Electrolyte disturbances associated with commonly prescribed
medications in the intensive care unit
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Electrolyte imbalances are common in critically ill patients.
Although multiple disease states typically encountered in the
intensive care unit may be responsible for the development of
electrolyte disorders, medications may contribute to these distur-
bances as well. Medications can interfere with the absorption of
electrolytes, alter hormonal responses affecting homeostasis, as
well as directly impact organ function responsible for maintaining
electrolyte balance. The focus on this review is to identify com-
monly prescribed medications in the intensive care unit and
potential electrolyte disturbances that may occur as a result of
their use. This review will also discuss the postulated mecha-
nisms associated with these drug-induced disorders. The specific

drug-induced electrolyte disorders discussed in this review in-
volve abnormalities in sodium, potassium, calcium, phosphate,
and magnesium. Clinicians encountering electrolyte disturbances
should be vigilant in monitoring the patient’s medications as a
potential etiology. Insight into these drug-induced disorders
should allow the clinician to provide optimal medical manage-
ment for the critically ill patient, thus improving overall healthcare
outcomes. (Crit Care Med 2010; 38[Suppl.]:5253-S264)
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lectrolytes play an essential
role in numerous physiologic
functions in the body (1).
Many metabolic processes and
normal organ functions are dependent on
precise intracellular as well as extracellu-
lar electrolyte concentrations (1). This
balance is maintained through a complex
system of multiple mechanisms, involv-
ing many different hormones and organs
that influence electrolyte distribution (1,
2). Consequently, several factors can
equally affect electrolyte homeostasis, in-
cluding acid-base imbalance, fluid status,
organ dysfunction, neurohormonal disor-
ders, and disease states (1, 2).
Electrolytes abnormalities are com-
mon in the intensive care unit (ICU).
Disturbances within the regulatory
mechanisms can have significant conse-
quences, especially in the critically ill pa-
tient (1, 2). Many clinical manifestations,
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including respiratory failure, edema,
muscle weakness, altered mental status,
and arrhythmias, may be attributed to
electrolyte disturbances (1, 2).

Several medications have been impli-
cated in the development of electrolyte
disturbances (1, 2). Unfortunately, many
common medications used in these pa-
tients can disrupt electrolyte serum con-
centrations (3, 4). Also, overdose inges-
tion (e.g., aspirin) or accumulation of
long-term therapy (e.g., lithium, theoph-
ylline), resulting in drug toxicity, can
contribute to impaired electrolyte ho-
meostasis in patients admitted to the ICU
(3, 4). The purpose of this review is to
identify common drug-induced electro-
lyte disturbances in the ICU and discuss
the potential mechanisms involved. De-
spite the associated risk of electrolyte ab-
normalities with intravenous fluids and
parenteral hyperalimentation, a detailed
review of these therapies leading to elec-
trolytes imbalances as well as their re-
spective treatment and prevention strat-
egies is beyond the scope of this paper.

Sodium

Background and physiologic
function

The major extracellular cation in the
body is sodium, which is normally kept at
a serum concentration of 135-145

mmol/L (5). It accounts for >85% of
fluid osmolality and is responsible for
maintaining tonicity, hence controlling
water movement across cell membranes
and regulating extracellular fluid volume
(5, 6). It is primarily excreted via the
kidney. The recommended daily intake of
sodium is 1200-1700 mg each day, de-
pending on gender and age.

Homeostasis

Sodium and water homeostasis are in-
tegrally related. As sodium regulates ex-
tracellular fluid volume, water regulates
intracellular fluid volume; both volumes
make up total body water (5). Renal ex-
cretion of sodium is controlled via aldo-
sterone, which causes sodium resorption
through the proximal tubule and atrial
natriuretic factor (5, 7).

Water balance is regulated primarily
through vasopressin, which is controlled
by hypothalamic osmoreceptors (5).
When a decrease in circulating volume is
sensed, vasopressin is released by the pos-
terior pituitary, causing water to be
resorbed across the renal collecting ducts
(8, 9). This low volume also stimulates a
thirst mechanism (8).

Drug-induced hyponatremia

Hyponatremia is usually defined as a
serum sodium of <135 mmol/L. This re-
flects an excess of water causing a dilu-
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tional effect in the plasma, or a sodium
loss greater than water loss in the body
(1, 9). Therefore, the plasma concentra-
tion may not reflect total body sodium,
and the osmolality of the plasma should
be assessed, which may be increased (hy-
perosmolar), decreased (hypoosmolar), or
normal (isoosmolar) (1).

When hyponatremia develops, there is
a shift of water into the cells, resulting in
tissue edema, increased intracranial pres-
sure, and neurologic symptoms (9).
Symptoms are usually progressive as the
sodium declines, ranging from nausea
and malaise with serum values of 125-
130 mmol/L to more aggressive neuro-
logic signs (seizures, coma) with <115
mmol/L (9). This is a reflection of the
changes in osmolarity and fluid shifts
within the central nervous system (1).
The symptom severity also depends on
the rate that the serum sodium concen-
tration decreases; the slower the rate, the
more time the brain cells have to self-
regulate, resulting in less severe symp-
toms (9).

Hoorn et al (10) studied hospitalized
patients with hyponatremia and found
that patients in the critical care area had
the highest occurrence of hyponatremia
(38%). Characteristics of patients with
ICU-acquired hyponatremia include neu-
rologic/trauma or surgical admissions,
longer ICU stay, hyper- or hypothermia,
and hyperkalemia (11). The reported oc-
currence rate of ICU hyponatremia has
varied, with one study (11) reporting a
low of 11.0% and another study (12) re-
porting a high of 24.5%. Acquired hypo-
natremia in critically ill patients during
their ICU stay has been associated with
increased ICU and overall hospital mor-
tality compared with patients with nor-
mal serum sodium levels (18% and 28%
vs. 9% and 16%, respectively, p < .001)
(11). These patients also had a longer
length of stay in the ICU as well as overall
hospitalization (11). Various medications
have been reported to cause hyponatre-
mia in ICU patients. Common drugs and
their mechanisms are shown in Table 1.

Hyperosmolality

Theoretically, agents like mannitol
may cause a hyperosmotic hyponatremia
by instigating a fluid shift and subsequent
dilution of the plasma sodium (13). In
one case report (14), a patient receiving
mannitol over a period of 3 days for in-
creased intraocular pressure had a de-
crease in sodium to 112 mmol/L, and
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Table 1. Medication-induced causes of sodium disturbances

Sodium Disorder Mechanism

Medication

Hyponatremia  Impairs urinary diluting
capacity

Volume expansion secondary to
increased osmolality

Stimulate thirst via conversion
of angiotensin I or II

Renal salt wasting

Syndrome of inappropriate
antidiuretic hormone

secretion

Secondary to inhibition of
prostaglandins and
potentiation of vasopressin’s
effect on the tubule

Hypotonic fluid caused renally

Volume depletion

Nephrogenic diabetes insipidus

Hypernatremia

Exogenous sodium load

Hypertonic sodium gain by
renal

Gastrointestinal loss

Thiazide diuretics, loop diuretics (22, 23)
Mannitol (13, 127)
ACE inhibitors (128)

Trimethoprim-sulfamethoxazole (24-26)

Proton pump inhibitors (specifically, omeprazole
and esomeprazole), nicotine, chlorpropramide,
tolbutamide, clofibrate, cyclophosphamide,
morphine, barbituates, vincristine,
acetaminophen, carbamazepine, ACE
inhibitors, NSAIDs, antipsychotics,
desmopressin, oxytocin, and antidepressants
(SSRIs, TCAs) (4, 18-21, 128-137).

NSAIDs (138, 139)

Loop diuretics (6)

Mannitol (13, 127)

Amphotericin B, demeclocycline,
dexamethasone, dopamine, ifofamide, lithium,
ofloxacin, orlistat, foscarnet (35, 140-142)

Hypertonic 3% saline or normal (0.9%) saline,
antibiotics containing sodium (40)

Hypertonic sodium bicarbonate infusion, sodium
water loss chloride hypertonic infusion (6,
109)

Osmotic cathartic agents (lactulose, sorbitol) (6)

ACE, angiotensin-converting enzyme; NSAIDs, nonsteroidal anti-inflammatory drugs; SSRIs, se-
lective serotonin reuptake inhibitors; TCAs, tricyclic antidepressants.

subsequently developed confusion, dys-
pnea, and anuria.

Hypoosmolality euvolemic

The syndrome of inappropriate antidi-
uretic hormone is the most common
cause of euvolemic hyponatremia, and
manifests as water retention due to argi-
nine vasopressin release as well as uri-
nary sodium excretion (7, 15). One drug
of particular interest is carbamazepine
(16, 17). In non-ICU patients, the hy-
ponatremic effect of this medication was
correlated with the medication dose, se-
rum concentration, and low sodium con-
centration before initiation of therapy.
This seemed to occur more frequently in
patients concurrently on other medica-
tions that could cause hyponatremia.
Rarer causes of hyponatremia in ICU pa-
tients may include proton pump inhibi-
tors and desmopressin (18-21).

Hypoosmolality hypovolemic

Thiazide diuretics have been shown to
be a common cause of community-

acquired hyponatremia (22). Their effect
on the cortical collecting duct causes an
impairment of the urinary diluting capac-
ity (23). In a study of severe diuretic-
induced hyponatremia (Na <115 mmol/
L), thiazides were implicated in 93% of
cases, with loop diuretics accounting for
6% (23). Rarer causes of drug-induced
hyponatremia include trimethoprim-
sulfamethoxazole, which is more com-
mon in patients receiving higher doses,
such as in the treatment of Pneumocystis
carinii pneumonia, or with renal dys-
function (24-26).

Drug-induced hypernatremia

Hypernatremia is usually defined as
a serum sodium >145 mmol/L (1). This
can result from pure water loss (e.g.,
diabetes insipidus, significant insensi-
ble losses), hypotonic sodium loss (e.g.,
gastrointestinal losses), hypotonic so-
dium and potassium loss (e.g., osmotic
diuresis), or hypertonic sodium gain
(e.g., 3% saline infusion) (6). Initially,
symptoms tend to be nonspecific, pro-
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gressing to severe neurologic symp-
toms, such as altered mental status,
irritability, and coma. Patients usually
do not exhibit severe symptoms until
the sodium concentration increases to
>158-160 mmol/L (6).

The occurrence rate of hypernatremia
is seen in approximately 5% to 9% of ICU
patients, but it has been reported as high
as 26% (11, 27-30). Factors affecting
fluid status, including hypokalemia, hy-
poalbuminemia, and renal dysfunction,
are independent predictors of ICU-
acquired hypernatremia (11, 31). Criti-
cally ill patients with hypernatremia have
been associated with increased duration
of mechanical ventilation, longer ICU and
hospital stay, and higher risk of renal
dysfunction (11, 29-34). Patients with
hospital-acquired hypernatremia were
found to have significantly higher mor-
tality rates (22% to 48%) than patients
with hypernatremia at the time of hospi-
tal admission (27, 28, 30, 31). Medica-
tions that cause hypernatremia are also
listed in Table 1.

Hypovolemic

Hypovolemic hypernatremia can de-
velop with medications, causing volume
contraction. Osmotic diuresis with man-
nitol and loop diuretics has been impli-
cated as manifesting this adverse reac-
tion. A recent study (30) examining the
prevalence and mortality in hypernatre-
mic ICU patients found that these pa-
tients received significantly more furo-
semide (84.6% vs. 24.8%, p < .001).

Euvolemic

Nephrogenic diabetes insipidus mani-
fests as large volumes of dilute urine
brought about by the ineffective antidi-
uretic action of vasopressin on the kidney
(35). Many medications have been impli-
cated as a potential cause of nephrogenic
diabetes insipidus, producing a euv-
olemic hypernatremia. Of interest, al-
though nephrogenic diabetes insipidus
occurring with amphotericin B has been
reported to resolve upon changing ther-
apy to the liposomal form of the medica-
tion, there is one case report with high-
dose liposomal amphotericin B causing
nephrogenic diabetes insipidus as well
(36-38). Few medications have been re-
ported to cause central diabetes insipi-
dus. Phenytoin is one example, inhibiting
antidiuretic hormone secretion and in-
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creasing urine volume, putting patients
at risk for hypernatremia (39).

Hypervolemic

Excessive administration of sodium
can cause hypernatremia in ICU patients.
Most clinicians would consider hyper-
tonic (3%) saline a classic example,
which has been shown to cause hyper-
natremia in patients with traumatic brain
injury (40). The sodium load associated
with sodium bicarbonate is also a risk
factor for the development of hypernatre-
mia (31).

Potassium homeostasis

Mechanisms responsible for maintain-
ing potassium homeostasis include tran-
scellular shifting of potassium from the
extracellular space into cells as well as
increased renal and fecal elimination.
The key components to transcellular shift
include insulin, P-adrenergic cat-
echolamines, and aldosterone (with sup-
port from angiotensin II) (41). All three
components stimulate sodium/potassium
adenosine triphosphate (Na/K ATPase)
pumps resulting in cellular uptake of po-
tassium (42—-44). Aldosterone stimulates
potassium secretion into the renal col-
lecting duct, promoting excretion by the
kidney (45). The balance of potassium
homeostasis is based on a feedback mech-
anism for insulin and aldosterone; thus,
an increase or decrease of potassium con-
centration within the extracellular fluid
stimulates the release of both hormones
(46). Renal and fecal elimination are pri-
marily attributed to a pharmacologic eti-
ology, which includes direct effects on
sodium resorption. The result of sodium
resorption creates an electrochemical
gradient for potassium secretion (47).
Drug-induced etiologies of hypokalemia
include transcellular shifting of potas-
sium from the extracellular compartment
into cells, increased renal excretion, and
abnormal loss of potassium from stool.

Drug-induced hypokalemia

Hypokalemia is one of the most com-
mon electrolyte abnormalities identified
within the hospital environment with a
prevalence of >20% when defined as a
serum potassium of <3.6 mmol/L (48).
Data are inconsistent in defining numer-
ical values for mild-to-moderate hypoka-
lemia, but most experts agree that a se-
rum potassium of <2.5mEq/L is

recognized as severe (49). Hypokalemia is
well documented in hospitalized patients
but very limited data are available in crit-
ically ill patients. Incidences within
trauma patients have ranged from 50% to
60% occurring within 1 hr after injury
with complete resolution occurring
within 24 hrs with limited potassium re-
placement (50). About 40% of surgical
patients experience hypokalemia with the
onset occurring approximately 2.3 days
after ICU admission (51). Signs and
symptoms of hypokalemia include nau-
sea, vomiting, muscle weakness, cramp-
ing, and rhabdomyolysis with a serum
potassium of <2.5 mmol/L (52, 53). The
most severe physiologic sequelae associ-
ated with hypokalemia is cardiac arrhyth-
mias including ventricular tachycardia
and ventricular fibrillation (49). Etiolo-
gies of hypokalemia within the ICU in-
clude limited dietary potassium intake,
renal and stool volume loss, metabolic
alkalosis, renal tubular acidosis, uncon-
trolled diabetes mellitus, hyperaldoste-
ronism, mineralocorticoid excess, mag-
nesium depletion, and pharmacologic
agents.

Clinicians investigating etiologies of
hypokalemia in the ICU patient must first
review the patient’s medication record for
common agents associated with this phe-
nomenon. Pharmacologic agents and as-
sociated mechanisms are summarized in
Table 2. Sympathomimetic agents, in-
cluding nebulized albuterol in high doses
(10 mg and 20 mg) administered in pa-
tients with end-stage renal disease, de-
creased serum potassium levels by ap-
proximately 0.6-1 mmol/L (54, 55).
Therapeutic doses of albuterol have also
decreased serum potassium more mod-
estly from 0.2 mmol/L to 0.4 mmol/L (56,
57). The hypokalemia phenomenon is
proposed to be predominately mediated
by the B, receptor, but data have also
identified the B, receptor that also may
play a role (58). Patients receiving higher
doses of the intravenous dobutamine
(30-40 wg/kg/min) demonstrated lower-
ing of serum potassium as much as 0.56
mmol/L (59). Diuretics, including thia-
zide agents, are usually reserved as
add-on therapy to a loop diuretic to en-
hance diuresis. Both agents promote a
synergistic effect on potassium excretion
and, thus, are associated with causing
mild-to-severe hypokalemia, despite po-
tassium supplementation (60). The de-
gree of hypokalemia is directly related to
the dose of the thiazide or loop diuretic
and duration of treatment (60, 61). Am-
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Table 2. Medication-induced causes of potassium disturbances

Potassium Disorder Mechanisms

Medications

Hypokalemia

Inhibit sodium resorption in loop of

Stimulate Na+/K+ ATPase pump

Sympathomimetics (epinephrine,
terbutaline, fenoterol, albuterol),
insulin, methylxanthines
(theophylline, aminophylline),
dobutamine (58, 59, 143-147)

Loop and thiazide diuretics (61)

Henle and distal renal tubule

Elevate the osmolality of the

glomerular filtrate

Inhibiting hydrogen ion secretion by

the renal distal tubule

Enhance resorption of sodium at the

renal distal tubule

Sodium resorption and solute
diuretic in the depletion of

magnesium

Inhibit secretion of hydrogen ions by

renal collecting duct

Exchange sodium for potassium

within lumen of intestine
Hyperkalemia

Competitive inhibitor of aldosterone/
reduce sodium absorption in renal

distal tubule

Inhibiting Na+/K+ ATPase pump

Interferes with conversion of

Excess potassium administration

Osmotic diuretics (72)
Carbonic anhydrase inhibitors (148)

Adrenocortical steroids
(mineralcorticoids/glucocorticoids)
(3, 149)

Natural penicillin, penicillinase-
resistant penicillin,
aminopenicillins and extended renal
collecting duct spectrum penicillins
(150-156)

Aminoglycosides (gentamicin,
tobramycin, amikacin),
amphotericin B (41)

Amphotericin B (60, 157, 158)

Cation-exchange resin (sodium
polysterene sulfonate) (159)

Citrate, penicillin G, enteral and
parenteral nutrition formulations
(160, 161)

Spironolactone/amiloride,
triamterene, trimethoprim (79, 101,
162)

Metoprolol, propranolol, labetalol,
digoxin (98, 163, 164)

ACE/ARB (77, 85, 87)

angiotensin I into angiotensin

II/induces state of
hypoaldosteronism

Decreasing number and affinity of

Heparin, LMWH (91)

angiotensin II receptors reducing

aldosterone synthesis
Ion channel depolarization

Succinylcholine (165-167)

ATPase, adenosine triphosphatase; ACE, angiotensin-converting enzyme; ARB, angiotensin recep-

tor blocker; LMWH, low-molecular weight heparin.

photericin B is a polyene macrolide anti-
fungal with a prevalence of hypokalemia
documented as high as 47% (62-64).
Based on this theory of developing hypo-
kalemia, amiloride has been used to alle-
viate amphotericin B potassium wasting
by increasing serum potassium levels 0.5
mmol/L within 5 days of administration
(65). Sodium polysterene sulfonate is a
cation-exchange resin that can be admin-
istered orally or as a retention enema.
Because this agent is associated with
causing constipation, it is sometimes ad-
ministered with sorbitol as a cathartic to
enhance diarrhea and potassium excre-
tion. Although sorbitol can be used, it is
not recommended due to cases of colonic
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necrosis that have developed because of
its use (66). At doses of 15-60 g in the
adult patient, each gram of the exchange
resin has the potential to bind approxi-
mately 0.65 mmol of potassium (67).
When administered orally, the agent has
a slow onset of action (2 hrs) with a
maximum effect that may not occur for
>6 hrs (68). Other data have demon-
strated that resins are useful for treat-
ment of hyperkalemia but lowering of the
serum potassium did not occur for 1-5
days (69). Based on its slow onset of ef-
fect, cation-exchange resins are not effec-
tive in the treatment of acute hyperkale-
mia, and they do not significantly
enhance potassium excretion beyond the

effect of diarrhea induced by osmotic or
secretory cathartics (70, 71).

Drug-induced hyperkalemia

Hyperkalemia is a common occur-
rence in hospitalized patients with fre-
quencies that range from 1.3% (serum
potassium of >6 mEq/L) to 10% (serum
potassium of >5.3 mEq/L) (72). Drug-
induced hyperkalemia has been identified
as a primary cause or contributing factor
in 35% to 75% of hospitalized patients
(73-75). The prevalence of hyperkalemia
in critically ill patients is unknown, but
patients at highest risk include a diagno-
sis of moderate-to-severe chronic renal
insufficiency, hypoaldosteronism, and
diseases associated with impaired re-
sponse to the potassium secretory effects
of aldosterone (76). Hyperkalemia is pri-
marily precipitated by excessive potassium
intake, impaired renal excretion of potas-
sium, or abnormal or altered cellular up-
take of potassium. The major physiologic
sequelae of hyperkalemia include weak-
ness, ascending paralysis, and respiratory
failure (60). Early electrocardiographic
changes include elevated T wave, as the
serum potassium increases prolonged PR
interval, widened QRS complex, and merg-
ing S and T waves. Left untreated, electro-
cardiographic changes include sine-wave
pattern, idioventricular rhythms, and asys-
tolic cardiac arrest (49). Pharmacologic
agents and associated mechanisms are
summarized in Table 2.

Potassium supplementation is the
most obvious etiology of hyperkalemia,
which has been identified as a cause of
hyperkalemia in 15% to 40% of hospital-
ized patients (77). Administration of
100-200 mEq of potassium may increase
serum potassium levels by approximately
1 mEq/L (78). Although potassium sup-
plementation alone rarely causes hyper-
kalemia, it is often the underlying acute
change in potassium excretion that leads
to an elevated potassium level. Potassi-
um-sparing diuretics, including spirono-
lactone, triamterene, and amiloride, in-
hibit potassium secretion. Fatal
hyperkalemia has been reported with all
three agents in 10% to 20% of patients
prescribed these medications (41, 79, 80).
Nonselective B blockers have been asso-
ciated with contributing to hyperkalemia
in 4% to 17% of hospitalized patients
(77). The level of potassium increase is
small and has been reported to be as low
as 0.3 mEg/L (3). Angiotensin-converting
enzyme (ACE) is a peptide that has been

Crit Care Med 2010 Vol. 38, No. 6 (Suppl.)



associated with the development of hy-
perkalemia in 9% to 38% of hospitalized
patients (81-83). Risk of ACE inhibitor
hyperkalemia seems to be related to a
number of factors, including diagnosis of
diabetes, hypoaldosteronism, heart fail-
ure, cirrhosis, drug interactions, and the
degree of renal insufficiency (81, 84—-86).
Hyperkalemia can develop, despite nor-
mal kidney function (77, 85). Life-
threatening hyperkalemia has also been
identified with concomitant spironolac-
tone. Patients with renal insufficiency,
diabetes, heart failure, and dehydration
are at greater risk of developing hyperka-
lemia with adjunctive therapy (86). An-
giotensin receptor blockers induce a state
of hypoaldosteronism similar to that with
ACE inhibitors. Several trials have shown
no difference in the incidence of hyper-
kalemia (serum potassium of =5.5
mEq/L) between an angiotensin receptor
blocker (1.5%) compared with an ACE
inhibitor (1.3%) (87). Until more data are
available, both ACEs and angiotensin re-
ceptor blockers should be considered
equally important as an etiology of hyper-
kalemia in high-risk patient populations.
Heparin and heparinoid compounds, in-
cluding unfractionated and low-molecu-
lar weight heparin-induced hyperkale-
mia, are well documented (88-90).
Greater than normal potassium levels oc-
cur in about 7% of patients, and this has
occurred with unfractionated doses as
low as 5000 units twice daily (91). Eleva-
tions in serum potassium have ranged
from 0.2 mEq/L to 1.7 mEqg/L with an
onset 1 to 3 days after drug exposure (91,
92). Succinylcholine has been reported to
cause severe hyperkalemia in patients
with burns, trauma, and severe infection
(93, 94). Succinylcholine causes an in-
crease in serum potassium up to 1
mEq/L, which peaks in 2-5 mins and
then quickly returns to baseline in nor-
mal healthy patients (94, 95). Although
this rise is transient, significant adverse
drug events, including cardiac arrest,
have been reported with a prevalence of
0% to 40% (96, 97). Digoxin does not
contribute to hyperkalemia with tradi-
tional dosing. However, toxic overdoses
can lead to life-threatening hyperkale-
mia, because cellular potassium trans-
port is impaired in a dose-dependent
manner (98). Trimethoprim (TMP) acts
synergistically with sulfonamides, block-
ing sequential biochemical steps in the
production of folic acid. Several reports
(25, 99-101) have associated TMP with
hyperkalemia. The prevalence of hyperka-
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lemia (>5 mEq/L) has been reported as
high as 50% in human immunodefi-
ciency virus patients treated with high-
dose TMP, whereas nonhuman immuno-
deficiency virus patients treated with a
standard dose of TMP (360 mg daily) car-
ried a lower incidence (21%) (101, 102).
TMP has been associated with increasing
serum potassium levels of 0.6-1.1
mmol/L (102, 103). Risk factors for devel-
opment of hyperkalemia are attributed to
the drug’s pharmacologic structure,
which is similar to the potassium-sparing
diuretic amiloride and degree of renal
dysfunction (serum creatinine of >1.2
mg/dL) (25, 101).

Calcium

Background and physiologic
function

Calcium is one of the most abundant
electrolytes within the human body
(104). The three fractions of circulating
calcium present in the blood are: 1) pro-
tein-bound (40% to 50%); 2) nonionized
chelated complexes with anions, includ-
ing citrate, phosphate, and sulfate (10%
to 15%); and (3) the ionized form (40% to
45%) (104, 105). The ionized form is the
physiologically active, regulated fraction
(105, 106). The majority of extracellular
calcium (99%) is stored in the bone,
which reflects <0.2% of serum calcium
concentrations (106).

Calcium functions as an important
component for multiple organ systems
and intracellular processes. The excita-
tion-contraction coupling in skeletal,
myocardial, and smooth muscle is depen-
dent on calcium. It also plays a pivotal
role in neurohormonal activity, coagula-
tion responses, and maintenance of bone
structure, as well as cell membrane in-
tegrity (2, 105). However, excessive intra-
cellular free calcium may be associated
with metabolic derangements, possibly
leading to cellular death (105).

Homeostasis

Serum calcium is primarily regulated
within a narrow therapeutic range by the
parathyroid hormone (PTH) and vitamin
D, although several other substances
(e.g., calcitonin, magnesium, epineph-
rine, phosphate, H+, interleukins) have a
minor effect t (5, 105, 107). Low ionized
calcium serum levels are detected by cal-
cium-sensing receptors on the parathy-
roid cells, which stimulate the secretion

of PTH from the parathyroid gland. Para-
thyroid hormone maintains serum cal-
cium concentrations through three
mechanisms: 1) osteoclast-induced liber-
ation of calcium from the bone; 2) pro-
nounced renal resorption of calcium in
the convoluted tubule along with in-
creased phosphorus excretion; and 3) en-
hancing calcium intestinal absorption in
conjunction with vitamin D (105). Vita-
min D is obtained exogenously through
our diet or synthesized endogenously in
the skin from ultraviolet light (105). Sub-
sequently, the liver hydroxylates vitamin
D to 25-hydroxyvitamin D (calcidiol)
(105). Further hydroxylation occurs
within the kidney to form 1,25 dihy-
droxyvitamin D (calcitriol) (105). Calcit-
riol increases calcium through intestinal
absorption as well as bone and renal re-
sorption (105). Parathyroid hormone en-
hances the conversion of calcidiol to cal-
citriol. Consequently, increased calcitriol
concentrations act as a negative feedback
signal to decrease PTH secretion (105).

Drug-induced hypocalcemia

Hypocalcemia is common among crit-
ically ill patients (105). Low total serum
calcium concentrations have been re-
ported to be as high as 90% in ICU pa-
tients (105). The prevalence of hypocal-
cemia as measured ionized calcium
develops in about 15% to 20% of the
critically ill but may vary among different
ICU patient populations (108). The true
prevalence is further complicated by the
inaccuracies of calculating ionized hy-
pocalcemia from total serum calcium lev-
els and albumin concentrations (104).
Overall, hypocalcemia occurs as a result
of four primary pathways: 1) PTH insuf-
ficiency; 2) vitamin D deficiency; 3) cal-
cium chelation; or 4) bone resorption
dysfunction (105). An extensive list of in-
sults leading to hypocalcemia has been
identified in critically ill patients, includ-
ing but not limited to trauma, renal fail-
ure, hyperphospatemia, and sepsis (104).
Furthermore, medications responsible
for this electrolyte disorder affect at least
one of the previously mentioned path-
ways resulting in hypocalcemia. These
medications and their associated mecha-
nisms are summarized in Table 3. Medi-
cations responsible for this electrolyte
disorder affect at least one of the previ-
ously mentioned pathways. Several med-
ications can inhibit PTH or calcitriol’s
effects on the bone, resulting in de-
creased calcium mobilization (105). Pre-
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Table 3. Medication-induced causes of calcium disturbances

Calcium Disorder Mechanism

Medications

Decreased bone
resorption

Hypocalcemia

Calcium chelation or
vitamin D deficiency

Fluoride poisoning, chemotherapeutic agents

(cisplatin, carboplatin, 5-fluorouracil with
leucovorin, dactinomycin, cyclophosphamide,
ifosfamide, doxorubicin with cytarabine),
bisphosphonates, calcitonin, amphotericin B,
cimetidine, ethanol (5)

Foscarnet, citrate, phosphate ingestion (oral, enema,

intravenous), edetate (contrast dye precipitation
and propofol), albumin, lipid emulsion solutions
with TPN, heparin (4, 5, 104, 109),

Phenytoin, phenobarbital, ketoconazole, rifampicin,

Decreased PTH secretion/
action
Hypomagnesiumia

Increased urinary calcium
excretion

Increased bone resorption

Increased calcium
absorption

Decreased urinary
calcium excretion

Miscellaneous

Hypercalcemia

isoniazid, primidone (5)

Aspirin, estrogen, magensium sulfate, cochicine,

propylthiouracil, calcitonin, loop diurectis (4)

Aminoglycosides (amikacin, gentamicin, tobramycin,

neomycin) (3)

Loop diuretics (107)

Vitamin D (4)
Vitamin D, vitamin A (4)

Loop diuretics (4)

Estrogen, tamoxifen, thiazide diuretics, lithium (4,
114)

TPN, total parenteral nutrition; PTH, parthyroid hormone.

cipitation of calcium can develop with
increased exogenous sources of phos-
phate (e.g., phosphate-containing en-
ema). Chelation may also occur with
commonly used agents in the ICU, such
as propofol and contrast dye, which both
contain edentate (104, 109). This sub-
stance may be responsible for calcium
binding, although the clinical signifi-
cance of this compound developing hy-
pocalcemia remains debatable (109). Al-
bumin has been associated with
hypocalcemia in a transient phenomenon
(108). Heparin can promote hydrolysis of
triglycerides to monoglycerides and free
fatty acids, which complex with calcium
(110). Vitamin D deficiency secondary to
medications is another major cause for
hypocalcemia. Drugs, such as the anti-
convulsants, may induce liver enzyme ac-
tivity to increase metabolism of vitamin
D into inactive metabolites (3). Also, ami-
noglycosides can contribute to increased
renal excretion of magnesium (3). Thus,
hypocalcemia may be attributed to inhib-
ited PTH secretion as a result of hypo-
magnesemia (3).

Drug-induced hypercalcemia

Although hypercalcemia is a common
complication in cancer patients, it occurs
in about 15% of critically ill patients as
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well (46). The kidneys in conjunction
with the parathyroid gland maintain cal-
cium homeostasis after significant in-
creases in extracellular calcium concen-
trations (111). The rate and magnitude of
extracellular calcium influx exceeds the
kidney’s capability to eliminate it from
the body (111), with renal impairment
leading to increased calcium concentra-
tions (111). Nephrocalcinosis resulting
from calcium precipitation advances re-
nal dysfunction and may progress to ir-
reversible damage (111). Ultimately, re-
nal dysfunction and hypercalcemia
propagate the other condition. Several
etiologies of hypercalcemia have been
recognized, although malignancy and hy-
perparathyroidism encompass the major-
ity of cases (106). However, commonly
used medications have been associated
with hypercalcemia (Table 3). The drug-
induced pathophysiology leading to hy-
percalcemia is not as well documented as
hypocalcemia. However, this adverse
drug event may be attributed to disturb-
ing the calcium homeostasis pathways in-
volving PTH and vitamin D. Vitamin D
toxicity, resulting from high doses
(10,000-40,000 units/day) over an ex-
tended period of time, increases calcium
absorption from the intestine and kidney
as well as bone resorption (4, 111). As

vitamin D is a lipid-soluble substance,
excessive stores in the liver and adipose
tissue can be slowly released into the
serum up to several months after discon-
tinuation (111). Thiazide diuretics in-
crease serum calcium by 0.5-1 mg/dL
(112). The mechanism responsible for
thiazide-induced hypercalcemia is not
well understood. Potential theories ex-
plaining this finding include stimulation
of PTH secretion, or a direct action of the
diuretic on enhancing the peripheral ef-
fects of PTH (113). The impact of lithium,
estrogen, and tamoxifen on calcium ho-
meostasis is not well understood (4).
However, lithium may competitively in-
hibit calcium transport through cellular
membranes, thus increasing extracellular
concentrations (114).

Phosphate

Background and physiologic
function

Phosphorus is the most abundant in-
tracellular anion in the body (115). The
bone accounts for 85% of total body dis-
tribution, whereas the soft tissue, mus-
cle, and blood store the remaining
amounts (115, 116). Serum phosphorus
poorly reflects total body stores since in-
tracellular concentrations are about 100
times greater than extracellular concen-
trations (115, 116). Two thirds of serum
phosphorus exists as an organic form
with the remaining in its inorganic state
(115). Furthermore, the inorganic form
is present as unbound phosphate (85%)
comprising of HPO42~, H2PO4~, and
P0O43~ ions; protein-bound (10%), as
well as complexes (5%) formed with cal-
cium, magnesium, and sodium (115).

Phosphorus is an important compo-
nent in multiple physiologic processes
impacting many different organ systems.
It is a vital element in nucleic acids, nu-
cleoproteins, and cellular membranes
(116). Intracellular messenger pathways,
urinary and serum pH buffer systems,
immunity, as well as coagulation pro-
cesses are influenced by phosphorus
(116). Most importantly, phosphorus is
the source of adenosine triphosphate pro-
duction, which drives muscle contractil-
ity, neuronal transmission, and electro-
lyte transport (116).

Homeostasis

Phosphorus homeostasis is primarily
regulated by the kidney where up to 90%
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of phosphorus is filtered, although the
gastrointestinal tract and bone are also
involved to a lesser degree (116, 117).
Declining serum phosphorus levels stim-
ulate renal 1-a hydroxylase converting
calcidiol to calcitriol, resulting in in-
creased intestinal absorption, decreased
renal excretion, and stimulated bone re-
sorption (106). As phosphorus levels rise,
PTH increases renal excretion (106). Al-
though this complex process has been
overly simplified, it should be noted sev-
eral other factors (e.g., calcium, calcito-
nin, growth hormone, acid-base balance)
are involved (106, 115-117).

Drug-induced
hypophosphatemia

The prevalence of moderate hypophos-
phatemia (0.32-0.65 mmol/L) is rela-
tively low (<5%) in hospitalized patients;
the frequency of severe hypophos-
phatemia (<0.32 mmol/L) is even lower
(<0.05%) (115). However, hypophos-
phatemia can be observed in about 28%
of critically ill patients, more notably in
the trauma population (115). Clinical fea-
tures of severe hypophosphatemia can in-
clude respiratory failure, such as difficul-
ties in weaning mechanical ventilation as
well as cardiac, neurologic, hematologic,
and muscular abnormalities (115). Po-
tential drug-induced causes of hypophos-
phatemia should be considered among
other sources commonly encountered in
the ICU, such as sepsis, malabsorption,
alkalosis, hypothermia, and hemodialysis
(115, 116).

The etiology for most medications
causing hypophosphatemia in the ICU
can be explained by one of the following
mechanisms: 1) malabsorption or de-
creased intake of phosphorus; 2) transcel-
lular shifts of extracellular phosphorus
into the intracellular space; or 3) loss of
phosphorus through urinary excretion
(115). These medications and their asso-
ciated mechanisms are summarized in
Table 4. Aluminum in antacids, as well as
sucralfate, binds to phosphorus and
forms a nonabsorbable salt within the
gastrointestinal tract (118). Although hy-
pophosphatemia has been reported after
just a couple weeks of antacid therapy,
sucralfate’s effect on significantly lower-
ing serum concentrations is debatable
(118). The influence of catecholamine
and albuterol on intracellular shifting of
serum phosphorus may be mediated
through B-adrenergic actions (118). Di-
uretics have been associated with hy-
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Table 4. Medication-induced causes of phosphate disturbances

Phosphate Disorder Mechanism

Medications

Hypophosphatemia Malabsorption

Antacids (aluminum- or magnesium-containing),

sucralfate, phosphate binders (calcium-containing
products) (116, 118)

Transcellular shift Aspirin (overdose), albuterol, catecholamines (epinephrine,
dopamine), insulin (exogenous), sodium bicarbonate
(115, 116, 118)

Urinary excretion Acetaminophen (overdose), chemotherapeutic agents
(ifosfamide, cisplatin, cyclophosphamide, doxorubicin),
diuretics (thiazides, loop, osmotic, carbonic anhydrase
inhibitors), glucocorticoids, theophylline (overdose)

(118)
Hyperphosphatemia Excess phosphate
administration

Phosphate-containing enema/laxative, phosphate
(exogenous intravenous or oral sources) (116)

pophosphatemia through increased renal
excretion. However, the degree in which
these agents lower serum levels is related
to its potency on inhibiting carbonic an-
hydrase to increase bicarbonate excretion
(i.e., urine pH) (118). The majority of
phosphorus is absorbed in the proximal
tubule through a process determined by
urinary pH (118). The phosphorus form,
H,PO4™, is the most prevalent at higher
urinary pH levels, which is not as easily
resorbed as other forms (116). Acetazol-
amide is the most potent phosphorus-
lowering agent, whereas loop and thia-
zide diuretics have minimal effects based
on carbonic anhydrase-inhibiting poten-
tial (118). The significance of mannitol-
lowering phosphorus serum concentra-
tions remains unknown. This may be
attributed to its effect on falsely lowering
test results, thus hindering the reliability
and validity of phosphate assay methods
(118). Whereas most medications have a
direct effect on phosphorus absorption,
excretion or transcellular shift, aspirin
toxicity lowers serum levels indirectly
through the development of respiratory
alkalosis (116).

Drug-induced
hyperphosphatemia

Hyperphosphatemia occurs as a result
of increased exogenous or endogenous
sources of phosphorus exceeding the kid-
ney’s elimination capacity (119). This
electrolyte abnormality is typically rare in
otherwise healthy individuals (119).
However, patients with severely compro-
mised renal function, particularly the
critically ill, are at highest risk (119). The
list of medications causing hyperphos-
phatemia is not extensive and mostly lim-
ited to phosphate-containing products
(Table 4).

Magnesium

Background and physiologic
function

Although magnesium is the second
most common intracellular cation fol-
lowing potassium, serum magnesium
concentrations poorly reflect overall body
content (120). Total body stores are con-
centrated primarily in the bone (53%)
with other storage locations found in the
muscle (27%), soft tissue (19%), erythro-
cytes (0.5%), and serum (0.3%) (120).
Serum magnesium exists as its ionized
form (65%), bound with proteins (27%)
and complexes (8%) with other sub-
strates (e.g., phosphorus, citrate) (121).

Magnesium plays a pivotal role in
multiple organ systems and physiologic
processes. Over 300 enzymatic reactions
involve magnesium as a cofactor (2, 121).
More specifically, Na/K/Ca-adenosine
triphosphate activation is directly im-
pacted (120-122). Consequently, magne-
sium contributes to the regulation of in-
tracellular ions responsible for cellular
metabolism and conduction (122). Im-
munologic functions, neuromuscular
processes, and cardiovascular effects are
also influenced by magnesium (120-—
122).

Homeostasis

Unfortunately, comprehension of reg-
ulatory mechanisms involved in main-
taining magnesium homeostasis is in-
complete (120). Three organs (bone,
gastrointestinal tract, and kidneys) have
been identified as regulating serum mag-
nesium concentrations (120). PTH, as
well as insulin, vitamin D, vasopressin,
and calcitonin, are also believed to influ-
ence serum magnesium levels, although
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their significance remains debatable
(112, 121, 123).

The kidneys are the principal organ
for governing magnesium homeostasis
(121). About 75% of serum magnesium is
filtered through the kidneys in otherwise
healthy adults, of which most is resorbed
(122). The ascending loop of Henle
resorbs >50% of renally filtered magne-
sium with the proximal convoluted tu-
bules consuming back another 15% to
25% of magnesium; the remaining
amount is excreted (5%) (122).

Drug-induced hypomagnesemia

Hypomagnesemia is relatively com-
mon in the ICU and has been reported to
be prevalent in up to 50% of critically ill
patients (2). Although most patients
rarely experience signs and symptoms of
hypomagnesemia with serum magne-
sium concentrations of >1.5 mg/dL, clin-
ical manifestations may become apparent
when serum levels are <1.2 mg/dL (2,
120). However, it is important to recog-
nize that patients may have a total body
deficit of magnesium, despite normal se-
rum levels (122).

Hypomagnesemia can result in delete-
rious outcomes, especially in the ICU.
Muscle weakness associated with hypo-
magnesemia can make it difficult for me-
chanical ventilation weaning (120). Car-
diac conduction abnormalities secondary
to magnesium depletion and possibly co-
existing hypokalemia can result in PR as
well as QT interval prolongation (121).
Consequently, cardiac arrhythmias in-
cluding torsades de pointes can ensue
(120, 121). Most importantly, hypomag-
nesemia has been correlated with in-
creased morbidity and mortality in ICU
patients, although these findings remain
conflicted (121, 122).

The complexity of critically ill pa-
tients can pose a challenge in determin-
ing the etiology. Many chronic disease
states, as well as acute insults, can con-
tribute to magnesium deficits mostly
through excessive gastrointestinal
losses (e.g., malabsorption, decreased
intake), renal wasting, and endocrine
disturbances (120). Drug-induced
causes primarily affect the kidney’s
magnesium resorption capacity, al-
though a few medications can impact
transcellular shifts (Table 5). Although
for several medications the specific
mechanism for hypomagnesemia re-
mains unclear, it has been theorized
that nephrotoxic drugs (e.g., aminogly-
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Table 5. Medication-induced causes of magnesium disturbances

Magnesium Disorder Mechanism

Medications

Increased renal
excretion

Hypomagnesemia

Hypermagnesemia Transcellular shifts

Decreased renal
excretion

Excess magnesium
administration

Aminoglycosides (gentamicin, tobramycin, amikacin,
neomycin), amphotericin B, cisplatin,
cyclosporine, colony-stimulating factors, digoxin,
diuretics (loops, thiazides, osmotic and carbonic
anhydrase inhibitors), foscarnet, methotrexate,
pentamidine, polymycin B, ticarcillin (4, 121, 168)

Catecholamines (exogenous), insulin (exogenous)
(169)

Lithium intoxication (4)

Magnesium-containing enema/laxative/antacids,
magnesium (exogenous) administration
(intravenous or oral) (126)

cosides, cisplatin, cyclosporine, ampho-
tericin B) can induce magnesium renal
loss as a direct result of drug-induced
injury (121, 124). Furthermore, it
should be noted that higher aminogly-
coside cumulative dosages are propor-
tionally related to the degree of hypo-
magnesemia (124). Diuretics increase
urinary losses of magnesium (121).
However, the significance of these
losses is dependent on the site of action
for the specific diuretic (121). The loop
diuretics have a pronounced effect on
the development of magnesium losses
(121). This is attributed to their pri-
mary site of action on the loop of Henle,
the major region for renal resorption of
magnesium, whereas the thiazides in-
fluence the distal tubule within the kid-
ney (120, 121). Minimal amounts of
magnesium (<5%) are resorbed at this
section of the nephron, so thiazide-
induced losses are often insignificant
(120). However, other reports (121,
125) stated thiazides can have signifi-
cant effects on lowering serum magne-
sium levels. The development of hypo-
magnesemia has been implicated with
digoxin (4, 124). The precise mecha-
nism of how digoxin exerts its effects on
magnesium remains unknown. How-
ever, it has been hypothesized that in-
creased magnesium urinary excretion
may be caused by digoxin’s impairment
of the Na/K ATPase pump, therefore
inhibiting magnesium’s glomerular fil-
tration and transcellular movement (4,
124).

Drug-induced hypermagnesemia

Elevated magnesium serum concen-
trations are not as common as hypo-
magnesemia (106). Patients with com-

promised renal function are typically at
greater risk (106). The clinical manifes-
tations of hypermagnesemia typically
present when levels exceed 4 mEq/L
(112). Excessive magnesium can result
in cardiovascular and neuromuscular
abnormalities (112).

Few medications contribute to the
development of hypermagnesemia (4,
106, 112). Overzealous magnesium ad-
ministration (oral or intravenous) as
well as the use of magnesium-contain-
ing products (e.g., enemas, laxatives,
and antacids) may lead to increased se-
rum levels (106). However, oral magne-
sium administration resulting in hyper-
magnesemia is rather infrequent, as
gastrointestinal absorption is inversely
related to serum magnesium levels (i.e.,
increased oral absorption when serum
magnesium concentrations are low and
vice versa) (126). Lithium use and tox-
icity have been implicated in elevated
magnesium serum levels (106). Al-
though the mechanism remains un-
known, it is believed lithium disturbs
the kidneys’ ability to eliminate magne-
sium (4, 106).

Conclusion

Electrolyte abnormalities are com-
mon in critically ill patients. These dis-
turbances may be attributed to several
possible sources, which may often be
multifactorial. However, clinicians
should have an appreciation of medica-
tions as a potential cause of electrolyte
disorders. These drug-induced causes
in the ICU may be a result of medica-
tions altering the physiology of these
critically ill patients, or they may man-
ifest from medication toxicity. In-
creased awareness of drug-induced
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causes in the ICU is imperative in cor-
recting the electrolyte abnormalities.
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