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POTASSIUM IS CRITICAL for maintaining cellular function. All
cells possess a ubiquitous Na⫹-K⫹ ATPase exchanger, which
pumps Na⫹ out of and K⫹ into the cell, leading to a K⫹
gradient across the cell membrane (K⫹in ⬎ K⫹out), which is
partially responsible for maintaining the membrane potential.
Excitable tissues, such as nerve and muscle, rely on maintenance
of this gradient for normal function. The body has developed
numerous mechanisms for maintenance of K⫹ homeostasis which
will be discussed below. Additionally, we have provided an
updated reference list highlighting seminal papers published in
this field to facilitate a more in-depth understanding of key
concepts in potassium homeostatic mechanisms.

Overview of Potassium Homeostasis
There is ~50 mEq/kg of K⫹ in the body such that total body
K in a 70-kg person is 3,500 mEq. K⫹ (98%) is found mainly
within cells, and ~2% of the bodies’ K⫹ is in the extracellular
fluid. The normal concentration of K⫹ in the extracellular fluid
is 3.5–5.3 mEq/l. Large deviations from these values are not
compatible with life. Approximately 90% of the daily K⫹
intake is excreted in the urine, whereas a smaller percentage
(10%) is excreted by the gastrointestinal tract. Therefore,
within the body, the kidney is the major organ responsible for
K⫹ homeostasis. The kidney facilitates K⫹ homeostasis by
adjusting renal K⫹ excretion over several hours in response to
a K⫹ load. Initial changes in extracellular K⫹ concentration are
⫹
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buffered by movement of K⫹ into or out of skeletal muscle
cells. Internal K⫹ balance is a term used to refer to regulation
of K⫹ distribution between the intracellular and extracellular
space. Insulin, catecholamines, and, to a lesser extent, aldosterone are critical factors responsible for maintaining the normal
internal distribution of K⫹.
The amount of dietary K⫹ required for normal homeostasis
has been reviewed by the Food and Nutrition Board of the
Institute of Medicine. In 2004, adequate intake levels for
dietary K⫹ intake were established at 4,700 mg/day (17). Data
generated from the NHANES study conducted in 2007–2008
estimated that in the US both men and women were obtaining
from their diet substantially lower levels of K⫹ than recommended; specifically, the mean intake for women was estimated to be 2,290 mg/day, and 3,026 mg/day was estimated for
men (57). Concern was initially raised about this relative
“deficiency” in dietary K⫹ intake, especially when these numbers were compared with what was consumed by prehistoric
man, which was estimated to be 15,000 mg/day, suggesting
that prehistoric man exceeded the NHANES recommendations
by a factor ⬎4 (14, 49). In fact, the most recent Dietary
Guidelines for Americans and the Food and Drug Administration have now designated K⫹ as a “nutrient of public health
concern” because people are not meeting their estimated recommended dietary intake (13). It is important to note that
eating diets high in K⫹ has been linked to reducing blood
pressure, decreasing the risk of stroke, improving bone
health, and reducing the risk of nephrolithiasis more than
taking K⫹ supplements, suggesting that not only is K⫹
critical, but also consumption of the foods enriched in K⫹
provides benefits (39).
The normal kidney can maintain K⫹ homeostasis even in the
setting of high dietary intake. To demonstrate this, studies have
shown serum K⫹ levels are kept within the normal range even
when there are increases to ~15 g daily of dietary K⫹ intake
sustained for 20 days (20, 43). Recent findings (discussed
below) have identified the presence of an enteric K⫹ sensing
mechanism that initiates the renal secretory process upon K⫹
entry into the gastrointestinal tract. The distal convoluted
tubule has been identified as a site critical for K⫹ homeostasis,
where it acts as a K⫹ sensor capable of initiating K⫹ excretion
independent of mineralocorticoid activity.
Overview of Renal K⫹ Handling
K⫹ is freely filtered across the glomerulus and then avidly
reabsorbed by the proximal tubule and thick ascending limb of
the kidney. Only a small amount of K⫹ reaches the distal
nephron. K⫹ reabsorption in the proximal tubule is primarily
through the paracellular pathway and is in rough proportion to
the amount of Na⫹ and water reabsorbed (Fig. 1). In the thick
ascending limb, K⫹ reabsorption occurs by both transcellular
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Palmer BF, Clegg DJ. Physiology and pathophysiology of potassium homeostasis. Adv Physiol Educ 40: 480 – 490, 2016 doi:10.1152/
advan.00121.2016.—Total body potassium content and proper distribution of potassium across the cell membrane is of critical importance
for normal cellular function. Potassium homeostasis is maintained by
several different methods. In the kidney, total body potassium content
is achieved by alterations in renal excretion of potassium in response
to variations in intake. Insulin and beta-adrenergic tone play critical
roles in maintaining the internal distribution of potassium under
normal conditions. Despite homeostatic pathways designed to maintain potassium levels within the normal range, disorders of altered
potassium homeostasis are common. The clinical approach to designing effective treatments relies on understanding the pathophysiology
and regulatory influences which govern the internal distribution and
external balance of potassium. Here we provide an overview of the
key regulatory aspects of normal potassium physiology. This review
is designed to provide an overview of potassium homeostasis as well
as provide references of seminal papers to guide the reader into a more
in depth discussion of the importance of potassium balance. This
review is designed to be a resource for educators and well-informed
clinicians who are teaching trainees about the importance of potassium balance.
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and paracellular pathways. Transcellular movement is mediated by the Na⫹-K⫹-2Cl⫺ cotransporter located on the apical
membrane. A component of K⫹ that enters the cell back
diffuses into the lumen through the ROMK (renal outer medullary K⫹) channel, leading to the generation of a lumen
positive charge which, in turn, drives a component of K⫹
reabsorption through the paracellular pathway (Fig. 2). K⫹
secretion begins within the early distal convoluted tubule and
progressively increases in magnitude into the cortical collecting duct. Physiological needs regulate the secretory component
of K⫹ handling (36).
Electrogenic secretion through the ROMK channel is the
major K⫹ secretory mechanism in the distal nephron.
Maxi-K⫹ or BK channels are a second type of channel that
also mediates K⫹ secretion under conditions of increased
flow. In addition to stimulating maxi-K⫹ channels, tubular
flow also augments electrogenic K⫹ secretion by diluting
luminal K⫹ concentration and stimulating Na⫹ reabsorption
through the epithelial Na⫹ channel (ENaC). This stimulatory effect can be traced to a mechanosensitive property
whereby shear stress increases the open probability of the
ENaC channel (30).
The biomechanical characteristics for Na⫹ and K⫹ transport
in the distal nephron are ideally suited to buffer any increase in
extracellular K⫹ concentration following a protein-enriched
meal, which is also high in K⫹ content. In this setting there is
an increase in glomerular filtration rate and tubular flow (48).
High flow and increases in distal Na⫹ delivery activate the
maxi-K⫹ channel and augment electrogenic K⫹ secretion
through ROMK, respectively. Increased flow also dilutes luminal K⫹ concentration, keeping the gradient for K⫹ secretion
optimal, all of which provide a robust defense against development of hyperkalemia.
High K⫹ intake leads to accumulation of K⫹ in the interstitium of the kidney through medullary recycling. Older studies
suggested that this increase in interstitial K⫹ concentration
would lead to an inhibitory effect on salt transport in the thick
ascending limb and proximal tubule, which in turn would result
in increased Na⫹ and water delivery to the distal nephron,
allowing for increased K⫹ secretion (6, 53, 54). As discussed

below, recent studies have focused on how K⫹ intake modulates transport in the low-capacity early distal convoluted
tubule (DCT) as a way to adjust tubular flow to K⫹ secretory
sites. These studies suggest that the effect of dietary K⫹ to
modulate flow and delivery of Na⫹ to K⫹ secretory sites is
more regionalized and confined to the lower capacity distal
nephron.
The DCT as a K⫹ sensor. The DCT comprises a proximal
portion (DCT1) and a distal portion (DCT2). In the DCT1, salt
transport is driven exclusively by the thiazide-sensitive NaCl
cotransporter (NCC), whereas in DCT2, electroneutral NaCl
transport coexists with electrogenic Na⫹ and K⫹ transport
pathways (28). In the DCT2, aldosterone sensitivity, which is
critical to facilitate K⫹ homeostasis, begins and extends to the
collecting duct. Cells of the early DCT exert a substantial,
albeit indirect, role in K⫹ secretion suggested by the fact that
changes in transport in the early DCT control the delivery of
NaCl to the downstream connecting tubule and colleting duct,
where the epithelial sodium channel (ENaC) mediates electrogenic Na⫹ reabsorption and where K⫹ is secreted (Fig. 3).
The location of the DCT1 immediately upstream from the
aldosterone-sensitive distal nephron (ASDN) and its low capacity nature make this segment a more likely site for changes
in dietary K⫹ intake to modulate Na⫹ transport and ensure that
downstream delivery of Na⫹ is precisely the amount needed to
ensure maintenance of K⫹ homeostasis without causing unwanted effects on volume. Dietary intake of K⫹, which causes
changes in plasma K⫹ concentration, leads to an inhibitory
effect on NCC activity. As a result, Na⫹ delivery and flow are
increased to the aldosterone sensitive K⫹ secretory segments
located in the later portions of the DCT (DCT2) and collecting
duct. At the same time, the increase in plasma K⫹ concentration following intake stimulates aldosterone release from the
adrenal gland, which in turn facilitates electrogenic K⫹ secreLumen
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Fig. 2. The majority of filtered K⫹ that escapes reabsorption in the proximal
tubule is reabsorbed in the thick ascending limb by both trancellular and
paracellular pathways. The trancellular pathway is an example of secondary
active transport. Intracellular Na⫹ is kept low by activity of the Na⫹-K⫹ATPase. Luminal Na⫹ enters the cell along with Cl⫺ and K⫹ via the
Na⫹-K⫹-Cl⫺ cotransporter. An adequate amount of luminal K⫹ for the
cotransport step is ensured by K⫹ movement from the intracellular space into
the lumen via the apically located renal outer medullary potassium (ROMK)
channel. This recycling of K⫹ leads to generation of a lumen-positive charge,
providing the driving force for a second component of K⫹ reabsorption
through the paracellular pathway. Intracellular K⫹ can also exit the basolateral
membrane in cotransport with Cl⫺ or by way of a conductive pathway.
ClC-Kb, Cl⫺ channel.
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Fig. 1. A large component of filtered K⫹ is reabsorbed by the proximal tubule
primarily through the paracellular pathway driven by solvent drag. The shift in
lumen potential from negative to positive in the later portions of the proximal
tubule provides an additional driving force for K⫹ reabsorption. On the
basolateral surface, K⫹ entry into the intracellular space by the Na⫹-K⫹ATPase exits coupled to Cl⫺ via a conductive pathway. A K⫹ channel on the
apical surface of the proximal tubule acts to stabilize cell voltage given the
depolarizing effect of Na⫹-coupled glucose and amino acid reabsorption.
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tion through ROMK. Both increased flow and aldosterone
stimulate K⫹ secretion through the Maxi-K channel (15, 28).
The inhibitory effect of increased plasma K⫹ on NCC
activity is mediated through changes in activity of the withno-lysine (WNK) family of kinases and their regulatory proteins SPAK and OxSR1 (11, 19, 27). Studies suggest that
fluctuations in extracellular K⫹ concentration in response to
dietary intake alter membrane voltage, leading to changes in
intracellular Cl⫺ concentration, which in turn modulates the
WNK axis (55, 56). Elevations in plasma K⫹ concentration
depolarize cells in the DCT1, resulting in an increase in
intracellular Cl⫺ concentration. The increase in Cl⫺ alters
WNK4 activity in such a way that activity of NCC is decreased. When plasma potassium is low, the opposite occurs;
NCC activity is increased, thereby reducing Na⫹ delivery and
flow to the aldosterone-sensitive K⫹ secretory segments. The
unique sensitivity of WNK4 to Cl⫺ is consistent with this
model. There is evidence suggesting that the Kir4.1/5.1 channel in the DCT may act as the sensor by which changes in
plasma K⫹ lead to changes in NCC activity (58).
K⫹-rich foods, such as fruit and vegetables, are also rich in
precursors to bicarbonate ions, and the alkali content induced
by consumption of these foods affects K⫹ transport in the DCT
so as to facilitate the renal excretion of the coingested K⫹ load
(3, 12). For example, when luminal or basolateral HCO3⫺ and
pH are elevated, ENaC abundance is increased. Additionally,
increased activity of ENaC, ROMK, and maxi-K⫹ channels is
induced when intracellular pH increases. Therefore, the effects
of an alkaline pH are additional mechanisms facilitating K⫹
excretion following ingestion of such foods.
Enteric sensing of K⫹ intake. K⫹ homeostasis is also modulated in the gut. Upon K⫹ entry into the gastrointestinal tract,
urinary secretion of K⫹ increases due to activation of an enteric
sensing system. The ability to sense K⫹ within the gastrointestinal tract may be an adaptive response to rapidly initiate a
kaliuretic affect that facilitates K⫹ homeostasis. It is important

Medullary recycling of K+
and ↓ reabsorption of Na+
in thick ascending limb
to note that consumption of foods rich in K⫹ differs from
infusion of K⫹ with respect to its impact on K⫹ homeostasis.
Specifically, the kaliuretic response to consumption of K⫹ as a
meal is greater than to an intravenous infusion, even in a
setting where plasma K⫹ concentrations are identical (26, 31,
60). Gastric delivery of K⫹ leads to dephosphorylation of the
Na⫹-Cl⫺ cotransporter in the early DCT, resulting in decreased
activity of the transporter and thereby enhancing delivery of
Na⫹ to the ASDN (50) (Fig. 3). Increased renal K⫹ excretion
results from a downstream shift in Na⫹ reabsorption from the
DCT to the ENaC in the ASDN as well as increased maxi-K
channel K⫹ secretion brought on by increased flow. Data
suggest that splanchnic sensing of K⫹ can initiate the renal
excretory response independent of change in plasma K⫹ concentration or mineralocorticoid activity (42). The blood pressure-lowering effect of K⫹-rich diets is induced by the rapid
natriuretic response to increases in dietary K⫹ intake.
Circadian rhythm of K⫹ secretion. During a 24-h period, the
timing and spacing of meals cause variations in K⫹ excretion;
however, there is also a circadian rhythm whereby K⫹ excretion is lower at night and in the early morning hours and then
increases in the afternoon (18). A circadian rhythm exists for
gene transcripts that encode proteins involving K⫹ secretion (62).
Gene expression of ROMK is greater during periods of activity
and daylight, whereas expression of the H⫹-K⫹-ATPase is higher
during rest and nighttime, corresponding to periods when renal
K⫹ excretion is greater and less, respectively (47). There is a
pacemaker function regulating K⫹ transport, as indicated by
expression of clock genes within cells of the distal nephron. The
circadian rhythm is such that during daytime hours, renal excretion is enhanced, when presumably K⫹ intake is at its greatest.
Hypokalemia
Despite mechanisms to maintain K⫹ homeostasis, hypokalemia is actually a frequent occurrence encountered in clinical
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Fig. 3. Older studies (6, 53, 54) have suggested that maintenance of K⫹ homeostasis
in the setting of high K⫹ dietary intake was
brought about by an inhibitory effect of K⫹
on Na⫹ reabsorption in the thick ascending
limb and proximal tubule of the kidney,
thereby facilitating increased delivery of Na⫹
to portions of the distal nephron responsive
to mineralocorticoid activity. Recent observations suggest that this process is more
regionalized and implicate the distal convoluted tubule (DCT) as a renal K⫹ sensor.
High K⫹ intake inhibits electroneutral NaCl
transport in the proximal portion of the distal
convoluted tubule (DCT1). The resultant increase in Na⫹ delivery and flow along with
increased aldosterone facilitates electrogenic
K⫹ secretion through ROMK. Aldosterone
and flow also increase K⫹ secretion via the
Maxi-K channel. Increased secretion can be
initiated upon K⫹ entry into the gastrointestinal tract through an enteric K⫹-sensing
mechanism that inhibits Na⫹-Cl⫺ cotransporter (NCC) activity in the absence of
change in plasma concentration. ENaC, epithelial sodium channel; CD, collecting duct.
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Normal TTKG ranges for a person consuming a typical
Western diet are from 8 to 9, and this value will increase to
⬎11 with increased K⫹ intake. In patients with hypokalemia
due to extrarenal K⫹ losses, the TTKG should fall to values
⬍3. Calculation of the TTKG may prove useful in those
patients in which the cause of a dyskalemia continues to remain
in doubt; however, in most settings, a spot urine K⫹ concentration and the clinical setting will be sufficient in determining
the cause of K⫹ disturbances.
Decreased potassium intake. Dietary restriction of K⫹ can
potentially lead to hypokalemia; however, in most cases dietary restriction exacerbates hypokalemia due to other causes.
Although the kidney can elaborate urine virtually free of Na⫹
in response to dietary Na⫹ restriction, it can only reduce
urinary K⫹ to ~15 mEq/d in response to a K⫹-free diet.

Anorexia nervosa, crash diets, alcoholism, and intestinal malabsorption are clinical situations associated with K⫹ deficiency. Magnesium deficiency (which is often present in these
clinical situations) may contribute to the observed hypokalemia. In this setting, hypokalemia can be refractory to treatment
due to a persistent increase in renal K⫹ excretion, since
intracellular Mg⫹⫹ normally inhibits K⫹ secretion through the
ROMK channel in the distal nephron (21). The kaliuretic effect
induced by magnesium deficiency is further exacerbated under
conditions of increased distal Na⫹ delivery and increased
aldosterone.
Cellular distribution. Since adjustments in renal K⫹ excretion can take several hours following a K⫹ load, initial changes
in extracellular K⫹ concentrations are buffered by movement
of K⫹ into or out of skeletal muscle. Additionally, postprandial
release of insulin functions not only to regulate the serum
glucose concentrations but also to shift dietary K⫹ into cells
until the kidney excretes the K⫹ load, thereby reestablishing
normal total body K⫹ content. During exercise, the release of
catecholamines through ␤2-stimulation limits the increase in
extracellular K⫹ concentration that occurs as a result of the
normal K⫹ release by contracting muscle. Pathological stimulation of ␤2-receptors can result in symptomatic hypokalemia.
For example, hypokalemia is a potential complication of the
hyperadrenergic state that often times accompanies alcohol
withdrawal syndromes or a myocardial infarction (35). Table 1
lists several factors that cause hypokalemia due to cell shift.
Hypokalemic periodic paralysis is a rare disorder characterized by muscle weakness or paralysis due to the sudden
movement of K⫹ into cells (25). These manifestations are
normally precipitated in the rest period immediately following
an exercise bout, during times of stress, or following a highcarbohydrate meal (8). There is an acquired form of this
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Fig. 4. Approach to the patient with hypokalemia. A primary increase in mineralocorticoid
levels gives rise to disorders characterized by
hypokalemia, metabolic alkalosis, and hypertension. Disorders characterized by a primary
increase in distal Na⫹ delivery are differentiated
by acid base status and urinary Cl⫺ concentration. BP, blood pressure; EABV, effective arterial blood volume; RTA, renal tubular acidosis.
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practice. Transient causes of hypokalemia are due to cell shift,
whereas sustained hypokalemia can be manifested by either
inadequate intake or excessive K⫹ loss. Hypokalemia resulting
from excessive K⫹ loss can be due to renal or extrarenal losses.
The cause and source of hypokalemia can be assessed by
obtaining a clinical history and conducting a physical examination, with particular attention paid to volume and acid base
status of the patient (Fig. 4).
Renal K⫹ excretion assessment allows for determination as
to whether hypokalemia is due to renal or extrarenal causes. A
24-h urine collection or a spot urine can be used to assess renal
K⫹ handling. A 24-h urinary K⫹ of ⬍20 mEq, or a spot urine
K⫹ (mmol)/creatinine (mmol) ratio ⬍1, suggests an extrarenal
cause of hypokalemia. A useful tool to assess renal K⫹ handling is the transtubular K⫹ gradient (TTKG) formula since the
equation takes into consideration the effect of renal water
handling on urine K⫹ concentration.
TTKG ⫽ [Kurine/(Uosmolality/Sosmolality)]/Kserum
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Table 1. Factors which cause hypokalemia and
hyperkalemia due to cell shift

disease that typically occurs in hyperthyroid men of either
Asian or Mexican descent. Correction of the endocrine disorder leads to resolution of hypokalemia. There is a familial form
of hypokalemic periodic paralysis that is inherited in an autosomal dominant pattern and has similar clinical features to the
acquired form (10). However, the familial form is usually
manifested in someone who is younger (usually ⬍20 yr) and is
most commonly seen in Caucasians. The familial disorder has
been linked to mutations in the muscle calcium channel ␣1subunit gene (CACNA1S) on chromosome 1q3132.
Extrarenal K⫹ loss. Decreased total body K⫹ can result
from extrarenal or renal losses. Cutaneous loss of K⫹ sufficient
to cause hypokalemia is uncommon; however, this may occur
under conditions of intense exercise in a hot, humid environment due to large volumes of sweat resulting in K⫹ depletion.
Gastrointestinal syndromes are actually the most common
clinical disorders of extrarenal K⫹ losses (2). Fecal K⫹ wastage as a result of diarrhea is associated with a normal anion gap
metabolic acidosis. Although usually associated with a low
urinary K⫹ concentration, the acidosis per se can lead to some
degree of renal K⫹ wasting through increased distal delivery of
Na⫹ (16). In addition, the acidosis will result in K⫹ redistribution out of cells, leading to a degree of hypokalemia that
underestimates the degree of total body K⫹ depletion.
Renal K⫹ wasting. The elaboration of aldosterone and distal
delivery of Na⫹ and water are two important factors in the
renal excretion of K⫹. Although increased distal delivery of
Na⫹ and water as well as increased aldosterone activity can
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Hypokalemia
Alkalosis (effect is trivial)
Insulin administration
B2 adrenergic stimulation
Stress-induced epinephrine release
Drugs: theophylline intoxication, ritodrine, terbutaline, albuterol,
clenbuterol
Anabolism
Treatment of pernicious anemia
Rapidly growing leukemias and lymphomas
Hypokalemic periodic paralysis
Acquired in association with hyperthyroid state
Familial
Drugs/toxins/herbs
Barium intoxication
Chloroquine intoxication
Cesium salts (reported in herbal preparations marketed as anti-tumor
agent)
Hyperkalemia
Metabolic acidosis (mineral and not organic acidosis)
␣-Adrenergic stimulation
Hypertonicity
Hyperglycemia
Mannitol
Sucrose
Tissue injury
Rhabdomyolysis
Hemolysis
Tumor lysis
Hyperkalemic periodic paralysis
Drugs/toxins/herbs
Digoxin overdose
Epsilon-aminocaproic acid
Succinylcholine

each stimulate renal K⫹ secretion, under normal circumstances
there is a balanced reciprocal relationship between distal Na⫹
delivery and circulating aldosterone that serves to maintain K⫹
balance during normal volume regulation. It is only under
pathophysiological conditions that distal Na⫹ delivery and
aldosterone become coupled. In this setting, renal K⫹ wasting
will occur (Fig. 5). When treating patients who are hypokalemic as a result of renal K⫹ wasting, it must be determined whether there is a primary increase in mineralocorticoid
activity or a primary increase in distal Na⫹ delivery (36). A
primary increase in mineralocorticoid activity can be due to
primary increases in renin secretion, primary increases in
aldosterone secretion, or increases in a non-aldosterone mineralocortiocid or increased mineralocorticoid-like effect. These
conditions are observed when extracellular fluid volume is
expanded and hypertension is typically present. These disorders represent the most common causes of curable hypertension; therefore, workup of these patients is extremely important. It is important for the clinician to remember that the
differential diagnosis for the patient with hypertension, hypokalemia, and metabolic alkalosis relies on measurement of
plasma renin activity and plasma aldosterone concentrations
(Fig. 4) (35). Primary increases in distal Na⫹ delivery are
characterized by normal or low extracellular fluid volume and
normal blood pressure. Distal Na⫹ delivery is increased due to
diuretics, which act proximal to the cortical collecting duct
(33). Nonreabsorbed anions such as bicarbonate, as seen with
active vomiting or a proximal renal tubular acidosis, are
additional causes of increased delivery of Na⫹. Ketoanions and
the Na⫹ salts of penicillins are additional factors that influence
distal Na⫹ delivery. The inability to reabsorb these anions in the
proximal tubule results in increased delivery of Na⫹ to the distal
nephron. Because the anions escape reabsorption in the distal
nephron, this results in a more lumen negative voltage development, resulting in enhanced K⫹ excretion into the tubular fluid.
Disorders of hypokalemia, due to primary increases in distal Na⫹
delivery, can best be categorized as to the presence of metabolic
acidosis or metabolic alkalosis (Fig. 4). Within the category of
metabolic acidosis, there are disorders that cause renal tubular
acidosis. In proximal renal tubular acidosis, the threshold for
bicarbonate reabsorption is reduced, resulting in a self-limited
bicarbonaturia. The loss of NaHCO3 in the urine leads to volume
depletion that activates the renin-angiotensin-aldosterone system.
The coupling of increased aldosterone levels to increased distal
Na⫹ delivery results in renal K⫹ wasting. Renal K⫹ wasting is
minimal, and the degree of hypokalemia tends to be mild in the
steady state when virtually all of the filtered HCO3 is reabsorbed in the proximal and distal nephron. Importantly, treatment of metabolic acidosis with bicarbonate improves the
acidosis but worsens the degree of hypokalemia.
Distal renal tubular acidosis (dRTA) results in the development of hypokalemia due to several mechanisms (5). First,
systemic acidosis in and of itself can lead to renal K⫹ wasting.
Metabolic acidosis is associated with decreased net proximal
Na⫹ reabsorption (3, 16). The subsequent increase in distal
delivery of Na⫹ leads to volume contraction and activation of
the renin-angiotensin-aldosterone system. These changes lead
to increased renal K⫹ excretion. Second, dRTA may be secondary to a defect in the H⫹-K⫹ ATPase, which would
increase renal K⫹ excretion by directly impairing K⫹ reabsorption in the distal nephron. Third, K⫹ wasting can be the
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result of leakage into the tubular lumen as a result of an
ionophoric effect, as seen in the gradient type of dRTA due to
administration of amphotericin B.
Loop diuretics and Bartter syndrome fall into the category of
causes of hypokalemia and metabolic alkalosis. Bartter syndrome is a hereditary disorder characterized by renal salt
wasting and hypokalemic metabolic alkalosis, resembling the
features of chronic loop diuretic therapy. In Batter syndrome,
hypokalemia can be severe and result in complications such as
rhabdomyolysis and periodic paralysis. Gene defects that lead
to decreased NaCl reabsorption in the thick ascending limb of
Henle account for the clinical characteristics of Batter syndrome (9), including significant salt wasting, an inability to
maximally concentrate the urine, and increased 24-h urinary
calcium excretion.
Gitelman syndrome, on the other hand, is also an inherited
disorder, but individuals with this syndrome have clinical
manifestations that mimic the chronic use of a thiazide diuretic.
This disease is due to an inactivating mutation in the gene
(SLC12A3) that encodes the thiazide-sensitive apical NaCl
cotransporter (NCC) in the distal convoluted tubule (24, 28). In
contrast to Bartter syndrome, individuals with Gitelman sydnrome are more commonly hypomagnesemic, have less severe
salt wasting, have decreased urinary calcium excretion, and
retain the ability to concentrate the urine.
Complications and treatment of hypokalemia. A decrease in
extracellular K⫹ concentration leads to hyperpolarization of
the cell membrane and can result in muscle weakness occasionally severe enough to cause paralysis, as occurs in patients
with hypokalemic dRTA. Muscle paralysis in this disorder can
begin insidiously, with weakness evolving gradually over a 24to 48-h time period, leading to complete flaccid quadriplegia.
Attacks of flaccid paralysis in dRTA have been referred to as
“RTA crisis” by some authors because this striking clinical
manifestation may result in the clinician overlooking the underlying cause (7, 51). Treatment should be focused on correction of the K⫹ deficit and not the metabolic acidosis.
Intravenous K⫹ should be administered in a solution devoid of

glucose as well as bicarbonate to avoid rapid shifts into the
intracellular compartment. Once the patient is stabilized, bicarbonate can be given along with K⫹ to address the metabolic
acidosis. A myopathy may also occur, which in its most severe
form, can lead to frank rhabdomyolysis and renal failure.
Hypokalemia can also lead to CNS changes with confusion and
affective disorders and to smooth muscle dysfunction, including paralytic ileus.
Cardiac complications of hypokalemia may also be important. The typical electrocardiogram change is ST depression, T
wave flattening, and an increase in the amplitude of the U
wave. This change, often misread as a widened QT, is nonspecific, often absent, and of little clinical use. It is well known
that patients on cardiac glycosides have an increased incidence
of premature ventricular contractions and supraventricular and
ventricular tachyarrhythmias when hypokalemic.
Hypokalemia also causes a renal concentrating defect due
both to a decrease in the medullary gradient and resistance of
the cortical collecting tubule to vasopressin. Kaliopenic nephropathy is characterized by polyuria, proteinuria, development of renal cysts, and loss of renal function and is histologically characterized by chronic tubulointerstitial renal disease
(45, 46). Because insulin release is regulated partially by serum
K⫹, hypokalemia can lead to glucose intolerance (61).
Hyperkalemia
Pseudohyperkalemia. Pseudohyperkalemia should be excluded before concluding that hyperkalemia is due to cell shift
or abnormal renal K⫹ excretion. Pseudohyperkalemia is the
result of release of K⫹ from cells during the phlebotomy
procedure, or specimen processing, and is defined by a serum
K⫹ concentration 0.5 mEq/l greater than the plasma K⫹ concentration. In addition to fist clenching, application of tourniquets, and use of small-bore needles, high cell counts such as
thrombocytosis (⬎500,000/cm3) and pronounced leukocytosis
(70,000/cm3) are risk factors for this disorder (37).
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mannitol. Table 1 lists various causes of hyperkalemia due to
cell shift.
Impaired renal excretion. Although redistribution of K⫹ can
result in hyperkalemia, the rise in K⫹ is generally mild and not
sustained. Prolonged and severe hyperkalemia implies the
presence of concomitant decreases in renal K⫹ excretion. In
most instances, the clinical setting will allow the clinician to
determine whether there is a disturbance in renal K⫹ excretion
or not. Decreased renal excretion of K⫹ can be due to one or
more of three abnormalities: decreased distal delivery of Na⫹,
mineralocorticoid deficiency, and/or abnormal cortical collecting tubule function (34), which will be discussed in further
detail below.
DECREASED DISTAL DELIVERY OF NA⫹. Acute decreases in glomerular filtration rate (GFR), as occurs in acute kidney injury,
would not be expected to have a marked effect on K⫹ excretion. However, acute decreases in GFR may lead to marked
decreases in distal delivery of salt and water, which may
secondarily decrease distal K⫹ secretion. Thus, when acute
kidney injury is oliguric, hyperkalemia is a frequent problem;
when nonoliguric, distal delivery is usually sufficient, and
hyperkalemia is unusual.
Chronic kidney disease is more complicated. In addition to
the decreased GFR and secondary decreases in distal delivery,
there is nephron dropout and less collecting tubule mass to
secrete K⫹. However, this is counterbalanced by a K⫹ adaptation, in which the remaining nephrons develop an increased
ability to excrete K⫹ (52). Although patients with chronic
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Fig. 6. Mineral acidosis (normal gap hyperchloremic acidosis) tends to cause a greater decrease in intracellular Na⫹ compared with organic acidosis, and
therefore, they are more likely to be accompanied by hyperkalemia. Decreased intracellular Na⫹ leads to greater K⫹ exit from the cell due to decreased activity
of the Na⫹-K⫹-ATPase. Sodium-hydrogen antiporter 1(NHE1) and electrogenic sodium bicarbonate cotransporter 1 and 2 (NBCe1 and ⫺2) are membrane
transporters that serve to defend cell pH particularly in skeletal muscle. Mineral acidosis reduces the activity of NHE1 and NBCe1 and ⫺2 due to increased
⫺
extracellular H⫹ concentration and reduced extracellular HCO⫺
3 concentration, respectively. In addition, the decrease in HCO3 concentration accompanied by
an increase in Cl⫺ will favor movement of Cl⫺ into the cell by way of Cl⫺-HCO3⫺ exchange, secondarily enhancing K⫹ efflux by K⫹-Cl⫺ cotransport. During
organic acidosis, there is inward movement of H⫹ and the accompanying organic anion on the monocarboxylate transporter 1 and 4 (MCT1 and ⫺4), which
results in a larger fall in cell pH in comparison to mineral acidosis. This more acidic intracellular pH allosterically increases activity of the Na⫹-H⫹ exchanger
and provides a more favorable gradient for inward Na-HCO3 cotransport. An adequate amount of intracellular Na⫹ is available to better maintain activity of the
Na⫹-K⫹ ATPase, thus minimizing any change in extracellular K⫹ concentration.
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Increased dietary intake. It is difficult to ingest enough K⫹
to become hyperkalemic in the presence of normal renal and
adrenal function. Dietary intake as a contributor to hyperkalemia is usually in the setting of impaired kidney function.
Melons, citrus juice, potatoes, avocado, and salt substitutes are
just a few of the common dietary sources enriched in K⫹
content that should be avoided in patients with hyperkalemia.
Cell shift. Cellular redistribution is a more important cause
of hyperkalemia than hypokalemia. It is important to note that
as little as a 2% shift of intracellular K⫹ to the extracellular
fluid will result in a serum K⫹ of 8 mEq/l (Table 1). Disturbances in serum K⫹ concentration due to cell shifts are generally transient in nature, whereas sustained hyperkalemia is
due to impaired renal excretion. Metabolic acidosis promotes
K⫹ exit from cells dependent upon the type of acid present.
Mineral acidosis (NH4Cl or HCl) causes the greatest efflux of
K⫹ from cells, whereas organic acidosis (i.e., lactic, ␤-hydroxybutyric, or methylmalonic acid) results in no significant
efflux of K⫹ (Fig. 6). Hyperkalemia associated with lactic
acidosis is the result of cell ischemia.
Cell shift is a potential complication of hypertonic states
(38). Hyperglycemia leads to water movement from the intracellular to extracellular compartment. This water movement
favors K⫹ efflux through K⫹ channels driven by solvent drag.
In addition, cell shrinkage causes intracellular K⫹ concentration to increase, creating a more favorable concentration gradient for K⫹ efflux. This same phenomenon has been described
in neurosurgical patients given large amounts of hypertonic
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erythematosus, amyloidosis, urinary obstruction, and sickle
cell disease.
The K⫹ sparing diuretics impair the ability of the cortical
collecting tubule to secrete K⫹. The non-testosterone-derived
progestin drospirenone contained in certain oral contraceptives
possesses mineralocorticoid-blocking effects similar to what is
seen with spironolactone. The serum K⫹ should be monitored
when these drugs are prescribed in patients receiving K⫹
supplements, renin-angiotensin blockers, or nonsteroidal antiinflammatory drugs (41).
Pseudohypoaldosteronism type II (Gordon syndrome) is an
autosomal dominant form of hypertension in which hyperkalemia and metabolic acidosis are key features. Plasma concentrations of aldosterone are low despite the presence of hyperkalemia, which normally exerts a stimulatory effect on aldosterone released from the adrenal gland. The hypertension and
hyperkalemia are particularly responsive to the administration
of thiazide diuretics. Mutations in the WNK4 and WNK1
protein kinases and their regulatory proteins SPAK and OxSR1
are responsible for this disease (40).
Pseudohypoaldosteronism type I is a disorder characterized
by mineralocorticoid resistance that typically presents in newborns. Clinical findings include hyperkalemia, metabolic acidosis, and a tendency toward volume depletion due to renal salt
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Fig. 7. Disease states or drugs that interfere in the renin-angiotensin-aldosterone axis interfere in the mechanisms of renal K⫹ secretion. In many clinical settings,
the system is disrupted at multiple sites, magnifying the risk of hyperkalemia. NSAIDs, nonsteroidal anti-inflammatory drugs.
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kidney disease do not excrete a K⫹ load as rapidly as individuals without chronic kidney disease, hyperkalemia is unusual
until the GFR has fallen to ⬍10 ml/min. The occurrence of
hyperkalemia with a GFR of ⬎10 ml/min should raise the
clinician’s question if there might be decreased mineralocorticoid activity or a specific lesion of the cortical collecting
tubule.
DECREASED MINERALOCORTICOID ACTIVITY. Decreased mineralocorticoid activity can result from disturbances that originate
at any point along the renin-angiotensin-aldosterone system.
Such disturbances can be the result of a disease state or be due
to effects of various drugs (Fig. 7). The syndrome of hyporeninemic hypoaldosteronism accounts for the majority of unexplained hyperkalemia in patients where the GFR and K⫹ intake
would not be expected to result in hyperkalemia (22). Diabetic
nephropathy and interstitial renal disease are the most common
clinical entities associated with this syndrome.
DISTAL TUBULAR DEFECT. Certain interstitial renal diseases
can affect the distal nephron specifically and lead to hyperkalemia in the presence of mild decreases in GFR and normal
aldosterone levels. Many of these diseases are the same ones
associated with hyporeninemic hypoaldosteronism, and frequently, the impaired renin release and defect in tubular secretion coexist. Examples include renal transplant patients, lupus
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kalemia with these drugs can be minimized by initiating
therapy at low doses. The serum K⫹ should be checked within
1 wk of starting the drug. If the K⫹ is normal, then the dose of
the drug can be titrated upward. With each increase in dose, the
serum K⫹ should be remeasured 1 wk later. For increases in
the serum K⫹ concentration of ⱕ5.5 mEq/l one can lower the
dose, and in some cases the K⫹ concentration will improve,
allowing the patient to remain on the renin-angiotensin
blocker, albeit at a lower dose. Angiotensin receptor blockers
and direct renin inhibitors should be used with the same
caution as ACE inhibitors in patients at risk for hyperkalemia.
Sodium polystyrene sulfonate is commonly used to treat
hyperkalemia in the acute setting. However, chronic use is
poorly tolerated because the resin is usually given in a suspension with hypertonic sorbitol to promote an osmotic diarrhea.
In addition, chronic use has been associated with mucosal
injury in the lower and upper gastrointestinal tract (1). There
are new oral K⫹ binding drugs that have been shown to be
effective in preventing development of hyperkalemia. Patiromer is approved for clinical use, and ZS-9 is pending approval.
Both agents exhibit good tolerability and are not associated
with serious adverse effects. Clinical trials demonstrate that
these compounds lower the risk of incident hyperkalemia
associated with renin-angiotensin-aldosterone system blockade
in people with diabetes and heart failure and/or who have
chronic kidney disease (4, 23, 59).
Summary
Disorders of K⫹ balance are common in clinical practice and
are generally the result of disturbances that affect the internal
distribution of K⫹ (cell shift) or total body K⫹ content.
Disorders of total body K⫹ content can result from variations
in dietary K⫹ intake or alterations in renal or gastrointestinal
K⫹ handling. Using a systematic and diagnostic approach to
the patient with dyskalemia will enable the clinician to determine the underlying cause of the K⫹ disturbance and institute
appropriate treatment. For more in-depth information about
potassium homeostasis, the reader is encouraged to utilize the
reference list provided below, which highlights seminal articles
written on this important subject matter.
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