemide, bumetanide, torasemide), (ii) thiazide- (e.g. hydrochlorothi-
azide, bendroflumethiazide) or thiazide-like (chlorthalidone,
metolazone) diuretics, and (iii) potassium-sparing diuretics (e.g.
amiloride, triamterene) (Ellison, 2019). Loop-diuretics block NKCC2 in
the TAL. As NKCC2 reabsorbs ~20% of the filtered Na+ load and contrib-
utes significantly to the urinary concentration mechanism, loop di-
uretics are high-ceiling diuretics, which are preferentially used to
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wash-out large volumes of Na+ and fluid in patients with edema due
to heart failure or kidney disease. Thiazide- and thiazide-like diuretics
are still mainstays of hypertensive therapy due to their natriuretic effect
via inhibition of NCC in the DCT. A concern with the use of loop- and
thiazide-diuretics is the risk of hypokalemia that arises via the same
mechanism as described above for genetic defects in NKCC2 and NCC.
In fact, use of these diuretics is perhaps the most common cause of K+

deficiency in humans (Knochel, 1984). The risk for hypokalemia
may even further rise if both types of diuretics are combined for a se-
quential blockade of Na+ reabsorption in TAL and DCT as it may be-
come necessary in patients developing loop-diuretic resistance. The
CLOROTIC trial evaluated the safety of the combination of loop- with
thiazide-diuretics in patients with decompensated heart failure.
The prevalence of hypokalemia with plasma K+ values below
3.0 mmol/L was indeed significantly higher in patients with thiazide
cotreatment vs. those without cotreatment (40.6% vs. 16.1%). Never-
theless, the prevalence of plasma K+ values below 2.5 mmol and the
incidence of serious adverse events were not different between the
groups (Trulls, et al., 2023).

Loop- and thiazide diuretic induced hypokalemia is often associated
with hypomagnesemia. Likewise, patients with salt-losing tubulopathies
often have a combination of K+ and Mg2+ deficiency. As the Mg2+ defi-
ciency appears to aggravate the hypokalemia by increasing ROMKactivity
a successful treatment of hypokalemia requires also a correction of the
Mg2+ deficiency (Huang & Kuo, 2007).

Amiloride and other potassium-sparing diuretics block specifically the
epithelial Na+ channel ENaC in the ASDN and hence lower the driving
force for K+ secretion. For antihypertensive therapy, potassium-sparing
diuretics might be combined with thiazide-diuretics to reduce the risk
for thiazide-induced hypokalemia. However, severe hyperkalemia has
been reported sporadically after both amiloride monotherapy (Maddox,
Arnold, & Dewell Jr., 1985) and amiloride/hydrochlorothiazide co-
treatment (Jaffey & Martin, 1981). In a recent observational study on
194,456 outpatients, potassium-sparing diuretics were not associated
with an increased risk for plasma K+ levels >5 mmol/L. Actually, the
risk for hyperkalemia was lower than with angiotensin receptor blockers
(ARBs) and angiotensin-converting enzyme inhibitors (ACEi). Not sur-
prisingly, the study found also that loop/thiazide diuretics associated
with a decreased risk of hyperkalemia (Chang et al., 2016). Generally,
the risk for diuretic-induced dyskalemia varies considerably depending
on the choice of the diuretic, the dosage, genetic factors including gender
and race, as well as co-medications and various dietary factors (recently
reviewed in (Lin, Wong, & Cheung, 2022).

4.4.2. Calcineurin inhibitors
Calcineurin or protein phosphatase 3 (PP3) is a calcium-calmodulin-

activated serine-threonine protein phosphatase involved in numerous
cellular processes, including the activation and proliferation of T-
lymphocytes (Creamer, 2020). Calcineurin-inhibitors (CNI) like tacroli-
mus and cyclosporine act immune-suppressive and are hence fre-
quently used in patients with solid organ transplantations. However,
CNIs have numerous adverse effects including hypertension and
hyperkalemia (Higgins et al., 2004). The hypertension and hyperkalemia
had been linked to an inappropriate activation of NCC that causes renal
Na+ retention and limits renal K+ excretion (Hoorn et al., 2011; Hoorn
et al., 2012; Ishizawa et al., 2019) . Consistent with a critical role of NCC,
tacrolimus has no effect on blood pressure and K+ homeostasis in mice
with a targeted deletion of this transporter (Hoorn et al., 2011). However,
micewith a DCT-specific deletion of the calcineurin subunit B are also not
hypertensive and hyperkalemic, suggesting that additional mechanism
are involved (Banki et al., 2021). In fact, there are reports suggesting
that CNIs act also on NKCC2 activity in the kidney (Borschewski et al.,
2016; Matsuura et al., 2019) and on aldosterone production in the adre-
nals (Berber et al., 2023; Ito et al., 2021), which could also impact
whole-body K+ balance.
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4.4.3. RAASi
RAAS inhibitors (RAASi) are widely administered to CKD patients

providing both cardiovascular and renal protection. RAASi include
angiotensin-converting enzyme inhibitors (ACEi), angiotensin receptor
blockers (ARBs), and steroidal and non-steroidal mineralocorticoid re-
ceptor antagonists (MRA). RAASi increase the risk for hyperkalemia, fre-
quently leading to down-titration or even termination of these
medications. Thus, clinicians are often confronted with the question
what to do when a CKD patient on RAASi develops hyperkalemia. To
our knowledge, no RCT data are available for guidance. In one study,
more than 1500 patients admitted to the hospital because of acute
heart failure, received daily serum K+ measurements until day 7 or dis-
charge (Beusekamp et al., 2019). 35% of the patients developed incident
hyperkalemia with serum K+ > 5.0 mmol/L, 17% >5.5 mmol/L, and 5%
>6.0 mmol/L, respectively. Incident hyperkalemia was not associated
with increased all-cause mortality at 180 days but with MRA down-
titration. Incident hyperkalemic patients who were discharged after
down-titration or discontinuation of these drugs had a 70% higher mor-
tality compared to those with continued or increased ACEi/ARB or MRA
dose. Another retrospective cohort study of almost 50,000 older pa-
tients analyzed ambulatory interventions for RAASi-related
hyperkalemia together with the risk of hyperkalemia recurrence and
the occurrence of cardiovascular events and mortality within the
1-year observation period (Hundemer et al., 2021). Interestingly,
hyperkalemia with serum K+ ≥ 5,3 and < 7.0 mmol/L did not lead to
pharmacologic interventions in the majority of the patients - clinicians
changed themedication in only 23% of the patients. RAASiwere stopped
in 74% and reduced in 15%, new diuretics prescribed in 3% and increased
in 7%, and sodium polysterene sulfonate (SPS) administred in 1% of the
patients. Compared to no intervention, the hyperkalemia recurrence
risk was lower with RAASi discontinuation and higher with SPS,
whereas all other measures had no effect. The higher hyperkalemia in-
cidencewith SPSwaspossibly a consequence of dietary potassium liber-
ation. Interestingly, RAASi discontinuation in this study was not
associated with an increased risk for cardiovascular and all-cause mor-
tality at 1 year. The rather short observation periods of both observa-
tional studies are limitations. Randomized studies are needed to
provide better guidance for clinicians. Adding newer potassium binders
provides one way to increase the percentage of patients on RAASi. This
topic is discussed later in chapter 6.

4.4.4. Varia medications

4.4.4.1. Co-trimoxazole. Co-trimoxazole is an antibiotic combination of
trimethoprim and sulfamethoxazole often used to treat patients with
urinary tract infections, and for prophylaxis and treatment of
Pneumosystis jirovecii infections, for example in kidney transplantation
(Chapman, Dickerson, Daly, Clancy, & Geddes, 2019). Hyperkalemia is a
frequent adverse effect of this combination, which is related to an
amiloride-like inhibitory effect of trimethoprim on ENaC. A recent
study from the Netherlands reported an incidence of hyperkalemia in
20% of hospitalized patients with intravenous administration of co-
trimoxazole (Marlicz & Chrzanowska, 1988). Likewise, a randomized
controlled trial from theUS found significantly higher plasma K+ values
in patients on oral co-trimoxazole treatment comparedwith patients on
placebo. Nevertheless, the increase of plasma K+ was usually small, but
may reach clinically relevant levels in some patients (Chan, Clark,
Wilson, Loke, & investigators, T., 2017), in particular, if they have
other risk factors for hyperkalemia such as CKD or RAASi co-
administration.

4.4.4.2. Licorice. Licorice is a popular candy flavoring and herbal remedy
that is derived from the root of the Glycyrrhiza glabra plant. When con-
sumed in large quantities or over a prolonged period, licorice can cause
hypokalemia, which is often associated with arterial hypertension, low
plasma renin activity and reduced plasma aldosterone levels. This type
13
of pseudo-hyperaldosteronism is related to the licorice compound
glycyrrhizinc acid, which inhibits the enzyme 11βHSD2 and thereby
promotes an inappropriate activation of theMR via glucocorticoids sim-
ilar to the one seen in patients with hereditary apparent mineralocorti-
coid excess. In a recent systemic review and meta-analysis,
Penninkilampi and co-workers assessed data from18 studies (n =
337) inwhich participants consumed amean daily dose of glycyrrhizinc
acid of 377.9 mg, which equals an estimated amount of 189 g of black
licorice/day. The pooled data from nine studies with reported plasma
K+ levels showed a significant drop of the mean plasma K+ levels
from pre- to post-licorice consumption by −033 mmol/L (95% CI -042
to 0.23). However, as pointed out by Yoshino et al., the risk for
licorice-associated hypokalemia may vary considerably with age, gen-
der, concomitant medication, and preexisting medical conditions
(Yoshino et al., 2021). A derivative of glycyrrhizinc acid is
carbenoxolone. Carbenoxolone has anti-inflammatory properties and
is used for the treatment of oral, esophageal, and gastric ulcers. Like nat-
ural liquorice, carbenoxolone can cause significant hypokalemia
(Metcalfe & Entrican, 1987).

4.4.4.3. Azole antifungal agents. Invasive fungal infections pose a serious
threat, particularly to immunocompromised patients. Azoles
(−conazole) are frequently used as first-line treatments for fungal in-
fections and for prophylaxis in patients at increased infection risk.
These drugs are associated with adverse events including hepatoxicity,
myositis, peripheral neuropathy, ophthalmologic disorders, nausea
and vomiting, and hypokalemia (Benitez & Carver, 2019; de Souza,
Santos, & Reis, 2016; Maertens et al., 2021; Pana et al., 2018). Several
mechanisms contribute to antifungal azole-induced hypokalemia, such
as adrenal insufficiency (Gradon & Sepkowitz, 1991; McCance, Ritchie,
Sheridan, & Atkinson, 1987). However, some of the hypokalemic pa-
tients present with severe hypertension rather than hypotension that
is seen in adrenal insufficiency. Pseudohyperaldosteronism was identi-
fied as the underlying diseasemechanism explaining both hypertension
and hypokalemia. This condition was observed with itra- and
posaconazole but not with voriconazole (Brandi, Feltoft, Serup, &
Eldrup, 2021; Hoffmann, McHardy, & Thompson 3rd., 2018; Kuriakose,
Nesbitt, Greene, & Harris, 2018; Maertens et al., 2021). Itraconazole
and Posaconazole lead to mineralocorticoid receptor activation and to
subsequent renal potassium secretion although by distinctmechanisms.
Itraconazolewas shown to inhibit predominantly 11β-HSD2 thereby in-
creasing cortisol, whereas posaconazole inhibited CYP11B1 leading to
accumulation of 11-deoxycorticosterone and 11-deoxycortisol (Beck,
Telisman, van Koppen, Thompson 3rd, & Odermatt, 2020). These
effectswere not seenwith voriconazole,fluconazole, and isavuconazole.

4.4.4.4. Anticancer drugs. Anticancer drugs are associated with both
hyper- and hypokalemia. One hyperkalemia mechanism employed by
anticancer drugs is acute kidney injury (AKI). Strongly reduced GFR
leads to compromized glomerular potassium filtration and subse-
quently to hyperkalemia (Rosner & Perazella, 2017). Some of anticancer
drugs employ additional mechanisms, such as tumor lysis syndrome
with huge potassium release from tumor cells. Moreover, immune
checkpoint inhibitors (ICI) are increasingly reported to cause
hyperkalemia. ICIs are monoclonal antibodies that block programmed
cell death protein 1 (PD-1), programmed cell death ligand 1 (PD-L1),
and cytotoxic T lymphocyte–associated protein 4 (CTL-4), respectively.
Blocking these inhibitory co-stimulatory signals increases the capacity
of T cells to kill tumor cells. Unfortunately, these drugs also induce auto-
immune inflammatory side effects, including adrenalitis (Postow,
Sidlow, & Hellmann, 2018). Consequently, ICIs were shown to lead to
primary adrenal insufficiency with substantial mortality and morbidity,
including hyperkalemia (Barroso-Sousa et al., 2018; Grouthier et al.,
2020).

However, hypokalemia is also frequent in cancer patients because of
either renal or gastrointestinal potassium losses, or intracellular
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potassium shifting. Cisplatin and ifosfamide provide examples for tubu-
lar epithelial cell injury with subsequent renal potassium wasting, the
former accompanied and facilitated by significant magnesium losses.
Hypokalemia is often intractable until the magnesium deficit is
substituted. The reason for this interaction is the fact that intracellular
magnesium inhibits potassium secretion via ROMK in the distal neph-
ron thereby increasing renal losses. Another example for hypomagnese-
mia with persistent hypokalemia comes from treatment with
monoclonal anti-EGFR antibodies, such as cetuximab (Wang et al.,
2015). Moreover, ICIs not only cause hyper- but also hypokalemia. In
fact, hypokalemia was with 19% more common than hyperkalemia
that was found in 6% of the ICI-treated patients (Wanchoo, Sakhiya, &
Jhaveri, 2021). ICI-induced gastritis, colitis, and tubulointerstitial ne-
phritis contribute to hypokalemia through gastrointestinal and renal
potassium losses. ICI-mediated hypokalemia occurs frequently together
with distal or proximal RTA. In biopsies from ICI-treated patients with
distal RTA, deceased V-ATPase pump and anion-exchanger 1 expression
was detected in type A intercalated cells, reminiscent of findings in
Sjögren patients (Herrmann, Alexander, Romero, & Zand, 2020). Addi-
tional anticancer drugs are reported to cause hypokalemia, including ty-
rosine kinase, Bcl-2, and BRAF inhibitors (van der Lubbe, Lugtenburg, &
Hoorn, 2021; Verzicco et al., 2020; Wanchoo, Jhaveri, Deray, & Launay-
Vacher, 2016). Consequently, serum-K+ (and Mg2+) need to be
regularly monitored in patients receiving anticancer treatments.

5. Considerations of dietary potassium intake in chronic kidney
disease

Given the central role of the kidneys for the external K+ balance, it is
not surprising that patients with CKD are at high risk for the develop-
ment of hyperkalemia. The risk progressively increases with the decline
of glomerular filtration. A large retrospective analysis on 245,808 US
veterans revealed an increasing odds ratio for hyperkalemia
(> 5.5 mmol/L) from 2.24 for moderate CKD (stage 3; GFR:
30–59 mL/min/1.73m2), over 5.91 for severe CKD (stage 4; GFR:
15–29 mL/min/1.73m2), to even 11 for end-stage renal disease (stage
5. GFR < 15 mL/min/1.73m2) (Einhorn et al., 2009). Likewise, data
from the German CKD registry demonstrated a clear inverse correlation
of mean plasma K+ levels with GFR. Remarkably, more than 25% pa-
tients of patients with CKD stages 4–5 had plasma K+ levels above
5 mmol/L, and more than 1.4% had even plasma K+ levels above
6 mmol/L (Kleophas, et al., 2013). An accompanying therapy with
RAASi may further increase the risk for hyperkalemia due to the addi-
tional impairment of tubular K+ secretion. Clinical trials report inci-
dences of 1.9–38.4% for hyperkalemia in CKD patients with RAAS
Inhibition. However, the strict inclusion criteria andwell controlled set-
tings of clinical trials provide likely numbers that underestimate the real
frequency of hyperkalemia in everyday clinical practice (Kovesdy,
2014). As hyperkalemia destabilizes the membrane potential of excit-
able cells, rises in plasma K+ make patients prone for cardiac arrhyth-
mia and even sudden cardiac arrest. However, it is interesting to note,
that patients with CKD are in fact at high risk for hyperkalemia but
that they appear to better tolerate episodes of hyperkalemia than pa-
tients with normal renal function. For example, the odds ratio for sud-
den death within 1 day after a hyperkalemic episode with a plasma K
+ level above 6mmol/L is 31.64 for patients without CKD, 19.52 for pa-
tients with CKD stage 3, 11.56 for patients with CKD stage 4, and “only”
8.02 for patients with CKD stage 5 (Einhorn et al., 2009). The risk of
hyperkalemia led to recommendations for a reduction of dietary K+ in-
take in patients with CKD. However, K+ rich foods (e.g. fruits and vege-
tables) are usually part of a healthy and tasteful diet. Moreover, there is
emerging evidence that dietary K+ may not only have beneficial effects
on the cardiovascular system but also on the kidney and even for pa-
tients with CKD. In 2014, data from the ONTARGET/TRANSCEND obser-
vational trial with more than 28,000 participants suggested that a
higher urinary K+ excretion as a surrogatemarker for dietary K+ intake,
14
improves all renal outcomes including decline of GFR, doubling of creat-
inine, progression of proteinuria with only a minor increase of the risk
for hyperkalemia (Smyth, et al., 2014). However, it is important to
note that the study includedmainly patients withmild CKD. A subgroup
analysis suggested a loss of the reno-protective effect of a high K+ diet
in patients with more advanced CKD (GFR <45) (Smyth, et al., 2014).
Wei and co-workers recently summarized the results from 10 epidemi-
ological cohort studies that analyzed the association between urinary
K+ or urinary Na+/K+ excretion and kidney outcomes. Six studies sug-
gested better kidney outcomes, one study suggested a lower mortality,
two studies found no association or were inconclusive and only one
study reported worse kidney outcomes (Wei et al., 2020). Different
mechanismmay explain theputative beneficial effect of an increased di-
etary K+ intake, including a lowered blood pressure due to the K+ ef-
fects on renal Na+ handling (see above), an improved GFR due to a
direct K+-dependent relaxation of afferent arteriole, and an improved
renal bloodflowdue to vasodilation via theK+ activated renal kallikrein
system (Jablonski & Kendrick, 2014). These data from cohort studies in
humans together with emerging evidence form experimental studies in
animal models (reviewed in (Wei et al., 2020)), suggest that patients
with CKD may also profit from increasing dietary K+ and may even
question the “do-not-eat‑potassium” rule in dialysis.

6. New developments: pharmacological reduction of dietary
potassium uptake

Because of the pivotal role of potassium for membrane potentials,
hyperkalemia can provoke lethal arrhythmias resulting in sudden car-
diac death. CKD patients are at an increased risk for hyperkalemia.
Therefore, physicians have used a variety of measures to lower serum
K+, including potassium binders that act in the gastrointestinal tract.
Three different potassium binding principles are employed, namely
cation-exchanger from polysterene sulfonate with either Na+ or Ca2+

bound to thepolymer, and twonewer binders, patiromer and zirconium
silicate, formerly known as ZS-9. Patiromer is an oral nonabsorbed poly-
mer that binds potassium in exchange for calcium. Sodium zirconium
cyclosilicate is a rare earth providing a nonabsorbed nonpolymer func-
tioning as potassium trap that exchanges potassium for Na+ and H+.

6.1. Sodium polystyrene sulfonate

In 1958, the FDA approved sodium polysterene sulfonate (SPS), a
polymer with a reactive sulfonyl group that can exchange the bound
Na+ for another cation such as K+, but also Ca2+, Mg2+, and NH4

+. The
exchange occurs mainly in the colon, and the newly bound K+ is then
lost with the stool. One gramof SPS contains 4mmol Na+ that are avail-
able for the exchange with K+. Because SPS leads to constipation, it is
often combined with sorbitol. At the time of introduction into clinic, ef-
ficacy and safety were assumed from small uncontrolled case series
with several confounders but not studied in randomized controlled tri-
als (RCT) (Evans, Jones, Milne, & Yellowlees, 1953; Flinn, Merrill, &
Welzant, 1961; Scherr, Ogden, Mead, Spritz, & Rubin, 1961). SPS was
used with great confidence in industrial amounts around the world for
decades, either as an oral or rectal application. In one study, 95% of the
patients with serum K+ ≥ 5.1 mmol/L received SPS, more than 2/3
even as monotherapy, most frequently at a 30 g dose (Fordjour,
Walton, & Doran, 2014). In only 14% of the patients, a serum K+ control
was performedwithin 8 h. Thus, confidence in SPS seemed overwhelm-
ing. Approximately 50 years later, an intensive discussion about efficacy
and safety started (Kamel & Schreiber, 2012; Sterns, Rojas, Bernstein, &
Chennupati, 2010;M.Watson, Abbott, & Yuan, 2010). Careful stool stud-
ies established a positive correlation between stool weight and stool po-
tassiumexcretion (Hayes Jr. & Robinson, 1965). Emmet et al. studied the
distinct effects of SPS and laxatives on potassium stool content and
found that increasing stool volume led to more enteral K+ excretion
with rather small additional SPS effects (Emmett et al., 1995). Only in
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2015, a double-blind randomized clinical trial in 33 chronic hemodialy-
sis patients was performed. Patients received placebo or 30 g SPS/d
orally over 7 days (Lepage et al., 2015). Importantly, SPS was dissolved
in water without sorbitol. At day 7, serum K+ had decreased by
0.21 mmol/L in the placebo group and by 1.25 mmol/L in the SPS
group. The 1.04 mmol/L difference was statistically significant indicat-
ing that SPS, at least when taken over 1 week, lowers serum K+.
Amazingly, this is, and probably will remain, the only randomized
placebo-controlled SPS trial. Concerns about rare, but potentially fatal,
SPS-related colonic necrosis, in combination with sorbitol and alone,
resulted in warnings by the FDA in 2009 closing the circle of a 50-year
SPS mythos (Gerstman, Kirkman, & Platt, 1992; Harel et al., 2013; Noel
et al., 2019;Watson et al., 2012). In summary, SPS has serum K+ lower-
ing effects with rare but serious safety concerns. SPS seems insufficient
to lower serumK+ rapidly enough in life-threatening hyperkalemia and
should definitively not be used as monotherapy in this setting. New, ef-
fective K+-binders have been developed that were thoroughly studied
in well-conducted RCT.

6.2. Patiromer

In 2015, patiromerwas tested in hyperkalemic CKDpatientswho re-
ceived RAASi with a serum K+ between 5.1 to <6.5 mml/L (Weir et al.,
2015). The rationale for this study was that hyperkalemia is associated
with increased mortality and limits RAASi use. In the initial trial phase,
all patients received 4.2 or 8.4 g patiromer twice daily. At week 4,
serum K+ significantly decreased by 1.01 mmol/L with is a larger effect
in patients with moderate-to-severe compared to mild hyperkalemia.
76% of the study participants reached the serum K+ target of 3.8 to
<5.1mmol/L. In the subsequent trial phase, the patientswhohad an ini-
tial serum K+ baseline of 5.5 to <6.5 mmol/L and had achieved the tar-
get at week 4, were randomized to either continue patiromer or to
placebo. The median serum K+ increase was significantly greater with
placebo then with patiromer, and serum K+ ≥ 5.5 mmol/L occurred in
60% of the former but only in 15% of the latter group through week 8.
Similar efficacy and safetywas established in additional patient cohorts,
mainly CKDpatientswithout andwith type 2 diabetesmellitus (T2DM),
RAASi treatments, and over longer time periods up to 1 year (Agarwal
et al., 2019; Bakris et al., 2015; Pitt et al., 2018). Patiromer enabled
more patients to use RAASi medication (Pitt et al., 2011; Weir et al.,
2015). An interesting question pertains to the patiromer use in acute
care settings. Studying three different time intervals up to 24 h, a single
patiromer dose delivered as monotherapy was associated with a signif-
icant serum K+ decrease (Di Palo, Sinnett, & Goriacko, 2022). The effect
occurred within the first 6-h interval. Although the lack of a placebo
control limits the interpretation, the data suggest that patiromer could
provide a useful measure to treat patients with acute, non–life-
threatening hyperkalemia.

Patiromer releases Ca2+ and, in healthies, was associated with in-
creased urine calcium excretion, whereas the urinary excretion of K+,
Na+, Mg2+, and Ph2+ decreased (Bushinsky et al., 2016). In CKD pa-
tients, a decrease in urine and serum-Ph2+ in a hyperphosphatemic
subgroup was observed. Neither urine or serum Ca2+, PTH, or active vi-
tamin D changed in these patients. Oxalate was not measured and the
potential clinical significances of these findings remain unclear
(Emmett & Mehta, 2016).

6.3. Sodium zirconium cyclosilicate

Sodium zirconium cyclosilicate, has a 25-fold selectivity for K+ over
other cations such as Ca2+ and Mg2+ (Stavros, Yang, Leon, Nuttall, &
Rasmussen, 2014). The drug's efficacy and safety was documented in
RCT that included patients with risk factors for hyperkalemia such as
CKD, RAASi, T2DM, and heart failure. In the largest study, 754
hyperkalemic patients with serum K+ between 5.0 and 6.5 mmol/L re-
ceived either placebo or sodiumzirconiumcyclosilicate at doses ranging
15
from 1.25 to 10 g/trice daily (Packham et al., 2015). At 48 h, serum K+

decreased by 0.25 mmol/L in the placebo group. Although not reaching
statistical significance this finding shows the importance of appropriate
controls. However, all sodium zirconium cyclosilicate treatment groups
showed a significant dose-dependent serum K+ decrease. For example,
in the 10 g group, serum K+ fell by 0.7 from 5.3 to 4.6 mmol/L within
48 h, starting already 1 h after the first dose was administered. In the
subsequent maintenance study phase, significantly more patients on 5
or 10 g/d sodium zirconium cyclosilicate remained normokalemic over
the next 12 days compared to the placebo group. In the HARMONIZE
study, the percentage of patients remaining normokalemic with 5 g so-
dium zirconium cyclosilicate/d was 80% with ZS-9 but only 46% with
placebo (Kosiborod, Peacock, & Packham, 2015). These data were con-
firmed in a subsequent study where 40% of the placebo group but
more than twice as many patients on sodium zirconium cyclosilicate
were able to continue cardioprotective RAASi treatment (Anker et al.,
2015). The potassium lowering effect occurs regardless of the CKD
stage (Roger et al., 2021).

The adverse event profile of patiromer and sodium zirconium
cyclosilicate seems favorable although a few off-target aspects should
be considered. Not surprisingly, both drugs are associated with an in-
creased hypokalemia risk (Spinowitz et al., 2019). Patiromer causes hy-
pomagnesemia in up to 24% of the patients (Pitt et al., 2011). Moreover,
patiromer exhibited significant drug-drug interactions with 4 of 12
studied medications, namely ciprofloxacin, clopidogrel, metformin and
metoprolol, when administered within a 3 h interval (Lesko et al.,
2017). Sodium zirconium cyclosilicate contains sodium and caused
edema in up to 14% of the patients when used at 15 g doses
(Kosiborod et al., 2015). A post-hoc analysis of RCT data revealed that
sodium zirconium cyclosilicate leads to serum bicarbonate increase up
to 1.5 mmol/L, most likely by gastrointestinal NH4

+ binding and
increased ammoniagenesis because of decreased serum K+ (Roger
et al., 2021).

In summary, with patiromer and sodium zirconium cyclosilicate cli-
nicians have two novel drugs on hand to effectively lower serum K+ in
hyperkalemic patients and enable more RAASi therapy. However, open
questions remain, including the threshold for potassium binder initia-
tion, and whether the new potassium binders translate into hard end-
points. It is conceivable that reversing hyperkalemia improves patient
survival and cardiovascular or renal events, but it is also possible that
only serum K+ is reduced but not the hard endpoints. Further studies
are needed to clarify these important issues.

6.4. Laxatives

We already discussed aspects of gastrointestinal potassium excre-
tion and the increase of this elimination route by sorbitol and phenol-
phthalein. A recent analysis of more than 36,000 patients in an
advanced CKD stage on transition to end-stage kidney disease (ESKD)
explored the association of laxatives and dyskalemia (Sumida et al.,
2021). Dyskalemia was defined as serum K+ < 3.5 or >5.5 mmol/L
and occurred in 4.0% and 5.0% of the patients, respectively. After multi-
variable adjustments, patients with laxative intake had an approxi-
mately 20% lower risk for hyper- but not for hypokalemia in the last
1-year pre-ESKD period. The data suggests a therapeutic potential of
laxatives in hyperkalemia management of patients with advanced
CKD stages. Whether laxatives can help to postpone dialysis needs to
be tested in an appropriate prospective study design.

7. Illustrating case vignettes

7.1. Case 1

A 85-year-oldman presented to the emergency room (ER)with pro-
foundmuscleweakness and confusion. His pastmedical history showed
T2DM, arterial hypertension, and congestive heart failure. He was
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dismissed from the hospital six weeks ago, when his heart failure med-
icationwas fine-tuned because of cardiac decompensation. He nowwas
on 10mg/d ramipril, 2 × 95 mg/d metoprolol, 2 × 10 mg/d furosemide,
1 × 12.5 mg/d hydrochlorothiazide, and 50 mg/d spironolactone. Re-
cently, his general practitioner added the Cox-2 inhibitor rofecoxib be-
cause of arthralgias in several joints. Physical examination in the ER
revealed a blood pressure of 160/100 mmHg and a rhythmic heart
rate of 80/min. He had minor peripheral edema, a 3/6 systolic ejection
murmur along the left sternal border, and his lungs were clear. His elec-
trocardiogram is depicted in Fig. 5. Selected laboratory blood values
showed Na+ 136, Cl− 100, K+ 10.6 (all mmol/L), and creatinine
473 μmol/L. Arterial blood gases revealed pH 7.19, pO2 100 mmHg,
pCO2 20 mmHg, HCO3

− 4 mmol/L. Thus, the patient had severe
hyperkalemia and metabolic acidosis with an appropriate respiratory
compensation.

To assess renal K+ handling, we measured urineK, plasmaK, and
urineOsmolarity in a spot sample and estimated plasmaOsmolarity from
2xNa+ + blood glucose + urea (all mmol/L). With these parameters
we calculated the transtubular K+ gradient (TTKG) using the
following equation:
Fig. 5. An electrocardiogramwith 50mm/s at serumK+ 10.8mmol/L shows regular pace-
maker spikes (PM) followedby awidened and deformedQRS complexwith a degenerated
sinus wave conformation (Sinus).
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TTKG ¼ UK � POsm=PK � UOsmo

The expectation would be that the kidneys secrete ample potassium
amounts in the face of a serum K+ of 10.8 mmol/L. However, a TTKG of
1.9 indicated that this was not the case. An appropriate TTKG would be
certainly above 6. As an alternative, we could have used the urineK/
urineCreatinine ratio that should be high (>20 mmol/mmol
or >200 mmol/g) in a hyperkalemic patient. Important shortcomings
of both estimates need to be considered but they nevertheless give
clinicians a rough estimate at the bedside (Choi & Ziyadeh, 2008;
Kamel & Halperin, 2021). Since K+ secretion is achieved in an
aldosterone-dependent manner in the distal nephron, we realized that
this mechanism was compromised in our patient. The reason was his
medication that blocked renal renin generation (Cox-inhibitor and β-
blocker), angiotensin I to angiotensin II conversion (ACEi), and themin-
eralocorticoid receptor (steroidal mineralocorticoid receptor antago-
nist). The condition is called hyporeninemic hypoaldesteronism or
RTA type IV providing probably the most common hyperkalemia
cause that we see in clinic, particularly in patients with diabetic ne-
phropathy and CKD. Thus, our patient had severe life-threatening
hyperkalemia with profound metabolic acidosis. We paused all
inflicting medications mentioned above and immediately administered
calcium gluconate to electrically stabilize cell membranes. Note, that
this measure does not lower serum K+. In addition, we used insulin to
shift potassium into cells, infused sodiumbicarbonate because of severe
metabolic acidosis, and, given the severe AKI, ordered hemodialysis.
Subsequently, serum K+ fell and the ECG showed a regular sinus
rhythm. Nevertheless, in this acute hypokalemic situation, the pace-
maker possibly saved the patient's life. This clinical example demon-
strates that understanding the pathophysiology of potassium (patho)
physiology helps clinicians to diagnose and treat potassium disorders.

7.2. Case 2

A 26-year-old lady presented to the ERwith profoundmuscle weak-
ness, dizziness, and a syncope after standing up. She was 170 cm tall,
weighted 46 kg and had lost 6 kg of body weight within the last
4 weeks. She had a blood pressure of 90/60 mmHg in supine position
that dropped to 70/55 mmHg when getting up. No peripheral edema
was present. Her electrocardiogram is depicted in Fig. 6. The serum con-
centration was 114 for Na+, 1.8 for K+, 50 for Cl− (all mmol/L), and
134 μmol/L for creatinine. Arterial blood gases showed pH 7.61, pO2
51 mmHg, pCO2 58 mmol/L, and HCO3

− 59 mmol/L.
Thus, we encountered a patient with hypochloremic hypokalemia

and severe metabolic alkalosis. This is a very complex condition that
we can resolve by applying renal physiology. An important task in
these patients is the assessment of the extracellular volume status be-
cause this condition occurs with either volume expansion or contrac-
tion. Our patient was clearly volume contracted, but the question was
why?Major suspects under these circumstances are vomiting, diuretics,
laxatives, and various tubulopathies. Urine electrolytes can help to dis-
tinguish these causes (Grams, Hoenig, & Hoorn, 2021). Our patient
had low urine Na+ and Cl− and it turned out that she suffered from
self-induced vomiting. The loss of HCl caused hypochloremic metabolic
alkalosis and the loss of ample amounts of gastric fluid (ECF) volume
contraction. The latter maximally stimulated the RAAS that in turn in-
duced metabolic alkalosis via aldosterone-induced H+ secretion by
type A intercalated cells. In addition, low urine Cl− reduced HCO3

−

secretion in type B intercalated cells further contributing to metabolic
alkalosis. The next question was how do we explain the hypokalemia
in this patient? We determined the TTKG that was 32 - even in the
face of low urine Na+ that limited the aldosterone-mediated K+ secre-
tion by principal cells! The TTKG should have been less than two to pre-
serve potassium in the kidneys. Thus, renal K+ loss was the major



Fig. 6. The patient's electrocardiogram (50 mm/s) at serum K+ 1.8 mmol/L shows the typical prolonged QT interval with U-waves during repolarization.
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contributor to the hypokalemia in this patient, presumably more than
the alkalosis-mediated intracellular potassium shift.

Treatment had to address the different clinical aspects of this com-
plex acid-base and electrolyte disorder. Priority had the substitution of
the ECF deficit to prevent circulatory shock and to diminish RAAS stim-
ulation. We administered several liters of 0.9% NaCl solution, and, to
substitute the potassium deficit, added KCl to the infusions. We are
aware of the ongoing discussion on the use if 0.9% saline versus
17
balanced solutions favoring the latter in some but not all studies. How-
ever, we intentionally used the 0.9% NaCl to address the profound Cl−

deficit that would further maintain the metabolic alkalosis. Filtered
Na+ needs to be effectively reabsorbed in a volume-depleted patient
in order to reconstitute the contracted extracellular compartment. In
our hypochloremic patient, Na+ was reabsorbed together with Cl−

along the nephron until all Cl−was used up in this process and she pro-
duced basically a Cl-free urine.With a serumHCO3

− value of 59mmol/L,
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huge HCO3
− amounts were filtered and available as a corresponding

anion for reabsorption with Na+. However, not only the Cl− but also
the K+ deficit maintains metabolic alkalosis because hypokalemia
stimulates H+ secretion by upregulating the α-subunits of the apical
H+-K+ ATPase of the type A intercalated collecting duct cells and, in ad-
dition, stimulates ammoniumgeneration and secretion. Both effectswill
maintain themetabolic alkalosis in our patient until the vast Cl− andK+

deficits are substituted byNaCl and KCl infusions.When intravenous K+

substitution is switched to oralmedication, it is important to realize that
oral K+ formulations come with two different corresponding ions, ei-
ther chloride or citrate. The latter contain 20 or even 40 mmol K+ per
dose, whereas the former contain only 8 mmol. Nevertheless, the edu-
cated clinician understands that K+-citrate is not appropriate in a hypo-
kalemic patient with metabolic alkalosis because citrate is metabolized
to bicarbonate. Our young lady recovered and left the hospital after
being confronted with her bulimia nervosa eating disorder. Because
electrolyte and acid-base disorders frequently complicate eating disor-
ders, a questionnaire may assist clinicians in diagnosing these patients
(Uniacke & Walsh, 2022).

8. Summary and conclusion

Potassium homeostasis is achieved by adjusting cellular distribution
and excretion of potassium to dietary potassium intake. Detailed under-
standing how these processes are regulated in health and disease, and
how potassium interacts with other ions, is important for several med-
ical disciplines, such as epidemiologist, physiologists, pharmacologist,
and clinicians. Dyskalemic patients are frequently encountered in clini-
cal medicine and are potentially life-threatening. It is mandatory to
identify the underlying cause in each patient. Knowledge of physiologi-
cal potassium regulation provides the basis for understanding how ge-
netic and acquired diseases, but also pharmacologic interventions lead
to dyskalemia. With this knowledge clinicians will derive appropriate
strategies to either prevent or treat potassium disorders.
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