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Humans are intermittently exposed to large variations in potassium
intake, which range from periods of fasting to ingestion of potassium-
rich meals. These fluctuations would abruptly alter plasma po-
tassium concentration if not for rapid mechanisms, primarily in
skeletal muscle and the liver, that buffer the changes in plasma
potassium concentration by means of transcellular potassium
redistribution and feedback control of renal potassium excretion.
However, buffers have capacity limits, and even robust feedback
control mechanisms require that the perturbation occur before
feedback can initiate corrective action. In contrast, feedforward
control mechanisms sense the effect of disturbances on the
system's homeostasis. This review highlights recent experimental

insights into the participation of feedback and feedforward con-
trol mechanisms in potassium homeostasis. New data make clear
that feedforward homeostatic responses activate when de-
creased potassium intake is sensed, even when plasma potas-
sium concentration is still within the normal range and before
frank hypokalemia ensues, in addition to the classic feedback
activation of renal potassium conservation when plasma potas-
sium concentration decreases. Given the clinical importance of
dyskalemias in patients, these novel experimental paradigms in-
vite renewed clinical inquiry into this important area.
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ypokalemia is a common disorder that can result from

potassium redistribution between plasma and intracel-
lular fluid (ICF), inadequate potassium intake, or excessive
potassium excretion (1). When hypokalemia reflects true
potassium depletion, the body activates several mecha-
nisms, especially in the kidney, to conserve potassium (Fig-
ure 1). Although short periods of mild potassium depletion
are typically well tolerated in healthy individuals, severe
potassium depletion can result in glucose intolerance (2) and
serious cardiac (3), renal (4), and neurologic (5) dysfunction,
including death. Prolonged potassium depletion of even mod-
est proportion can provoke or exacerbate kidney injury or
hypertension (6, 7). Indeed, reduced potassium intake corre-
lates directly with higher blood pressure in both normotensive
and hypertensive individuals (8).

NorMAL PoTAssium BALANCE AND RENAL POTASSIUM
EXCRETION

To set the context, we first summarize key concepts of
steady-state potassium handling. Total body potassium is
roughly 55 mmol/kg of body weight, with 98% distributed
to the ICF (primarily in muscle, the liver, and erythro-
cytes) and 2% in the extracellular fluid (1). Na,K-ATPase
isoforms (see Glossary) actively pump potassium into the
cell and maintain and restore the electrochemical gradient
between the normal extracellular potassium concentration
of 3.5 to 5.0 mmol/L and the intracellular potassium con-

centration of approximately 150 mmol/L, which is partic-
ularly important for normal functioning of excitable cells.
B-Catecholamines, aldosterone, insulin, pH, and osmolal-
ity influence the transcellular potassium distribution and
thus how well cells buffer changes in plasma potassium
concentration (9). Physicians exploit this fact in the emer-
gency management of severe hyperkalemia when they use
insulin or B-catecholamines to drive plasma potassium into
cells.

Normal persons who consume a typical Western diet
ingest approximately 70 mmol of potassium per day (10).
The intestine absorbs virtually all of the ingested potassium
and delivers it to the liver for processing by means of the
hepatoportal circulation. Minimal amounts of potassium
are excreted in the feces. Renal potassium excretion, the
principal defense against chronic potassium imbalances,
depends on free filtration at the glomerulus, extensive
proximal tubule reabsorption, and a highly regulated secre-
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Glossary

Na,K-ATPase: Plasma membrane protein that pumps 3 sodium ions into the
cell and 2 potassium ions out of the cell.

H,K-ATPase: Plasma membrane protein that pumps 1 hydrogen ion into the
cell and 1 potassium ion out of the cell.

NKCC1: Isoform 1 of a plasma membrane protein that cotransports 1
sodium ion, 1 potassium ion, and 2 chloride ions into the cell.

NKCC2: Isoform 2 of a plasma membrane protein that cotransports 1
sodium ion, 1 potassium ion, and 2 chloride ions into the cell.

tory process of the distal convoluted tubule and segments of
the collecting duct in the cortex and outer medulla (the cor-
tical collecting duct and the outer medullary collecting duct,
respectively) (Figure 2). The cortical collecting duct and outer
medullary collecting duct consist of at least 2 very different
cell types, termed principal cells and intercalated cells (Figure
2). Principal cells, which comprise approximately 70% to
75% of collecting duct cells, mediate sodium reabsorption
and potassium secretion and are targets for angjotensin II (11,
12), aldosterone, aldosterone receptor antagonists, and
potassium-sparing diuretics (Figure 2). Principal cells exploit
the electrochemical gradient established by sodium entry into
the cell through a sodium channel at the luminal membrane
(the molecular target of amiloride) and the basolateral mem-
brane Na,K-ATPase to drive potassium secretion through 2
classes of luminal membrane potassium channels (13). One of
these, the renal outer medullary potassium (known among
renal physiologists as “ROMK?”) channels, secrete potassium
under normal tubular fluid flow conditions and are inserted
into or internalized from the luminal membrane, depending
on the demand for potassium secretion. The other class of
potassium channels are the “big” conductance channels
(known as “BK” channels), which are relatively inactive under
normal conditions but exhibit increased activity during high
tubular flow or high-potassium conditions (13). Factors that
regulate principal cell potassium secretion include previous
potassium intake; intracellular potassium level; sodium deliv-
ery to the cells; urine flow rate; and hormones, such as aldo-
sterone and 3-catecholamines (14). The other collecting duct
cell type, intercalated cells, mediate acid—base transport but
upregulate expression of luminal H,K-ATPases (see Glossary)
during potassium depletion to enhance potassium reabsorp-
tion (1) (Figure 2).

To summarize, mammalian cells require a steep con-
centration gradient of potassium between ICF and extra-
cellular fluid to function properly, which requires primary
active transport by Na,K-ATPase. The kidney excretes suf-
ficient amounts of potassium to maintain total body ho-
meostasis. Although the proximal nephron reabsorbs the
bulk of the potassium filtered at the glomerulus, the col-
lecting duct fine-tunes potassium excretion and is subject
to several regulatory influences.

FeepBack CONTROL OF POTASSIuM BALANCE
The use of thermostats to adjust heating or cooling is
a common example of feedback control, a control mecha-
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nism in a homeostatic system that uses the consequences or
outputs of a process to “feed back” and regulate the process
itself. The thermostat detects the “error” (for example, the
room is too hot) and signals for the air conditioner to provide
cool air. Once the room reaches the temperature set at the
thermostat (the room becomes cool enough), the air condi-
tioner turns off. This example of feedback control also applies
to potassium homeostasis. Although feedback control of po-
tassium balance has been recognized for decades, only recently
have some of its secrets been discovered.

In response to a high-potassium meal that includes glu-
cose, pancreatic insulin secretion activates skeletal muscle and
liver Na,K-ATPase, which pumps potassium from the plasma
to the ICF of these cells. This mechanism minimizes the post-
prandial increase in plasma potassium concentration (15).
With muscle activity, potassium is released into the plasma
and filtered at the glomerulus. To maintain balance, the
amount of potassium consumed in the meal (minus the small
amount lost in the feces) is secreted into the urine. When
potassium consumption increases plasma potassium concen-
tration enough, it triggers aldosterone synthesis and release
from the adrenals, which stimulates the activity and synthesis
of Na,K-ATPase and luminal potassium channels in collecting
duct principal cells to secrete the excess potassium (16) (Fig-
ures 1 and 2). Aldosterone also enhances potassium secretion

Figure 1. Integrated model of the regulation of body
potassium balance.
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in the distal colon (17), which can be especially important
when renal function is compromised.

Conversely, if potassium intake is very low or its out-
put is very high, plasma potassium concentration decreases
and feedback regulation redistributes potassium from ICF
to plasma and minimizes renal potassium excretion. Skel-
etal muscle becomes insulin-resistant to potassium (but not
glucose) uptake even before plasma potassium concentration
decreases, which blunts the shift of potassium from plasma
into the cell (18). After hypokalemia ensues, the expression of
skeletal muscle Na,K-ATPase o2 isoform decreases, which al-

lows a net potassium “leak” from ICF to the plasma (19). The
low plasma potassium concentration suppresses adrenal aldo-
sterone release so that the kidney can reclaim all but about 1%
of the filtered potassium (Figure 2).

This renal potassium conservation involves downregu-
lation of potassium secretion by means of the ROMK
channels in cortical collecting duct principal cells. Chronic
potassium depletion activates a renal NADPH oxidase (a
relative of the enzyme that produces the “respiratory burst”
in neutrophils) that produces reactive oxygen species to
signal for the ROMK channels to be internalized and thus

Figure 2. Segmental handling of potassium excretion along the nephron and collecting duct cell types under normal conditions or

conditions of potassium excess or deficiency.
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We present a simplified model of potassium handling by collecting duct cell types. Principal cells in the collecting duct are responsible for
secretion of excess potassium in the circulation into the tubule lumen and thus into the urine. This secretion is accomplished by luminal
membrane potassium channels responding primarily to the electrochemical gradient for potassium generated by the combined actions of the
basolateral membrane Na,K-ATPase and a luminal membrane sodium channel (the target of the potassium-sparing diuretic amiloride). In states
of potassium depletion, potassium secretion by the principal cells is inhibited and the luminal membrane H,K-ATPase is activated in the
intercalated cells to reclaim the potassium that remains in the tubular fluid, thereby limiting urinary potassium wasting. ADP = adenosine
diphosphate; ATP = adenosine triphosphate; CCD = cortical collecting duct; DT = distal tubule; Glom = glomerulus; IMCD = inner
medullary collecting duct; MTAL = medullary thick ascending limb of Henle loop; OMCD = outer medullary collecting duct; P; = inorganic
phosphate.

www.annals.org 5 May 2009 | Annals of Internal Medicine | Volume 150 ¢ Number 9 |621



REVIEW Evolving Concepts in Potassium Homeostasis and Hypokalemia

incompetent to conduct membrane transport of potassium
(20, 21). In addition, an H,K-ATPase (a relative of the
proton pump active in the gastric mucosa) is activated in
outer medullary collecting duct intercalated cells to reclaim
any remaining filtered potassium into the plasma. Figure 2
summarizes the responses of the different nephron seg-
ments to accommodate changes in potassium intake.

FEEDFORWARD CONTROL OF POTASsSIUM BALANCE

Feedforward control refers to a pathway in a homeo-
static system that responds to a signal in the environment
in a predetermined manner, without responding to how
the system subsequently reacts (that is, without responding
to feedback). The most famous example of feedforward
control is the conditioned salivation of Pavlov’s dogs in
anticipation of food (22). Pavlov implanted small stomach
pouches in dogs to measure salivation. He and his assis-
tants would ring bells to call the dogs to their food and
measure the dogs’ increase in salivation. After several rep-
etitions of this experiment, the dogs increased their saliva-
tion when they heard the bell, without any food being
presented. The dogs had been trained to “sense” the im-
pending arrival of a meal and prepare for it, in a physio-
logic sense, by increasing the production of saliva.

Physiologists studying potassium homeostasis were
surprised to discover that even minor changes in dietary
potassium intake, insufficient to change plasma concentra-
tions of either potassium (23) or aldosterone (24) and
therefore too minor to activate feedback control, evoked
rapid changes in renal potassium excretion through feed-
forward mechanisms. Twenty-five years ago, Rabinowitz
and colleagues (25) challenged feedback regulation as the
sole mechanism for compensatory renal potassium excre-
tion and proposed a feedforward kaliuretic reflex, in which
potassium sensors in the splanchnic vascular bed (the gut,
portal vein, or liver) detect local changes in potassium con-
centration resulting from potassium ingestion and signal
the kidney to alter potassium excretion to restore balance
(Figure 1). These investigators showed that sheep that in-
gested a potassium-rich meal over 1 hour rapidly and
appropriately increased renal potassium excretion, even
though plasma concentrations of potassium and aldoste-
rone did not increase sufficiently to account for the ensu-
ing kaliuresis. Subsequent studies in adrenalectomized rats
proved that this rapid urinary potassium excretion was not
mediated by aldosterone, because doses of aldosterone
much higher than the physiologic range were required (26,
27). Studies in normal humans undergoing water diuresis
corroborated these findings by showing that ingestion
of potassium salts promoted urinary potassium excretion
within 20 minutes, before any increase in plasma con-
centrations of potassium or aldosterone (23), which
means that it was not mediated through classical feedback
regulation.
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What is the potassium sensor in feedforward regula-
tion, and where is it located in the body? Studies in rats
done in 2 of the reviewers’ laboratories (28) demonstrated
that a gut sensor detects potassium intake during a meal
and triggers a signal to the kidneys to increase potassium
excretion. An intragastric potassium infusion given with a
meal to unfed animals led to greater renal clearance of
plasma potassium than did the same intragastric infusion
given without the meal or given by systemic infusion of
potassium (28). The fact that plasma potassium clearance
was enhanced in response to a potassium load only when
food was present in the stomach provides strong evidence
that the sensor in this feedforward pathway is in the gut.
Whether mechanical factors associated with the bulk of
food (such as stretching of the stomach) play a role in the
gut potassium sensing, and how such mechanical sensors
might initiate the kaliuretic reflex signal, remain to be es-
tablished. A hepatoportal potassium sensor may also par-
ticipate in the kaliuretic reflex. Morita and colleagues (29)
found that intraportal infusion of potassium chloride in
animals yielded greater urinary potassium excretion than
did an intravenous infusion. Severing the periarterial he-
patic nervous plexus attenuated the kaliuresis. Further-
more, an acute potassium chloride infusion directly into
the hepatoportal circulation stimulated hepatic afferent
nerve activity and increased urinary potassium excretion in
the absence of changes in plasma potassium concentration
(29). Bumetanide, a clinically used loop diuretic that in-
hibits cation/chloride cotransporters (including the Na™,
K*, 2Cl™ cotransporter NKCC1 [see Glossary]), ablated
the activity of this potassium sensor. This suggests that the
hepatoportal Na*, K*, 2Cl- cotransporter, or a related
bumetanide-sensitive cotransporter, sensed an increase in
portal venous potassium and activated the periarterial he-
patic nerve complex, which sent a neurally mediated signal
transmission to the kidneys with consequent kaliuresis
(30). Consistent with these studies, the NKCC1I knockout
mouse (which lacks the NKCCI1 cotransporter and there-
fore lacks this feedforward mechanism) exhibits hyper-
kalemia after ingesting a potassium load and inappropri-
ately low urinary potassium excretion (31, 32).

We have not fully determined the molecular events
involved in the kaliuretic reflex. However, several prece-
dents for feedforward regulation exist: the related Na™,
K", 2CI™ cotransporter isoform NKCC2 (see Glossary)
senses NaCl delivery to the macula densa segment of the
glomerulus and signals for afferent arteriolar constriction at
the glomerulus (which decreases glomerular filtration)
(33); several tissues express Ca’"-sensing receptors (34);
glucose sensors operate in the portal vein (35); and diverse
subpopulations of afferent nerves coordinate reflex control
of the local mechanical and chemical environment in the
liver (36), gut mucosa, muscle, and mesentery (37). These
examples of sensors in other feedforward mechanisms make
it plausible that potassium sensors govern feedforward reg-
ulation of potassium in the skeletal muscle and kidney.
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Feedforward regulation in these tissues also occurs
with chronic restriction of potassium intake, again even
before hypokalemia occurs. As noted, when dietary potas-
sium restriction is prolonged and severe enough to cause
hypokalemia, Na,K-ATPase pumps become less numerous
and less active in the skeletal muscle to protect against
further decrements in muscle potassium. In contrast, ani-
mals chronically fed a moderately potassium-restricted diet
that did not produce hypokalemia maintained normal
muscle potassium levels and normal amounts and activity
of Na,K-ATPase pumps in their membranes. However,
potassium-conserving mechanisms were activated: Insulin-
stimulated clearance of potassium from the plasma was
blunted (evidence of insulin resistance to cellular potas-
sium uptake) (38), and renal potassium excretion was re-
duced to 20% of that of control participants (indicating
potassium conservation). The decrease in renal potassium
excretion was apparently the result of enhanced phosphor-
ylation and consequent internalization of ROMK channels
from the plasma membrane (rendering them inaccessible to
conduct potassium secretion) in the collecting duct principal
cells (38). These results indicate that even before the plasma
potassium concentration begins to decrease, feedforward acti-
vation of potassium-conserving mechanisms acts to maintain
plasma potassium concentration. The error signals that incite
and maintain these responses are unknown but may be related
to gastric or hepatoportal sensing of potassium intake.

MEeTaBoLIC CONTROL OF POTASSIUM BALANCE

Intense exercise or ischemia significantly alters potas-
sium homeostasis. The 2 situations share similarities,
which include elevated extracellular fluid potassium
concentration caused by an increase in potassium efflux
relative to influx and an increased ratio of intracellular
adenosine monophosphate to adenosine triphosphate. Ho-
meostasis is restored in both cases by net potassium uptake
into the cells through mediators that have not been clearly
identified.

A good candidate mediator for this net potassium up-
take is cellular adenosine monophosphate-activated pro-
tein kinase. This enzyme, which activates when it detects
an increase in the cellular ratio of adenosine monophos-
phate to adenosine triphosphate, mediates increased glu-
cose transport in exercising muscles to replete cellular
adenosine triphosphate (39). Indeed, 2 reviewers estab-
lished that chemical activation of adenosine monophos-
phate—activated protein kinase in conscious rats acutely de-
creased plasma potassium concentration without increasing
urinary potassium excretion, which indicates that it shifted
potassium to the ICF (40). In support of this concept,
mutant mice with inactive muscle adenosine monophos-
phate—activated protein kinase exhibited impaired potas-
sium uptake into the cells in response to an activator of
adenosine monophosphate-activated  protein  kinase.

Whether active potassium uptake by cells or depressed po-
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tassium efflux from cells mediates this potassium redistri-
bution remains to be determined, but this novel mecha-
nism—activated by metabolic stress—operates in parallel
to the potassium uptake pathway stimulated by insulin

(40).

CLINICAL IMPLICATIONS

The data we reviewed indicate that plasma potas-
sium concentration is a relatively insensitive marker for
the integrated homeostatic responses that are activated
by changes in potassium intake or renal excretion. These
responses occur while plasma potassium concentration is
still within the normal range and before frank hypokalemia
and potassium depletion ensue. Studies in rats that were
fed a modestly potassium-restricted diet (38) indicate that
feedforward adjustments to low-potassium diets occur in
both muscle and kidney, operate independently of changes
in plasma potassium concentration, and can persist in the
long term without hypokalemia. The classic paradigm for
diagnosis and treatment of hypokalemia (1) distinguishes
only between transcellular potassium shifts and alterations
in total body potassium due to altered intake or feedback
regulation of potassium excretion. Feedforward regulation
of potassium buffering and renal potassium excretion
changes this paradigm, which may change the treatment of
some clinical conditions.

The metabolic syndrome and type 2 diabetes mellitus are
both associated with insulin resistance of muscle, fat, and liver
cells. Recent animal studies (18) demonstrating that skeletal
muscle becomes insulin-resistant to cellular potassium (but
not glucose) uptake even before plasma potassium concentra-
tion decreases may lead to new strategies to optimize potas-
sium homeostasis—and thus, to a degree, modulate cardiovas-
cular risk—in these patients. Moreover, the finding that
adenosine monophosphate—activated protein kinase activation
promotes not only cellular glucose uptake (a key mechanism
of action of the antidiabetic drugs metformin and thiazo-
lidinediones) but also potassium uptake in experimental ani-
mals may drive clinical investigation to consider expanded
uses of these or closely related drugs. For example, serious
hyperkalemia can occur in patients with heart failure who
receive spironolactone (41). In hyperkalemic spironolactone-
treated rats, pharmacologic stimulation of adenosine mono-
phosphate—activated protein kinase with 5-aminoimidazole-
4-carboxamide ribonucleoside quickly restored plasma potas-
sium concentration to baseline (40). This observation suggests
that co-administering such agents with medications that can
increase plasma potassium concentration—such as spironolac-
tone—might be clinically useful. On a cautionary note, infus-
ing 5-aminoimidazole-4-carboxamide ribonucleoside into
potassium-depleted hypokalemic rats induced profound hy-
pokalemia (40). This observation suggests that metformin, a
commonly used adenosine monophosphate—activated protein
kinase activator, could provoke dangerous hypokalemia in pa-
tients susceptible to potassium depletion from taking
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potassium-wasting diuretics or fasting (2). We need to explore
these clinical scenarios.

Enteral feeding is an increasingly common and gener-
ally safe practice in acutely ill patients and those who
chronically cannot eat. Feedforward regulation of renal po-
tassium excretion by the putative gut or hepatoportal sen-
sors may help to ensure the safety of potassium replace-
ment by the enteral route. The growing use of enteral
feeding tubes in patients who chronically cannot eat offers an
excellent investigative opportunity to identify the optimal
route of enteral potassium administration in these patients
and to confirm the existence of the putative gut potassium
sensor in humans. When we understand the afferent and ef-
ferent mechanisms that respond to potassium intake by means
of the hepatoportal and gut potassium sensors, we may find
new targets for treating hypokalemia.

CONCLUSION

Given the importance of keeping the plasma potassium
concentration within a narrow range, it is not surprising that
distinct but integrated mechanisms of feedback and feedfor-
ward modes have evolved that act on skeletal muscle and the
liver and kidneys to regulate potassium balance. These dual
mechanisms provide the exquisite and efficient control needed
to maintain and restore potassium homeostasis in response to
acute or chronic changes in body potassium levels. Alchough
humans clearly have a feedforward kaliuretic reflex, the exis-
tence and location of the potassium sensors remain to be es-
tablished. Moreover, we do not know the specific renal effec-
tor mechanisms downstream of these potassium sensors in
animals or in humans. Despite the remaining gap between the
experimental physiology of these pathways in animals and
clinical practice in humans, these new paradigms of body po-
tassium metabolism provide exciting new insights that may
eventually guide diagnosis and treatment.
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