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skeletal muscle, such that digoxin overdose predictably results in hyperkalemia. Structurally related glycosides are found in specific plants (e.g.,
yellow oleander, foxglove) and in the cane toad, Bufo marinus (bufadienolide); ingestion of these substances and extracts thereof can also
cause hyperkalemia. Finally, fluoride ions also inhibit Na+/K+-ATPase,
such that fluoride poisoning is typically associated with hyperkalemia.
Succinylcholine depolarizes muscle cells, causing an efflux of K+
through acetylcholine receptors (AChRs). The use of this agent is
contraindicated in patients who have sustained thermal trauma, neuromuscular injury, disuse atrophy, mucositis, or prolonged immobilization. These disorders share a marked increase and redistribution
of AChRs at the plasma membrane of muscle cells; depolarization of
these upregulated AChRs by succinylcholine leads to an exaggerated
efflux of K+ through the receptor-associated cation channels, resulting
in acute hyperkalemia.

Cardinal Manifestations and Presentation of Diseases

Hyperkalemia Caused by Excess Intake or Tissue Necrosis Increased intake
of even small amounts of K+ may provoke severe hyperkalemia in
patients with predisposing factors; hence, an assessment of dietary
intake is crucial. Foods rich in potassium include tomatoes, bananas,
and citrus fruits; occult sources of K+, particularly K+-containing
salt substitutes, may also contribute significantly. Iatrogenic causes
include simple overreplacement with K+-Cl– or the administration of a
potassium-containing medication (e.g., K+-penicillin) to a susceptible
patient. Red cell transfusion is a well-described cause of hyperkalemia,
typically in the setting of massive transfusions. Finally, severe tissue
necrosis, as in acute tumor lysis syndrome and rhabdomyolysis, will
predictably cause hyperkalemia from the release of intracellular K+.
Hypoaldosteronism and Hyperkalemia Aldosterone release from the
adrenal gland may be reduced by hyporeninemic hypoaldosteronism,
medications, primary hypoaldosteronism, or isolated deficiency of
ACTH (secondary hypoaldosteronism). Primary hypoaldosteronism
may be genetic or acquired (Chap. 406) but is commonly caused by
autoimmunity, either in Addison’s disease or in the context of a polyglandular endocrinopathy. HIV has surpassed tuberculosis as the most
important infectious cause of adrenal insufficiency. The adrenal involvement in HIV disease is usually subclinical; however, adrenal insufficiency
may be precipitated by stress, drugs such as ketoconazole that inhibit steroidogenesis, or the acute withdrawal of steroid agents such as megestrol.
Hyporeninemic hypoaldosteronism is a very common predisposing factor in several overlapping subsets of hyperkalemic patients:
diabetics, the elderly, and patients with renal insufficiency. Classically,
patients should have suppressed PRA and aldosterone; approximately
50% have an associated acidosis, with a reduced renal excretion of
NH4+, a positive urinary anion gap, and urine pH <5.5. Most patients
are volume expanded, with secondary increases in circulating atrial
natriuretic peptide (ANP) that inhibit both renal renin release and
adrenal aldosterone release.
Renal Disease and Hyperkalemia Chronic kidney disease and end-stage
kidney disease are very common causes of hyperkalemia, due to the associated deficit or absence of functioning nephrons. Hyperkalemia is more
common in oliguric acute kidney injury; distal tubular flow rate and Na+
delivery are less limiting factors in nonoliguric patients. Hyperkalemia
out of proportion to GFR can also be seen in the context of tubulointerstitial disease that affects the distal nephron, such as amyloidosis, sickle
cell anemia, interstitial nephritis, and obstructive uropathy.
Hereditary renal causes of hyperkalemia have overlapping clinical features with hypoaldosteronism, hence the diagnostic label
pseudohypoaldosteronism (PHA). PHA type I (PHA-I) has both an
autosomal recessive and an autosomal dominant form. The autosomal
dominant form is due to loss-of-function mutations in the MLR; the
recessive form is caused by various combinations of mutations in the
three subunits of ENaC, resulting in impaired Na+ channel activity in
principal cells and other tissues. Patients with recessive PHA-I suffer
from lifelong salt wasting, hypotension, and hyperkalemia, whereas
the phenotype of autosomal dominant PHA-I due to MLR dysfunction
improves in adulthood. PHA type II (PHA-II; also known as hereditary
hypertension with hyperkalemia) is in every respect the mirror image of
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GS caused by loss of function in NCC, the thiazide-sensitive Na+-Cl–
cotransporter (see above); the clinical phenotype includes hypertension, hyperkalemia, hyperchloremic metabolic acidosis, suppressed
PRA and aldosterone, hypercalciuria, and reduced bone density.
PHA-II thus behaves like a gain of function in NCC, and treatment
with thiazides results in resolution of the entire clinical phenotype.
However, the NCC gene is not directly involved in PHA-II, which
is caused by mutations in the WNK1 and WNK4 serine-threonine
kinases or the upstream Kelch-like 3 (KLHL3) and Cullin 3 (CUL3),
two components of an E3 ubiquitin ligase complex that regulates these
kinases; these proteins collectively regulate NCC activity, with PHAII-associated activation of the transporter.
Medication-Associated Hyperkalemia Most medications associated with
hyperkalemia cause inhibition of some component of the reninangiotensin-aldosterone axis. ACE inhibitors, angiotensin receptor
blockers, renin inhibitors, and MLRs are predictable and common
causes of hyperkalemia, particularly when prescribed in combination.
The oral contraceptive agent Yasmin-28 contains the progestin drospirenone, which inhibits the MLR and can cause hyperkalemia in susceptible patients. Cyclosporine, tacrolimus, NSAIDs, and cyclooxygenase
2 (COX2) inhibitors cause hyperkalemia by multiple mechanisms, but
share the ability to cause hyporeninemic hypoaldosteronism. Notably,
most drugs that affect the renin-angiotensin-aldosterone axis also block
the local adrenal response to hyperkalemia, thus attenuating the direct
stimulation of aldosterone release by increased plasma K+ concentration.
Inhibition of apical ENaC activity in the distal nephron by amiloride
and other K+-sparing diuretics results in hyperkalemia, often with
a voltage-dependent hyperchloremic acidosis and/or hypovolemic
hyponatremia. Amiloride is structurally similar to the antibiotics trimethoprim (TMP) and pentamidine, which also block ENaC; risk factors for TMP-associated hyperkalemia include the administered dose,
renal insufficiency, and hyporeninemic hypoaldosteronism. Indirect
inhibition of ENaC at the plasma membrane is also a cause of drugassociated hyperkalemia; nafamostat, a protease inhibitor used in some
countries for the management of pancreatitis, inhibits aldosteroneinduced renal proteases that activate ENaC by proteolytic cleavage.
Clinical Features Hyperkalemia is a medical emergency due to its
effects on the heart. Cardiac arrhythmias associated with hyperkalemia
include sinus bradycardia, sinus arrest, slow idioventricular rhythms,
ventricular tachycardia, ventricular fibrillation, and asystole. Mild
increases in extracellular K+ affect the repolarization phase of the
cardiac action potential, resulting in changes in T-wave morphology;
further increase in plasma K+ concentration depresses intracardiac
conduction, with progressive prolongation of the PR and QRS intervals. Severe hyperkalemia results in loss of the P wave and a progressive widening of the QRS complex; development of a sine-wave
sinoventricular rhythm suggests impending ventricular fibrillation or
asystole. Hyperkalemia can also cause a type I Brugada pattern in the
electrocardiogram (ECG), with a pseudo–right bundle branch block
and persistent coved ST segment elevation in at least two precordial
leads. This hyperkalemic Brugada’s sign occurs in critically ill patients
with severe hyperkalemia and can be differentiated from genetic
Brugada’s syndrome by an absence of P waves, marked QRS widening, and an abnormal QRS axis. Classically, the electrocardiographic
manifestations in hyperkalemia progress from tall peaked T waves
(5.5–6.5 mM), to a loss of P waves (6.5–7.5 mM) to a widened QRS
complex (7.0–8.0 mM), and, ultimately, a to a sine wave pattern (>8.0
mM). However, these changes are notoriously insensitive, particularly
in patients with chronic kidney disease or end-stage renal disease.
Hyperkalemia from a variety of causes can also present with
ascending paralysis, denoted secondary hyperkalemic paralysis to
differentiate it from familial hyperkalemic periodic paralysis (HYPP).
The presentation may include diaphragmatic paralysis and respiratory
failure. Patients with familial HYPP develop myopathic weakness during
hyperkalemia induced by increased K+ intake or rest after heavy exercise.
Depolarization of skeletal muscle by hyperkalemia unmasks an inactivation defect in skeletal Na+ channel; autosomal dominant mutations in
the SCN4A gene encoding this channel are the predominant cause.
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