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Pathophysiology and management
of hypokalemia: a clinical perspective

Robert J. Unwin, Friedrich C. Luft and David G. Shirley

Abstract | Potassium (K*) ions are the predominant intracellular cations. K* homeostasis depends on external
balance (dietary intake [typically 200 mmol per day] versus excretion [95% via the kidney; 5% via the colon])
and internal balance (the distribution of K* between intracellular and extracellular fluid compartments). The
uneven distribution of K* across cell membranes means that a mere 1% shift in its distribution can cause

a 50% change in plasma K* concentration. Hormonal mechanisms (involving insulin, p-adrenergic agonists
and aldosterone) modulate K* distribution by promoting rapid transfer of K* across the plasma membrane.
Extrarenal K* losses from the body are usually small, but can be marked in individuals with chronic diarrhea,
severe burns or prolonged sweating. Under normal circumstances, the kidney’s distal nephron secretes K* and
determines final urinary excretion. In patients with hypokalemia (plasma K* concentration <3.5mmol/I), after
the exclusion of extrarenal causes, alterations in sodium ion delivery to the distal nephron, mineralocorticoid

status, or a specific inherited or acquired defect in distal nephron function (each of which affects distal
nephron K* secretion), should be considered. Clinical management of hypokalemia should establish
the underlying cause and alleviate the primary disorder. This Review aims to inform clinicians about the
pathophysiology and appropriate treatment for hypokalemia.

Unwin, R. J. et al. Nat. Rev. Nephrol. 7, 75-84 (2011); d0i:10.1038/nrneph.2010.175

Introduction

Hypokalemia is one of the most common electrolyte
disturbances seen in clinical practice and, although
more prevalent than hyperkalemia, most cases are mild.
Although thresholds for the definition of hypokalemia
vary slightly, a widely quoted lower limit for a normal
serum potassium (K*) ion concentration is 3.5 mmol/l.
A serum K* level of 2.5-3.0 mmol/l is considered moder-
ate hypokalemia and a level <2.5mmol/l is regarded as
severe hypokalemia. Around 3% of unselected hospital-
ized patients may be hypokalemic on admission to the
clinic,! but >20% are likely to develop hypokalemia
during their hospital stay, commonly for iatrogenic
reasons related to prescribed drugs?or to infection.?
One-fifth of these patients will exhibit moderate to severe
hypokalemia.* Psychiatric patients seem to be at particu-
lar risk of hypokalemia,® perhaps because of their drug
therapy (discussed later) rather than their underlying
psychiatric illness, and patients on peritoneal dialysis are
also at increased risk of hypokalemia, possibly owing to
a combination of K* loss into peritoneal fluid, infection
and poor nutrition.® Hypokalemia is common in patients
who are ill, have a fever or are malnourished, includ-
ing those with eating disorders, alcoholism or AIDS.
Women develop hypokalemia more often than men,’
especially when given thiazide diuretics;® the increased
susceptibility of women to hypokalemia is probably
related to reduced muscle mass and a smaller pool of
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exchangeable K*. A form of pseudohypokalemia has
also been described that is related to seasonal (summer)
changes in ambient temperature, and has been attrib-
uted to metabolic increases in Na*,K*-ATPase (‘sodium
pump’) activity and cellular uptake of K*.?

This Review describes the pathophysiology and
management of hypokalemia and is aimed at clinicians
and clinical trainees, rather than those who conduct
research in this field. Consequently, some aspects of
physiology and debate with regard to hypokalemia will
not be covered in depth; however, these aspects have been
discussed elsewhere.!

General considerations

When treating a patient with hypokalemia, it is helpful
to consider normal K* homeostasis and how a stable
plasma or serum K* concentration is maintained through
a combination of adjustments in acute cellular shifts of
K" between extracellular and intracellular fluid compart-
ments and more long-term renal excretion. Knowledge of
whether K* concentration has been measured in plasma
or serum is important, as these values may not always
match; serum K* values are often slightly higher than
plasma K* concentrations owing to delays in sample pro-
cessing and/or the effect of clotting. Unlike total levels
of sodium (Na*) ions in the body, K* is predominantly
intracellular (~3,600 mmol), where it is the most abun-
dant cation. Intracellular K* neutralizes fixed anions and
is involved in the regulation of cell volume, pH, enzyme
activity, DNA and protein synthesis, and growth. The
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Key points

= Hypokalemia is common and generally limited; however, the condition can be

life threatening

= Understanding the basis of potassium (K*) distribution in the body is the first
step in the diagnosis of hypokalemia

= Levels of insulin, adrenergic activity, aldosterone, Na*,K*-ATPase activity, pH and
osmolality can shift the internal distribution of K* ions

= Extrarenal losses, such as diarrhea or excess sweating, are generally (though

not always) obvious

= Renal losses of K* ions are often an adverse effect of therapy

= Successful treatment of hypokalemia requires the primary cause to be
established and the underlying problem to be addressed
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Figure 1 | Distribution of K* in the body. Approximately 98%
of the body’s K* is located in the intracellular fluid, mainly
in skeletal muscle, and only approximately 2% is located in
the extracellular fluid. The pool of K* in the extracellular
fluid is determined by input from the gastrointestinal
system and output in the urine and stools, as well as the
distribution between the extracellular fluid and the
intracellular fluid compartments. A novel hypothesis is that
the gut can somehow signal to the kidneys to excrete K+
abruptly when sudden gastrointestinal K+ loads occur.
Abbreviation: K*, potassium.

steep K* concentration gradient across cell membranes,
which are permeable to K*, is largely responsible for the
membrane potential of excitable and nonexcitable cells.
Any change in this gradient can disturb cell excitation.
As the fraction of K* in the extracellular fluid is so
small (~2% of total K* levels in the body) and as it is
highly sensitive to cellular shifts, plasma or serum K*
concentration is not a reliable index of deficits in body
K*. However, for every decrease in serum K* concentra-
tion of 0.3 mmol/l, as much as a ~100 mmol deficit in
total body K* levels could exist. A serum K* concentra-
tion of <3 mmol/l or <2 mmol/l generally indicates
deficits of at least 200 mmol or 500 mmol, respectively.
Although these indices can be a useful clinical guide to
corrective treatment, accurate quantification is difficult.
Cellular shifts in K* levels occur because cell membranes
are permeable to K* via a family of K* channels.! The
extent of any shift of K* into cells is difficult to deter-
mine in a given patient because this shift is a function
of muscle mass, adrenergic activity, insulin receptor
signaling, and alterations in acid-base balance.
Maintenance of K* balance involves three key elements:
cellular shifts, renal excretion and (to a lesser extent)
gastrointestinal losses (Figure 1). K* concentrations in

gastrointestinal secretions are between 5 mmol/l and
20 mmol/l along the small intestine and can be as high
as 70 mmol/l or more in the colon. Yet, despite colonic
secretion of K*, which is stimulated by aldosterone, the
volume of normal stool is low and so fecal K* losses are
usually small.

Dietary K* restriction alone is rarely a cause of
hypokalemia, as renal K* excretion can decrease to
<15 mmol per day. Therefore, even if K* intake were
reduced to zero, it would take 2-3 weeks for the serum
K* concentration to decrease to ~3 mmol/l, which could
only occur in starvation or severe eating disorders (such
as anorexia nervosa). Indeed, even in these situations K*
deficiency is almost always the result of additional renal,
gastrointestinal or skin losses—the cause of the K* deficit
must therefore be investigated.

The way in which humans have adapted to maintain
K* balance and to control K* in the extracellular fluid
within a fairly narrow range (3.5-5 mmol/l) is necessary
for normal cellular function, especially for excitable cells,
and is quite remarkable. The mechanisms are probably
related to the habits of our early ancestors who, accord-
ing to experts, consumed a ‘hunter-gatherer’ diet of
chiefly berries and nuts (which have a relatively high K*
content), as well as intermittent surfeits of K*-rich meat
when available. Such a chronic K* load, with sudden
excesses from ingesting meat, would require mechanisms
of acute internal adaptation, as well as an ability for sub-
sequent and long-term excretion, namely cellular shifts
versus renal excretion.

Cellular shifts in K*

Cellular uptake of K* is promoted by alkalemia, insulin,
B-adrenergic stimulation, and xanthines such as caf-
feine.'? Evidence indicates that aldosterone also promotes
cellular uptake of K*.'> After eating, insulin stimulates
K* uptake—most importantly in skeletal muscle—by
stimulation of Na*,K*-ATPase. Indeed, insulin is prob-
ably as vital for normal postprandial K* regulation as it
is for glucose control. Several mechanisms account for
the short-term effects of insulin on Na*,K*-ATPase. One
of these is insulin-mediated translocation of Na*,K*-
ATPase from intracellular stores to the cell surface. This
rapid translocation is considered to be the main mecha-
nism of Na*,K*-ATPase stimulation in skeletal muscle."
Although insulin also stimulates Na*/H* exchanger activ-
ity, secondary stimulation of Na*,K*-ATPase in this way
is unlikely to be as important as its direct stimulation.
Skeletal muscle loses K* during exercise, which leads
to transient hyperkalemia that promptly recovers when
exercise stops. Catecholamines activate a, -adrenergic and
B,-adrenergic receptors to decrease or increase, respec-
tively, K* uptake by directly affecting Na*,K*-ATPase
activity' in both muscle and liver.”* a-Adrenergic-
receptor stimulation is increased in patients with end-
stage renal disease (possibly as a result of increased
renal afferent nerve activity from diseased and ischemic
native kidneys), which exacerbates exercise-related and
fasting-related hyperkalemia.'® 3 - Adrenergic-receptor
stimulation and insulin can act synergistically to shift
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K* into cells, as insulin secretion by pancreatic {} cells is
increased not only by direct stimulation of §,-adrenergic
receptors but also as a result of increased glycolysis and
a rise in blood glucose concentration.'” The hormone
aldosterone seems to fulfill a major role in controlling
K* balance, not only because it stimulates renal K* secre-
tion (see below), but also because it can alter the trans-
cellular distribution of K* in muscle. The latter action is
anongenomic effect that increases Na*,K*-ATPase activ-
ity as a result of enhanced Na* entry through Na*/H* or
Na*-K*-2Cl" transporters.'®!?

Although an elevated systemic pH (alkalemia)
was originally reported to cause potentially serious
hypokalemia in anesthetized patients during acute
respiratory alkalosis,? in fact a slight rise (~0.3 mmol/l)
in plasma K* concentration occurs, followed by a post-
hyperventilation fall, which reflects the balance of the
initial inhibitory a-adrenergic, and later stimulatory
B-adrenergic, activities.?! In a given patient, the mecha-
nisms of K* changes attributable to pH-related shifts are
difficult to discern because changes in adrenergic tone
and other confounders commonly occur simultaneously.
A simplified, but clinically helpful, view of cellular K*
shifts is given in Figure 2.

Several case reports have described hypokalemia after
overdoses of chloroquine,* the antipsychotic agents ris-
peridone or quetiapine,” cesium?* and barium.? Barium
and cesium are poisons that block K* channels, thereby
preventing K* exit from cells (although it should be noted
that barium sulfate does not dissociate appreciably and
is harmless when used as a contrast agent for radio-
graphy). The mechanism by which hypokalemia occurs
after administration of chloroquine or antipsychotic
medications is less clear, but might relate to changes
in adrenergic activity. The danger of these agents lies in
the induction of a prolonged QT interval and poten-
tially fatal cardiac dysrhythmias (torsade de pointes).?
Treatment is symptomatic and supportive, and includes
K* and magnesium supplements to correct any dys-
rhythmia; emergency hemodialysis can be effective in
removing barium,” and probably cesium too, but not
chloroquine, risperidone or quetiapine. Hypokalemia
can also, albeit rarely, result from rapid cell growth (for
example, after vitamin B , treatment for pernicious
anemia). Autosomal dominant hypokalemic periodic
paralysis (HPP), caused by loss-of-function mutations
in Na* or calcium (Ca?") ion channels in skeletal muscle
that cause aberrant depolarization (typically after exer-
cise or a large carbohydrate-rich meal), and thyrotoxi-
cosis (which may present in a similar way to HPP but is
often ‘silent’ in young Asian males), are other rare causes
of hypokalemia.” The hypokalemia of thyrotoxicosis is
caused in part by increased catecholamine sensitivity and
also by a direct effect of thyroxine on Na*,K*-ATPase
activity; patients with the thyrotoxic form of HPP are
sometimes also hypophosphatemic and can respond to
nonselective B-blockade.?” The mechanistic link between
a Ca* or Na* channel mutation in familial HPP and K*
influx into muscle is still unknown. HPP treatment is
empirical and anecdotal, and includes Na* restriction,
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Figure 2 | Cellular shifts in K*. A simplified diagram showing the important
transporters involved in K* distribution across cell membranes, including the
Na* ,K*ATPase ‘sodium pump’, K* channels and NHE. Substances that act on
these channels and transporters to induce cellular shifts in K* are also shown.
Abbreviations: a-AR, a-adrenergic receptor; ,-AR, B -adrenergic receptor;

AR, aldosterone receptor; H*, hydrogen; K*, potassium; Na*, sodium; NHE,

Na*/H* exchanger.

K* supplementation, K*-sparing diuretics (amiloride,
triamterene or spironolactone), and the use of carbonic-
anhydrase inhibitors, which may work by activating Ca**-
activated K* channels, but can also cause hypokalemia
(presumably from increased renal K* losses) in some
cases.” Although not caused by cellular shifts in K¥, distal
renal tubular acidosis, especially the autoimmune form,
can sometimes present with a flaccid muscle paralysis
that resembles HPP.*! Indeed, one might ask why muscle
paralysis is not more common in hypokalemic states.
One possible reason is the difference in K* concentration
gradients across cell membranes between acute (HPP)
and chronic hypokalemia.

K* loss
Extrarenal causes
Gastrointestinal loss of K* owing to severe or chronic
diarrhea (including that caused by laxative abuse) is the
most common extrarenal cause of hypokalemia, but it can
also occur in celiac disease* and in patients with a villous
(secreting) adenoma.” In these settings, urinary K* excre-
tion should be <15mmol per day (U,:U_, ratio <1.5).
Hypokalemia owing to prolonged vomiting is partly the
result of renal K* losses from a combination of secondary
hyperaldosteronism (because of volume depletion) and
an alkalosis-related increase in filtered bicarbonate load,
which exceeds the reabsorptive capacity of the proximal
tubule and acts as a nonreabsorbable anion that, together
with a reduced delivery of chloride (Cl") as a consequence
of vomiting and hypovolemia, increases distal nephron K*
secretion and urinary excretion (see below).

Another potential source of extrarenal K* loss is
through the skin: exceptionally in severe burns, but
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Figure 3 | Renal K* handling. Most filtered K* is reabsorbed in the proximal tubule
and loop of Henle, so that approximately 10% of the filtered load arrives at the
distal tubule, regardless of the state of K* balance. Control over the amount of K*
excreted resides mainly in the connecting tubule and cortical collecting duct, where
connecting tubule and principal cells secrete K* and A-type intercalated cells can
reabsorb K* (at least during K* depletion). Under normal circumstances, the
amount of K* secreted by the connecting tubule and principal cells determines how
much K* is excreted in the urine. Abbreviation: K*, potassium.

more usually in sweat, which, when thermally induced,
contains K* at a concentration of 5-8 mmol/1.** During
intense and prolonged exercise, substantial amounts
of K* can be lost in sweat. For example, an American
football player can lose up to 51 of sweat duringa 2h
practice session, which would be expected to contain up
to 40 mmol of K*.* The K* level in sweat can also have
a concealed role in some underlying diseases associated
with hypokalemia. For example, in one report, a young
man presented with hypokalemia, prerenal failure, and
metabolic alkalosis after unaccustomed exercise on a
hot day. The investigators established that the patient
had cystic fibrosis and explained that a partially func-
tional cystic fibrosis transmembrane conductance regula-
tor (CFTR) may, perhaps not uncommonly, be associated
with only mild pulmonary and gastrointestinal signs and
symptoms.* However, a dysfunctional CFTR in the sweat
ducts of patients with cystic fibrosis can be responsible
for excessive electrolyte losses, especially in hot weather.
The hypokalemia seen with heat stress and after exercise
is probably secondary to sweat losses, as well as renal K*
wasting, similar to the pathophysiology outlined above
for vomiting.

Renal causes

Normal renal K* handling

Under normal circumstances, most filtered K* is reab-
sorbed in the proximal convoluted tubule, although some
secretion of K*occurs in the pars recta and the descend-
ing limb of the loop of Henle (Figure 3). Reabsorption of
K* in the thick ascending limb of the loop of Henle means
that approximately 10% of the filtered load arrives at the
distal tubule. Control over the amount of K* appearing
in the urine is mostly regulated within the connecting

tubule and cortical collecting duct. Here, K* is normally
secreted by the connecting tubule cells and by the princi-
pal cells of the cortical collecting duct, the extent of secre-
tion being determined by K* balance. These nephron
sites also contain A-type intercalated cells that have an
apical H*/K*-ATPase that effects a certain amount of K*
reabsorption and is stimulated in states of K* depletion.”
Finally, some K" is normally reabsorbed in the medullary
collecting duct. Renal K* excretion can vary from ~2%
to ~150% of the filtered load, depending on the dietary
intake of K* (normally ~100 mmol per day).

The mechanism of K* secretion by principal cells is
shown in Figure 4. Because the efflux of K* from cell to
tubular lumen is greatly influenced by the apical mem-
brane and transepithelial potential difference, factors
that affect Na* entry via amiloride-sensitive epithelial
Na* channels (ENaCs) will also affect K* secretion. Thus,
aldosterone, which increases insertion of ENaCs into the
apical membrane and upregulates expression of the baso-
lateral Na*,K*-ATPase, stimulates K* secretion. In addi-
tion, evidence indicates that aldosterone increases the
membrane expression of apical K* channels by increasing
serine/threonine protein kinase (also known as serum-
glucocorticoid-induced kinase 1).*® Despite unequivo-
cal evidence for a stimulatory effect of aldosterone on
K* secretion, doubts have been expressed as to whether
this hormone has a major effect on K* excretion.”” Such
doubts arise from experiments in which aldosterone
infusions cause a decrease in plasma K* levels, but
without discernible kaliuresis.*” However, an analysis by
Young*! provided an explanation by showing that aldo-
sterone and plasma K* levels interact to control K* excre-
tion, and that an aldosterone-induced decrease in plasma
K* concentration resulting from a redistribution of K*
between extracellular and intracellular compartments
could negate the kaliuretic effect of the hormone.

Increased flow rate along the connecting tubule and
cortical collecting duct stimulates K* secretion by two
mechanisms: by stimulating reabsorption of some of the
extra Na* in the tubular fluid, thereby further depolar-
izing the apical membrane, and by rapidly sweeping
the secreted K* downstream, thereby maintaining the
concentration gradient for further K* efflux. Under
normal circumstances, K* secretion by principal cells
is mediated by low-conductance renal outer medul-
lary K* (ROMK) channels,* but flow-induced increases
in K* secretion are thought to be mediated by large-
conductance big K* (BK or Maxi-K) channels.” In addi-
tion to ROMK and BK channels, a K*~Cl- cotransporter
has been identified in the apical membrane throughout
most of the distal nephron.*® This transporter might have
arole in K* secretion, particularly when intraluminal Cl-
ion concentrations are low, which may partly explain the
enhanced K* secretion observed when nonreabsorbable
anions are present in tubular fluid (see below).

Effects of hormones, tubular flow and drugs

Once a renal loss of K* has been established in hypo-
kalemia (urinary K* excretion >15 mmol per day; urinary
K* concentration [U, J:urinary creatinine concentration
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Figure 4 | K* secretion by principal cells. Entry of Na* through ENaCs depolarizes the apical membrane, with the result that
K* efflux through apical K* channels (mainly ROMK channels) is greater than K* efflux through basolateral K* channels.

Flow-induced increases in K* secretion are mediated by BK channels. Some K* secretion occurs via K*—CI- cotransporters.
Abbreviations: BK, big potassium; CI-, chloride; ENaC; epithelial sodium channel; K*, potassium, Na*, sodium; ROMK, renal

outer medullary potassium.

[U,] ratio >1.5), the main factors to consider clinically
when investigating its cause are: increased mineralo-
corticoid-receptor stimulation (Box 1), increased distal
nephron delivery of Na* and fluid and/or the presence of
a nonreabsorbable anion (Box 1), or low intratubular CI-
concentration. The balance between mineralocorticoid
activity and distal nephron delivery of Na* and fluid
explains why acute volume expansion or contraction
does not usually affect renal K* excretion and why hyper-
kalemia tends not to occur in nonoliguric, as opposed
to oliguric, glomerulonephritis and acute kidney injury
(Table 1). Diuretics that act upstream of the connecting
tubule and collecting duct will increase Na* and fluid
delivery to these sites and promote K* secretion.* By
reducing medullary osmolality, loop diuretics such as
furosemide reduce fluid absorption in the descending
limb of the loop of Henle (particularly in long-looped
nephrons), thereby increasing fluid delivery from
the loop to the distal tubule—an effect augmented by the
ability of most loop diuretics to inhibit fluid reabsorp-
tion in the proximal tubule. These diuretics also directly
inhibit K* reabsorption by cells of the thick ascending
limb and may even induce net K* secretion by these
cells.* Thiazide diuretics act on cells of the distal convo-
luted tubule to inhibit Na*-ClI cotransport. As indicated
above, these cells may secrete K* via K*~CI" cotransport,
a process that might be expected to be reduced when
intraluminal Cl” concentrations are raised by thiazides.
However, the major effect of thiazides on K* excretion
is to increase it, as a result of increased Na* delivery to
the collecting duct. Loop and thiazide diuretics can also
cause a degree of secondary hyperaldosteronism, adding
to their stimulatory effect on tubular K* secretion.
Drugs that inhibit carbonic anhydrase (for example,
acetazolamide) act on the proximal tubule to inhibit Na*
and bicarbonate reabsorption, increasing distal delivery
of Na*, but also increasing the delivery of bicarbonate.
This situation also occurs in proximal renal tubular acid-
osis (type 2) and inherited or acquired renal Fanconi

syndrome; although in contrast to distal (type 1) renal
tubular acidosis, hypokalemia only occurs in proximal
renal tubular acidosis when bicarbonate is replaced in
ample amounts. Some penicillins, as well as ketoacids
in diabetic ketoacidosis and organic anions during
fasting, also behave as nonreabsorbable anions that can
stimulate K* secretion.*® This stimulatory effect does not
seem to depend on any associated increase in Na* deliv-
ery, and thus ROMK-mediated K* secretion, but depends
instead on a low intratubular CI- concentration and
enhanced electroneutral K*-CI- cotransport.”” Alkaline
luminal fluids also have a direct stimulatory effect on
this transporter.*®

Acid-base disturbances and hypomagnesemia

The renal effects of acid-base disturbances on K* excre-
tion are not readily predictable, as they can be both
direct (pH-related) and indirect, occurring together
with altered tubular fluid flow rate and composition.
Although hypokalemia is frequently associated with
metabolic alkalosis, it can occur in chronic metabolic
acidosis (Box 1). Acute alkalosis directly affects principal
cells of the collecting duct, specifically acting on ROMK
channels to increase K* secretion, whereas acidosis has
the opposite effect.* In chronic metabolic alkalosis and
compensated respiratory acidosis, filtered bicarbonate is
increased, which itself promotes K* secretion. Moreover,
in chronic metabolic acidosis, reduced proximal tubular
reabsorption of Na* increases its distal delivery, as
well as tubular fluid flow rate, to enhance K* secretion
and excretion.*

Hypokalemia commonly occurs in both proximal and
distal forms of renal tubular acidosis but not, of course,
in the less common hyperkalemic (type 4) form that is
caused by a real or apparent deficiency in mineralo-
corticoid. In proximal renal tubular acidosis, as already
discussed, hypokalemia largely occurs as a result of
impaired bicarbonate reabsorption, which can be exacer-
bated by treatment with oral bicarbonate. However,
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Box 1 | Clinical factors for renal K* loss

Increased mineralocorticoid-receptor stimulation

Primary hyper-reninism (characterized by elevated renin and aldosterone levels,
which cannot be suppressed by saline)

Malignant hypertension (~50% of cases of primary hyper-reninism)
Renal artery stenosis (~15% of cases of primary hyper-reninism)

Renin-secreting tumors, Page kidney, or postlithotripsy

Primary aldosteronism (characterized by suppressed renin levels and elevated
aldosterone levels)

Conn syndrome
Adrenal hyperplasia (aldosterone levels increase further with standing)

Glucocorticoid-remediable aldosteronism (sensitive to adrenocorticotropic
hormone)

A primary increase in the effectiveness and/or amount of nonaldosterone
mineralocorticoid-receptor agonist

Cushing syndrome
Congenital adrenal hyperplasia
Apparent mineralocorticoid excess

Increased distal Na* delivery and/or nonreabsorbable ions in the distal nephron

Diuretics acting upstream of the connecting tubule and cortical collecting duct

An increase in nonreabsorbable anions (e.g. caused by vomiting, nasogastric
suction, ketoacidosis, starvation and/or low protein intake, high-alkaline ash
diet, hippurate from glue sniffing, carbenicillin)

Magnesium deficiency
Bartter syndrome
Gitelman syndrome
Chronic metabolic acidosis

Abbreviation: K*, potassium; Na*, sodium.

the explanation for renal K* wasting in distal renal
tubular acidosis is much less clear.’! It may result from a
combination of: chronic acidosis per se; the presence of
relatively alkaline tubular fluid containing little ammo-
nium;* secondary hyperaldosteronism and increased
vasopressin levels®® caused by increased Na* and water
losses; and/or treatment with oral bicarbonate or
citrate supplements.

Hypomagnesemia often occurs with, and may worsen,
hypokalemia, particularly in the presence of chronic
diarrhea, alcoholism, long-term diuretic treatment
after administration of tubulotoxic chemotherapeutic
agents (such as aminoglycosides, amphotericin B and
platinum-based anticancer drugs), as well as with some
genetic tubular disorders such as Gitelman syndrome. An
important cause of hypomagnesemia has only become
apparent since the use of proton-pump inhibitors has
become widespread for gastric protection. These com-
pounds have been associated with hypomagnesemia that
might occur after months or even years of treatment, and
the site of magnesium ion loss seems to be the gastro-
intestinal tract, although the mechanism by which this
occurs is still unknown.**

Intracellular magnesium deficiency can affect K* excre-
tion in at least two ways: by reducing Na*,K*-ATPase
activity, which may modestly decrease Na* reabsorption
in nephron segments upstream of the collecting duct,

thereby increasing distal Na* and fluid delivery and
K" secretion; and by reducing magnesium-dependent
inhibition of ROMK channels in collecting duct princi-
pal cells, which also increases K* secretion.*® However,
reduced basolateral uptake of K* by principal cells (owing
to inhibition of Na*,K*-ATPase) counters the capacity for
increased K* secretion, which may be why magnesium
deficiency alone rarely causes hypokalemia.

The gut and renal K* excretion

The factors that can affect the cellular redistribution
of K* and renal K* excretion, particularly in prevent-
ing postprandial hyperkalemia, are often coordinated.
Insulin and glucagon have both been shown to cause a
modest increase in K* excretion, and aldosterone levels
also increase shortly after a meal.>*-8 Nevertheless,
adaptation to sudden K* gluttony remains a mystery
from the time of our Neolithic ancestor who hunted the
woolly mammoth to the present day fast food consumer.
A novel argument is that K* intake can be ‘sensed’ in the
splanchnic vascular bed or in the gastrointestinal tract,
and that signals can be sent to the kidney to rapidly adjust
renal K* excretion, independent of somewhat ‘sluggish’
feedback mechanisms such as the stimulation of aldo-
sterone release.'? Sheep ingesting a K*-rich meal over a
1 h period have a rapid and appropriate increase in renal
K* excretion, which cannot be accounted for by changes
in plasma K* and aldosterone concentrations alone.*
Studies in adrenalectomized rats confirmed that this
rapid urinary K* excretion was not mediated by aldo-
sterone because much greater than physiological doses
of aldosterone were required to mimic the response.>*
Studies in healthy humans undergoing a water diuresis
have corroborated these findings by showing that inges-
tion of K* salts promotes urinary K* excretion within
20 min, before any detectable increases in plasma K* or
aldosterone levels.®!

What could be the sensor for this novel feed-forward
mechanism? In contrast to the systemic or portal
vein route, an intragastric K* infusion given with a
K*-deficient meal to fasted rats led to an increase in the
renal clearance of K* in the absence of any change in
plasma K* concentration.®* The finding that K* clear-
ance was enhanced in response to a K* load only when
food was present in the stomach strongly suggests that
the sensor in this feed-forward pathway is in the gastro-
intestinal tract itself.> Whether or not mechanical factors
associated with the bulk of food have a role in K* sensing
in the gut, and how such mechanical sensors might initi-
ate the kaliuretic reflex signal, remain to be established.
A hepatoportal K* sensor might also participate in the
kaliuretic reflex. Morita and colleagues® found that
an intraportal infusion of potassium chloride (KCl) in
rats caused greater urinary excretion of K* than did an
equivalent intravenous infusion. Furthermore, the acute
infusion of KCl directly into the hepatoportal circulation
stimulated hepatic afferent nerve activity and increased
urinary K* excretion in the absence of changes in plasma
K* levels; severing the periarterial hepatic nervous plexus
attenuated the kaliuresis.* Whatever the mechanism may
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Table 1 | K* secretion in the connecting tubule and cortical collecting duct related to changes in ECFV

Disorder Aldosterone Distal Na* delivery K* secretion
High ECFV Decreased Increased No change
Low ECFV Increased Decreased No change
Conn syndrome (increased ECFV) Increased Increased Increased
Diuretics (decreased ECFV) Increased Increased Increased
Addison syndrome (decreased ECFV) Decreased Decreased Decreased
Acute nephritis (increased ECFV) Decreased Decreased* Decreased

*Overall distal Na* delivery is reduced as a consequence of the fall in overall glomerular filtration rate (distal Na* delivery per functioning nephron is unlikely to
be reduced). Abbreviations: ECFV, extracellular fluid volume; K*, potassium; Na*, sodium.

be, the gut somehow senses K* intake during a meal and
enhances the renal clearance of K*. This response should
theoretically minimize increases in plasma K* levels
during or after a meal.®

Consequences of hypokalemia

The consequences of acute and chronic hypokalemia
include muscle weakness, palpitations and cardiac dys-
rhythmias, as well as worsening diabetic control (a result
of impaired insulin release and reduced tissue sensitivity
to insulin). In addition, polyuria commonly occurs,
through an impaired ability to concentrate urine.®
Cardiovascular risks and adverse effects of anesthesia
in patients with hypokalemia have always been a par-
ticular clinical concern. In contrast to the response of
skeletal muscle, hypokalemia-induced hyperpolariza-
tion increases excitability in cardiac muscle (although
why is unclear) and delays repolarization, causing atrial
and ventricular dysrhythmias. Changes observed in
the electocardiogram of patients with hypokalemia are
characterized by an early T-wave flattening followed by
an ST-T depression and a U wave that can sometimes be
difficult to distinguish from the T wave, with prolonga-
tion of the QU or QT interval.” Although hypokalemia
in the setting of an acute myocardial infarct poses the
particular risk of a life-threatening dysrhythmia and
requires prompt recognition and correction, routine K*
supplementation is not necessary in patients with hyper-
tension, or with a history of stable cardiovascular disease,
who are being treated with diuretics. However, animal
and human data do support a role for K* repletion and
supplementation in reducing hypertension, risk of stroke,
and morbidity and mortality in patients with congestive
heart failure,*® as well as other potential benefits such
as reduced risk of kidney stones and improved diabetic
control.? In patients receiving general anesthesia, concern
with regard to hypokalemia relates to the risk of dysrhyth-
mias and impaired cardiac contractility. The danger of
these adverse events is, however, associated with acute,
rather than chronic, hypokalemia. Indeed, the risk of such
events occurring under general anesthetic is much lower
than was originally believed and the threshold serum K*
concentration for cancellation of elective surgery is now
<2.6mmol/1.7*"" Caution should still be exercised in the
use of intraoperative glucose solutions (owing to the risk
of insulin-mediated hypokalemia) and anesthetic agents
that are known to be cardiac depressants.

Early observations of a link between hypokalemia
and renal lesions were reviewed more than 50 years ago
by Conn and Johnson.” ‘Vacuolar degeneration’ in the
kidneys of patients dying from chronic dysentery was
first described in 1919 and was attributed to intestinal
losses of unspecified ‘nutritional substances’ Similar
descriptions linked to chronic intestinal disease fol-
lowed, but it was not until the early 1950s that evidence
began to implicate chronic K* deficiency as the under-
lying cause.” In fact, similar tubular lesions had already
been described in the 1930s and 1940s in rats maintained
on a K*-deficient diet.”? Over the past decade, descrip-
tions of hypokalemic (or kaliopenic) nephropathy have
typically been made in patients taking excess laxatives
and/or diuretics, individuals with eating disorders
(anorexia nervosa and bulimia),” or those with primary
hyperaldosteronism. A disturbing and perhaps under-
appreciated study regarding hypokalemia was published
by Bock and colleagues.” These investigators argued that
chronic hypokalemia caused nephropathy leading to end-
stage renal disease. However, the patients in this study
had many confounding factors (their hypokalemia was
caused by malnutrition associated with anorexia, vomit-
ing and/or laxative and/or diuretic abuse) and were prone
to self-destructive behavior. Interestingly, with the advent
of genetic testing and better characterization of patients
found to be hypokalemic, we have found that nephro-
pathy, as evidenced by a reduced glomerular filtration
rate and/or proteinuria, is not a feature of Gitelman syn-
drome. Moreover, the nephropathy of Bartter syndrome
(when evident) seems to be related to more severe and
episodic Na* and water losses, and perhaps increased
aldosterone levels, rather than hypokalemia per se
(R. Unwin, unpublished work).

Investigation of hypokalemia

A clinical algorithm can be used in suspected cases of
hypokalemia;”> our own example is shown in Figure 5.
It is crucial that clinicians recognize any renal loss of K*
that could be responsible for the hypokalemia. Two tests
are commonly used to assess increased or inappropri-
ate renal K* losses from a ‘spot’ urine sample: fractional
K* excretion (FE,; expected value in hypokalemia <2%)
and transtubular K* gradient (TTKG; which is calculated
by dividing the urine:plasma K* concentration ratio by
the urine:plasma osmolality ratio, to provide an index
of K* secretion;’® expected value in hypokalemia <2).
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Figure 5 | A clinical algorithm for investigating hypokalemia. *See Box 1 for details.
*Assessed clinically. Abbreviations: BP systemic arterial blood pressure; ECFV,
extracellular fluid volume; Ucw urinary creatinine content; UK, urinary K* content.

According to a retrospective analysis by Lin and col-
leagues,” a low value for TTKG in hypokalemia strongly
suggests a redistribution of K* as seen in HPP, given
that gastrointestinal losses are not usually substantial.
Nevertheless, both of these indices have their limitations.
Neither is particularly sensitive to increased mineralo-
corticoid activity”” and the TTKG is probably more useful
to detect impaired renal K* secretion in hyperkalemia. In
the case of unexplained or seemingly isolated or inci-
dental hypokalemia, or if an underlying renal tubulo-
pathy is suspected, a potentially useful screening test is
the ‘thiazide test’” This is designed to identify patients
with Gitelman syndrome without necessarily requiring
genetic testing.”” Although the presence of hypocalciuria
with hypokalemia may be suggestive of Gitelman syn-
drome, it can also be found in those patients with an
underlying eating disorder and poor nutrition as a cause
of hypokalemia.

Treatment of hypokalemia

Optimum treatment of hypokalemia requires that the
cause be established and the underlying disorder allevi-
ated. This strategy is successful in the majority of cases.
Establishing whether hypokalemia is caused by a cell-
ular shift or by a K* deficit is essential. Furthermore,
as K* disturbances almost invariably feature acid-base
disorders (HPP is an exception), the acid-base status
should be investigated. If the patient has metabolic acid-
osis (for example, from distal renal tubular acidosis), the
hypokalemia should be treated before the acidosis is
addressed. K* can be given orally in liquid or tablet
form, or intravenously, usually as KCI. The approximate
K* deficit can be estimated from the plasma or serum K*
concentration, as stated earlier. If replacement needs to
be given intravenously, it is safer not to exceed a dose of
20mmol/h, as there is a danger of rebound hyperkalemia.

This danger is of particular concern in HPP, in which
spontaneous recovery will lead to a reversal of the redis-
tribution of K*; in these patients, K* supplementation
should therefore not exceed 10 mmol/h.* As indicated
earlier, modest K* replacement can be supplemented
with nonselective -blockers in patients with the thyro-
toxic form of HPP.®! One cautionary note about KCl
tablets (which typically contain ~8 mmol K*) is that
they can irritate the gastrointestinal mucosa to cause
bleeding and ulceration, especially if taken in large
quantities. Importantly, KCl tablets must be taken with
plenty of fluid and avoided just before going to bed, as
they can remain for a substantial amount of time in the
lower esophagus and could cause ulceration. Potassium
citrate tablets, which in Europe provide 40 mmol K*, are
an alternative to KCI, particularly in patients with an
accompanying metabolic acidosis. In treating chronic
hypokalemia, K*-sparing diuretics (such as amiloride,
triamterene or spironolactone) can be useful, but again
there is an increased risk of hyperkalemia in patients with
reduced renal function or in those taking angiotensin-
converting-enzyme inhibitors, angiotensin-receptor
blockers or NSAIDs, which can reduce glomerular
filtration rate. Ingestion of foods particularly rich in
K* (for example, artichokes, avocados, bananas, grapes
and pineapples) should be encouraged in patients with
hypokalemia, although, if weight gain is to be avoided,
potassium citrate tablets are an alternative to sugar-rich
juices and foods. Finally, we again underscore the fact
that most cases of hypokalemia can be fully explained
if a systematic and physiological approach to diagnosis
is adopted.

Conclusions
Although most cases are mild, hypokalemia is a common
electrolyte disorder that can sometimes be life threaten-
ing. Proper management and treatment of hypokalemia
requires an understanding of the factors that affect K*
distribution within the body and the causes of renal and
extrarenal K* losses from the body. Daily K* intake aver-
ages ~100 mmol per day; ~95% of this amount is usually
excreted in the urine, which is regulated largely by the
degree of K* secretion by connecting tubule cells and
by principal cells in the cortical collecting duct. The
remaining ~5% is normally lost in feces. K* is unevenly
distributed within the body, ~98% being intracellular;
as a result, very small changes in the distribution of K*
between intracellular and extracellular compartments
can lead to major changes in plasma K* concentration.
Once hypokalemia has been identified and confirmed,
the physician must pursue a diagnostic course of action
before administering any therapy. A clinical history is
often sufficient, because many patients with hypokalemia
are taking one or more drugs that could be responsible, or
they can tell the clinician what the problem is, as long as
the appropriate questions about losses or (rarely) reduced
intake are asked. Physical examination can sometimes
provide helpful clues, suggesting extrarenal losses from
skin or bowel, or signs pointing to an underlying eating
disorder (for example, damaged teeth and gums, angular
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cheilitis, calluses on the hands). Collecting simultaneous
plasma and urine samples to test whether renal excretion is
increased in the presence of hypokalemia is the best way to
document inappropriate renal K* losses. If these measure-
ments are not performed at the outset, the opportunity for
establishing a precise cause may well be lost. If renal losses
are not obviously increased, it is necessary to consider pos-
sible causes of K* redistribution (such as HPP) and/or of

excessive extrarenal K* losses. If an extrarenal cause has

been excluded, it is usually sufficient to think in terms of
factors that increase K* secretion in the connecting tubule
and cortical collecting duct, such as increased Na* delivery
to the distal nephron (as in diuretic treatment), increased
aldosterone levels or mineralocorticoid-like activity,
increased distal delivery of nonreabsorbable anions, or an
inherited or acquired defect in distal nephron function.

10.

11.

12.

13.

Paltiel, O., Salakhov, E., Ronen, |., Berg, D. &
Israeli, A. Management of severe hypokalemia in
hospitalized patients: a study of quality of care
based on computerized databases. Arch. Intern.
Med. 161, 1089-1095 (2001).

Crop, M. J., Hoorn, E. J., Lindemans, J. &

Zietse, R. Hypokalaemia and subsequent
hyperkalaemia in hospitalized patients. Nephrol.
Dial. Transplant. 22, 3471-3477 (2007).
Widodo, D., Setiawan, B., Chen, K., Nainggolan, L.
& Santoso, W. D. The prevalence of hypokalemia
in hospitalized patients with infectious diseases
problem at Cipto Mangunkusumo Hospital,

Jakarta. Acta Med. Indones. 38, 202-205 (2006).

Paice, B. J. et al. Record linkage study of
hypokalaemia in hospitalized patients. Postgrad.
Med. J. 62, 187-191 (1986).

Lam, M. H., Chau, S. W. & Wing, Y. K. High
prevalence of hypokalemia in acute psychiatric
inpatients. Gen. Hosp. Psychiatry 31, 262-265
(2009).

Tziviskou, E. et al. Prevalence and pathogenesis
of hypokalemia in patients on chronic peritoneal
dialysis: one center’s experience and review of
the literature. Int. Urol. Nephrol. 35, 429-434
(2003).

Hawkins, R. C. Gender and age as risk factors for
hypokalemia and hyperkalemia in a multiethnic
Asian population. Clin. Chim.Acta 331, 171-172
(2003).

Toner, J. M. & Ramsay, L. E. Thiazide-induced
hypokalaemia; prevalence higher in women. Br. J.
Clin. Pharmacol. 18, 449-452 (1984).

Sodi, R., Davison, A. S., Holmes, E., Hine, T. J. &
Roberts, N. B. The phenomenon of seasonal
pseudohypokalemia: effects of ambient
temperature, plasma glucose and role for
sodium-potassium-exchanging-ATPase. Clin.
Biochem. 42, 813-818 (2009).

Greenlee, M., Wingo, C. S., McDonough, A. A.,
Youn, J. H. & Kone, B. C. Narrative review:
evolving concepts in potassium homeostasis and
hypokalemia. Ann. Intern. Med. 150, 619-625
(2009).

Hibino, H. et al. Inwardly rectifying potassium
channels: their structure, function, and
physiological roles. Physiol. Rev. 90, 291-366
(2010).

Tannen, R. L. & Hallows, K. R. In Oxford Textbook
of Clinical Nephrology 3 edn Vol. 1 Ch. 2.2 (eds
Davison, A. M. et al.) 241-267 (Oxford University
Press, Oxford, 2005).

Therien, A. G. & Blostein, R. Mechanisms of
sodium pump regulation. Am. J. Physiol. Cell
Physiol. 279, C541-C566 (2000).

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Review criteria

REVIEWS

Although moderate oral and intravenous K* replacement
is sometimes necessary, the ideal approach to the success-
ful management of hypokalemia requires the cause of the
disturbance to be established and the underlying disorder
alleviated. Finally, one electrolyte deficiency is commonly
accompanied by another, and a brief check of plasma
Na*, K¥, magnesium and hydrogen ion concentrations
(acid-base balance) is always warranted.

Ewart, H. S. & Klip, A. Hormonal regulation of the
Na*K*ATPase: mechanisms underlying rapid and
sustained changes in pump activity. Am. J. Physiol.
269, C295-C311 (1995).

Vick, R. L., Todd, E. P & Luedke, D. W. Epinephrine-
induced hypokalemia: relation to liver and
skeletal muscle. J. Pharmacol. Exp. Ther. 181,
139-146 (1972).

Allon, M. & Shanklin, N. Adrenergic modulation of
extrarenal potassium disposal in men with end-
stage renal disease. Kidney Int. 40, 1103-1109
(1991).

Halperin, M. L. & Kamel, K. S. Potassium. Lancet
352,135-140 (1998).

Wehling, M. Nongenomic aldosterone effects:
the cell membrane as a specific target of
mineralocorticoid action. Steroids 60, 153-156
(1995).

Mihailidou, A. S., Buhagiar, K. A. &

Rasmussen, H. H. Na* influx and Na*-K* pump
activation during short-term exposure of cardiac
myocytes to aldosterone. Am. J. Physiol. 274,
C175-C181 (1998).

Edwards, R., Winnie, A. P & Ramamurthy, S. Acute
hypocapneic hypokalemia: an iatrogenic
anesthetic complication. Anesth. Analg. 56,
786-792 (1977).

Krapf, R., Caduff, R, Wagdi, R, Staubli, M. &

Hulter, H. N. Plasma potassium response to
acute respiratory alkalosis. Kidney Int. 47,
217-224 (1995).

Clemessy, J. L. et al. Hypokalaemia related to
acute chloroquine ingestion. Lancet 346,
877-880 (1995).

Malik, A. R., Wolf, P K. & Ravasia, S. Hypokalemia
from risperidone and quetiapine overdose. Can. J.
Psychiatry 50, 76 (2005).

Lyon, A. W. & Mayhew, W. J. Cesium toxicity:

a case of self-treatment by alternate therapy gone
awry. Ther. Drug Monit. 25, 114-116 (2003).
Diengott, D., Rozsa, O., Levy, N. & Muammar, S.
Hypokalaemia in barium poisoning. Lancet 2,
343-344 (1964).

Pinter, A., Dorian, PR & Newman, D. Cesium-
induced torsades de pointes. N. Engl. J. Med. 346,
383-384 (2002).

Wells, J. A. & Wood, K. E. Acute barium poisoning
treated with hemodialysis. Am. J. Emerg. Med. 19,
175-177 (2001).

Liu, Y. C., Tsai,W. S., Chau, T. & Lin, S.-H. Acute
hypercapnic respiratory failure due to thyrotoxic
periodic paralysis. Am. J. Med. Sci. 327, 264-267
(2004).

Lin, S.-H., Lin, Y.-F. & Halperin, M. L. Hypokalaemia
and paralysis. QJM 94, 133-139 (2001).

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

We searched PubMed and Google Scholar for full-length,
English-language publications on potassium homeostasis
using the search terms “potassium” and “hypokalemia”.
We also consulted experts in the field, whom we know
personally, for additional references.

Stedwell, R. E., Allen, K. M. & Binder, L. S.
Hypokalemic paralyses: a review of the
etiologies, pathophysiology, presentation, and
therapy. Am. J. Emerg. Med. 10, 143-148
(1992).

Christensen, K. S. Hypokalemic paralysis in
Sjggren’s syndrome secondary to renal tubular
acidosis. Scand. J. Rheumatol. 14, 58-60
(1985).

Barta, Z., Miltenyi, Z., Toth, L. & llles, A.
Hypokalemic myopathy in a patient with gluten-
sensitive enteropathy and dermatitis
herpetiformis Duhring: a case report. World J.
Gastroenterol. 11, 2039-2040 (2005).

Verner, J. V. & Morrison, A. B. Islet cell tumor and
a syndrome of refractory watery diarrhea and
hypokalemia. Am. J. Med. 25, 374-380 (1958).
Sato, K., Feibleman, C. & Dobson, R. L. The
electrolyte composition of pharmacologically and
thermally stimulated sweat: a comparative
study. J. Invest. Dermatol. 55, 433-438 (1970).
Godek, S. F.,, Bartolozzi, A. R. & Godek, J. J.
Sweat rate and fluid turnover in American
football players compared with runners in a hot
and humid environment. Br. J. Sports Med. 39,
205-211 (2005).

Bates, C. M., Baum, M. & Quigley, R. Cystic
fibrosis presenting with hypokalemia and
metabolic alkalosis in a previously healthy
adolescent. J.Am. Soc. Nephrol. 8, 352-355
(1997).

Wang, W. H. & Giebisch, G. Regulation of
potassium (K) handling in the renal collecting
duct. Pfltigers Arch. 458, 157-168 (2009).
Ring, A. M. et al. An SGK1 site in WNK4
regulates Na* channel and K* channel activity
and has implications for aldosterone signaling
and K* homeostasis. Proc. Natl Acad. Sci. USA
104, 4025-4029 (2007).

Rabinowitz, L. Aldosterone and potassium
homeostasis. Kidney Int. 49, 1738-1742
(1996).

Pan, Y.-J. & Young, D. B. Experimental
aldosterone hypertension in the dog.
Hypertension 4,279-287 (1982).

Young, D. B. Quantitative analysis of
aldosterone’s role in potassium regulation. Am.
J. Physiol. 255, F811-F822 (1988).

Welling, R A. & Ho, K. A comprehensive guide to
the ROMK potassium channel: form and function
in health and disease. Am. J. Physiol. Renal
Physiol. 297, F849-F863 (2009).

Liapis, H., Nag, M. & Kaji, D. M. K-CI
cotransporter expression in the human kidney.
Am. J. Physiol. 275, C1432-C1437 (1998).

NATURE REVIEWS ‘ NEPHROLOGY

© 2011 Macmillan Publishers Limited. All rights reserved

VOLUME 7 | FEBRUARY 2011 | 83




REVIEWS

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Hropot, M., Fowler, N., Karlmark, B. &

Giebisch, G. Tubular action of diuretics:

distal effects on electrolyte transport and
acidification. Kidney Int. 28, 477-489 (1985).
Unwin, R. J., Walter, S. J., Giebisch, G.,
Capasso, G. & Shirley, D. G. Localization of
diuretic effects along the loop of Henle:

an in vivo microperfusion study in rats. Clin. Sci.
(Lond.) 98, 481-488 (2000).

Kamel, K. S., Ethier, J., Levin, A. & Halperin, M. L.

Hypokalemia in the “beautiful people”. Am. J.
Med. 88, 534-536 (1990).

Velazquez, H., Ellison, D. H. & Wright, F. S.
Luminal influences on potassium secretion:
chloride, sodium, and thiazide diuretics. Am. J.
Physiol. 262, F1076-F1082 (1992).

Amorim, J. B., Bailey, M. A., Musa-Aziz, R.,
Giebisch, G. & Malnic, G. Role of luminal anion

and pH in distal tubule potassium secretion. Am.

J. Physiol. Renal Physiol. 284, F381-F388
(2003).

Wang, W.-H., Yue, R, Sun, R & Lin, D.-H.
Regulation and function of potassium channels
in aldosterone-sensitive distal nephron. Curr.
Opin. Nephrol. Hypertens. 19, 463-470 (2010).
Stanton, B. A. & Giebisch, G. H. In Handbook of
Physiology, Section 8 Vols | and Il Ch. 15 (ed.
Windhager, E. E.) 813-874 (American
Physiological Society, Bethseda, 1992).

Batlle, D., Moorthi, K. M., Schlueter, W. &
Kurtzman, N. Distal renal tubular acidosis and
the potassium enigma. Semin. Nephrol. 26,
471-478 (20086).

Jaeger, P, Karlmark, B. & Giebisch, G.
Ammonium transport in rat cortical tubule:
relationship to potassium metabolism. Am. J.
Physiol. 245, F593-F600 (1983).

Field, M. J., Stanton, B. A. & Giebisch, G. H.
Influence of ADH on renal potassium handling:
a micropuncture and microperfusion study.
Kidney Int. 25, 502-511 (1984).

Cundy, T. & Dissanayake, A. Severe
hypomagnesaemia in long-term users of proton-
pump inhibitors. Clin. Endocrinol. (Oxf.) 69,
338-341 (2008).

Huang, C. L. & Kuo, E. Mechanism of
hypokalemia in magnesium deficiency. J. Am.
Soc. Nephrol. 18, 2649-2652 (2007).
Rossetti, L., Klein-Robbenhaar, G., Giebisch, G.,
Smith, D. & DeFronzo, R. Effect of insulin on

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

renal potassium metabolism. Am. J. Physiol. 252,
F60-F64 (1987).

Ahloulay, M., Dechaux, M., Laborde, K. &

Bankir, L. Influence of glucagon on GFR and on
urea and electrolyte excretion: direct and
indirect effects. Am. J. Physiol. 269, F225-F235
(1995).

Rabelink, T. J., Koomans, H. A., Hene, R. J. &
Dorhout Mees, E. J. Early and late adjustment to
potassium loading in humans. Kidney Int. 38,
942-947 (1990).

Campen, T. J., Vaughn, D. A. & Fanestil, D. D.
Mineralo- and glucocorticoid effects on renal
excretion of electrolytes. Pflligers Arch. 399,
93-101 (1983).

Stanton, B., Pan, L., Deetjen, H., Guckian, V. &
Giebisch, G. Independent effects of aldosterone
and potassium on induction of potassium
adaptation in rat kidney. J. Clin. Invest. 79,
198-206 (1987).

Calo, L., Borsatti, A., Favaro, S. & Rabinowitz, L.
Kaliuresis in normal subjects following oral
potassium citrate intake without increased
plasma potassium concentration. Nephron 69,
253-258 (1995).

Lee, F. N., Oh, G., McDonough, A. A. & Youn, J. H.
Evidence for gut factor in K* homeostasis. Am. J.
Physiol. Renal Physiol. 293, F541-F547 (2007).
Michell, A. R., Debnam, E. S. & Unwin, R. J.
Regulation of renal function by the
gastrointestinal tract: potential role of gut-
derived peptides and hormones. Annu. Rev.
Physiol. 70, 379-403 (2008).

Morita, H., Fujiki, N., Miyahara, T., Lee, K. &
Tanaka, K. Hepatoportal bumetanide-sensitive
K*-sensor mechanism controls urinary K*
excretion. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 278, R1134-R1139 (2000).

Youn, J. H. & McDonough, A. A. Recent advances
in understanding integrative control of
potassium homeostasis. Annu. Rev. Physiol. 71,
381-401 (2009).

Unwin, R., Capasso, G. & Giebisch, G.
Potassium and sodium transport along the loop
of Henle: effects of altered dietary potassium
intake. Kidney Int. 46, 1092-1099 (1994).
Trojak, B. et al. Hypokalemia is associated with
lengthening of QT interval in psychiatric patients
on admission. Psychiatry Res. 169, 257-260
(2009).

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

Coca, S. G., Perazella, M. A. & Buller, G. K. The
cardiovascular implications of hypokalemia. Am.
J. Kidney Dis. 45,233-247 (2005).

He, F. J. & MacGregor, G. A. Fortnightly review:
beneficial effects of potassium. BMJ 323,
497-501 (2001).

Reddy, V. G. Potassium and anesthesia.
Singapore Med. J. 39,511-516 (1998).

Vitez, T. S., Soper, L. E., Wong, K. C. & Soper, P
Chronic hypokalemia and intraoperative
dysrhythmias. Anesthesiology 63, 130-133
(1985).

Conn, J. W. & Johnson, R. D. Kaliopenic
nephropathy. Am. J. Clin. Nutr. 4, 523-528
(1956).

Arimura, Y. et al. Anorexia nervosa: an important
cause of chronic tubulointerstitial nephropathy.
Nephrol. Dial. Transplant. 14, 957-959 (1999).
Bock, K. D., Cremer, W. & Werner, U. Chronic
hypokalemic nephropathy: a clinical study. Klin.
Wochenschr. 56 (Suppl. 1), 91-96 (1978).
Reimann, D. & Gross, R Chronic, diagnosis-
resistant hypokalaemia. Nephrol. Dial.
Transplant. 14, 2957-2961 (1999).

West, M. L. et al. Development of a test to
evaluate the transtubular potassium
concentration gradient in the cortical collecting
duct in vivo. Miner. Electrolyte Metab. 12,
226-233 (1986).

Chacko, M., Fordtran, J. S. & Emmett, M. Effect
of mineralocorticoid activity on transtubular
potassium gradient, urinary [K]/[Na] ratio, and
fractional excretion of potassium. Am. J. Kidney
Dis. 32, 47-51 (1998).

Colussi, G. et al. A thiazide test for the diagnosis
of renal tubular hypokalemic disorders. Clin. J.
Am. Soc. Nephrol. 2, 454-460 (2007).

Unwin, R. J. & Capasso, G. Bartter’'s and
Gitelman’s syndromes: their relationship to the
actions of loop and thiazide diuretics. Curr. Opin.
Pharmacol. 6, 208-213 (2006).

Lin, S.-H. et al. Laboratory tests to determine the
cause of hypokalemia and paralysis. Arch. Intern.
Med. 164, 1561-1566 (2004).

Lin, S.-H. Thyrotoxic periodic paralysis. Mayo
Clin. Proc. 80, 99-105 (2005).

Author contributions
R. J. Unwin, F. C. Luft and D. G. Shirley contributed
equally to all aspects of this manuscript.

84 | FEBRUARY 2011 | VOLUME 7

© 2011 Macmillan Publishers Limited. All rights reserved

www.nature.com/nrneph



