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An overview of diagnosis and management of drug-induced
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Abstract
Magnesium (Mg) is commonly addressed as the “forgotten ion” in medicine.
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Nonetheless, hypomagnesemia should be suspected in clinical practice in patients
with relevant symptomatology and also be considered a predisposing factor for the
development of other electrolyte disturbances. Furthermore, chronic hypomagnesemia has been associated with diabetes mellitus and cardiovascular disease.
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Hypomagnesemia as a consequence of drug therapy is relatively common, with the
list of drugs inducing low serum Mg levels expanding. Culprit medications linked to
hypomagnesemia include antibiotics (e.g. aminoglycosides, amphotericin B), diuretics,
antineoplastic drugs (cisplatin and cetuximab), calcineurin inhibitors, and proton pump
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inhibitors. In recent years, the mechanisms of drug-induced hypomagnesemia have
been unraveled through the discovery of key Mg transporters in the gut and kidney.
This narrative review of available literature focuses on the pathogenetic mechanisms
underlying drug-induced hypomagnesemia in order to increase the insight of clinicians
toward early diagnosis and effective management.
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I NTRO D U C TI O N

Consequently, in hypoalbuminemic states (serum albumin <4 g/dl)
corrected serum Mg should be calculated using the formula: cor-

Hypomagnesemia is usually defined as a serum magnesium (Mg) level

rected Mg (mmol/L) = measured Mg(mmol/L) + 0.005 × (40 − albu-

below 0.65 mmol/L (1.3 mEq/L; 1.5 mg/dl).1 Serum Mg exists in three

min g/L).4 Correction of Mg for albumin levels is rarely performed in

forms: (1) free or ionized Mg, the physiologically active form that ac-

clinical practice, a strategy that should probably change.

counts for 55%–70% of total serum Mg; (2) Mg complexed to anions,

The incidence of hypomagnesemia varies considerably from

including bicarbonates, sulfates, phosphates, and citrates (5%–15%)

merely 2% among individuals in the community up to as high as 65%

and (3) Mg bound to serum proteins (primarily albumin), constitut-

in patients hospitalized in intensive care units.5,6 Discrepancies in

2

ing the remaining approximately 30%. Similarly to hypocalcemia,

the reported incidences of hypomagnesemia are attributed to the

3

fact that serum Mg is not routinely measured and that this ion is

hypoalbuminemia is also related to spurious hypomagnesemia.

Abbreviations: CNIs, calcineurin inhibitors; DCT, distal convoluted tubules; EGF, epidermal growth factor; EGFR, epidermal growth factor receptor; Mg, magnesium; mTOR, mammalian
target of rapamycin; NKCC2 co-transporter, sodium potassium chloride co-transporter; OR, odds ratio; PPIs, proton pump inhibitors; PTDM, post-transplantation diabetes mellitus;
ROMK, renal outer medullary K channels; TAL, thick ascending loop of Henle; TRPM6, transient receptor potential melastatin 6.
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commonly “forgotten” in the initial evaluation of electrolytes in ei-

Surprisingly, serum concentrations of the other electrolytes, includ-

7

ther the outpatient or inpatient. This is undeserved, because the

ing sodium, potassium and calcium, are tightly regulated by circu-

clinical importance of hypomagnesemia is underscored by poten-

lating hormones, whereas no truly “magnesiotropic” hormones have

tially severe symptoms (neuromuscular symptoms and cardiac ar-

been identified. Rare inherited disorders have been pivotal for the

rhythmias) and its association with other metabolic abnormalities

understanding of Mg physiology. For example, mutation analysis

(hypocalcemia, hypophosphatemia, and hypokalemia), as well as an

of patients with familial hypomagnesemia with secondary hypoc-

increased in-hospital mortality rate8 (Table 1). Furthermore, chronic

alcemia led to the discovery of two specialized Mg channels, the

hypomagnesemia has been associated with an increased risk for the

transient receptor melastatin (TRPM) channels TRPM6 and TRPM7

development of diabetes mellitus, hypertension, and cardiovascular

that belong to the family of transient receptor potential channels.15

disease overall.1,7

TRPM6 is mainly expressed in the gut, blood vessels, and the kidney

Among the various causes of hypomagnesemia, drugs feature

(distal convoluted tubules, DCT) playing a significant role in the epi-

prominently even in cases of extreme hypomagnesemia, defined as

thelial Mg transport. TRPM7 is expressed in virtually all tissues and

serum Mg concentration below 0.3 mmol/L (0.7 mg/dl) 8,14 (Table 2).

is possibly involved in cellular Mg homeostasis.16,17

Here, our aim was to review the available literature regarding hypo-

The regulation of serum Mg concentrations is mainly achieved

magnesemia as a consequence of drug treatment and discuss the un-

via regulated renal reabsorption. The proximal tubule and the thick

derlying pathophysiological mechanisms which may aid the clinician

ascending loop of Henle (TAL) reabsorb 15%–20% and 65%–75% of

towards early diagnosis and effective management.

filtered Mg, respectively. 20,21 This reabsorption is primarily achieved
through paracellular pathways. Water reabsorption along the prox-
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imal tubule results in an increased luminal Mg concentration and
paracellular Mg reabsorption in this kidney segment. 22 Moreover,
Mg reabsorption in the TAL is mediated by the favorable electrical

Following sodium, potassium, and calcium, Mg is the fourth most

(lumen-positive) gradient. This lumen-positive voltage is established

abundant cation in mammals and, similar to potassium, mainly

by sodium, potassium, and chloride reabsorption via sodium po-

stored intracellularly. Mg homeostasis is achieved by an interplay

tassium chloride (NKCC2) co-transporter coupled to potassium re-

between dietary intake, exchange between intracellular and ex-

entry into the lumen through the renal outer medullary K channels

tracellular pools and excretion via gut and kidneys (Figure 1). Of

(ROMK). 23

note, Mg exchange between extracellular and intracellular stores is

This process is facilitated by the tight junction proteins clau-

slow and therefore, ineffective against acute extracellular Mg loss.

din-16 and claudin-19. 21,24 In the DCT, Mg reabsorption takes place
in an active transcellular manner in which the TRPM6 channels play

TA B L E 1 Consequences of hypomagnesemia
Cardiovascular disorders9,10
Electrocardiographic changes: wide QRS complex, prolonged PR
interval, inversion of T waves, U waves
Arrhythmias: ventricular arrhythmias, torsade de points,
supraventricular tachycardia
Increased incidence of digitalis intoxication
Hypertension
Endocrine disorders11
Increased risk for the development of (post transplantation)
diabetes mellitus
Impaired release of PTH and skeletal resistance to the action of
PTH
Neuromuscular and neuropsychiatric disturbances12
Muscle cramps or weakness, carpopedal spasm, tetany, vertigo,
ataxia, seizures, depression, psychosis
Bone disorders13
Osteoporosis and osteomalacia
Electrolyte disorders5
Hypokalemia
Hypocalcemia
Hypophosphatemia
Abbreviation: PTH, parathormone.

a major role.15 Despite the fact that the DCT is responsible for only
5%–10% of total Mg reabsorption, its contribution to Mg homeostasis is of major importance given that there is no Mg reabsorption
beyond this segment. 25
A close link between Mg, potassium, calcium, and phosphorus
concentrations has been demonstrated. For example, Mg deficiency can induce renal phosphate wasting, but the reverse is also
true. 26 Hypomagnesemia may induce hypocalcemia and hypokalemia; the proposed mechanisms for these disorders are shown in
Figure 2.8,27,28 Clinically, decreased dietary Mg intake, a “shift” of Mg
into cells or increased gastrointestinal or renal losses may contribute
to or cause hypomagnesemia.

3 | C LI N I C A L S I G N I FI C A N C E O F
H Y P O M AG N E S E M I A
Magnesium is essential for life as it is involved in numerous enzymatic reactions, including ATP use, cell membrane and mitochondrial
function, as well as protein synthesis. Thus, diverse organ systems
are affected by Mg depletion, while the most clinically significant
consequences of hypomagnesemia are ascribed to alterations in the
function of excitable membranes in nerves, muscles, and the cardiac
conducting system. Consequently, hypomagnesemia may present

|
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TA B L E 2 Etiology of drug-induced hypomagnesemia
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4 | D RU G S A S S O C I ATE D W ITH
H Y P O M AG N E S E M I A

1. Shift of Mg into cells
Insulin therapy
Epinephrine, salbutamol, terbutaline, rimiterol, theophylline

4.1 | Antibiotics

Correction of metabolic acidosis with alkali therapy

Several types of antibiotics are associated with hypomagne-

Metformin

semia primarily because they cause renal loss of Mg (Table 2).

2. Gastrointestinal Mg loss
Laxative abuse, antibiotics, antineoplastic agents, metformin
Proton pump inhibitors

These include aminoglycosides, amphotericin B, pentamidine, and
foscarnet.
Hypomagnesemia from aminoglycosides is a class effect, as

Patiromer

it has been reported with several agents of this class (gentamicin,

3. Increased urinary Mg excretion

amikacin, tobramycin, and capreomycin).30 The risk of hypomagne-

Antineoplastics

semia with aminoglycoside therapy appears to be related to both

Carboplatin, cisplatin
Monoclonal antibody epidermal growth factor receptor
inhibitors (e.g. cetuximab, panitumumab)
Mammalian target of rapamycin inhibitors

duration and dose; hypomagnesemia may develop and persist even
after aminoglycoside therapy has been discontinued.31,32 In healthy
volunteers, the administration of a single dose of gentamicin (5 mg/
kg) has been reported to result in a transient four-fold increase in

Calcineurin inhibitors

fractional Mg excretion.33

Cyclosporine, tacrolimus

Aminoglycosides are believed to cause hypomagnesemia by

Antibiotics

stimulating the calcium sensing receptor, which is located on the ba-

Aminoglycosides

solateral membrane of the TAL. Stimulation of this receptor inhibits

Amphotericin B

tubular transport by this segment as well as the paracellular trans-

Pentamidine

port of Mg. In fact, complete inhibition of transport in the TAL can

Foscarnet

cause a Bartter-like syndrome, which, besides hypomagnesemia, is a
constellation of renal sodium loss, hypokalemia, hypocalcemia, and

Diuretics

low-normal blood pressure.34,35

Thiazides

The renal toxicity of amphotericin B usually occurs more dis-

Furosemide

tally in the kidney, namely in the DCT. Although the general char-

Digoxin

acteristics of amphotericin B nephrotoxicity are known (increased

Theophylline

tubular permeability, necrosis, arterial vasoconstriction), it remains

4. Miscellaneous

unclear how this drug can specifically perturb renal Mg transport in

Alcohol

this nephron segment.36,37 Hypomagnesemia occurs as frequently

Massive transfusions, foscarnet

as 75% in patients treated with amphotericin B and is more com-

Teriparatide

mon with the deoxycholate than with the lipid formulation.38,39

Bisphosphonates

Prolonged or high-dose therapy and the concurrent use of other

Denosumab

drugs associated with hypomagnesemia also increase the risk of hypomagnesemia following treatment with amphotericin B.40 Although

Abbreviation: Mg, magnesium.

hypomagnesemia due to amphotericin B is usually reversible, it may
persist for weeks after discontinuation of the drug.41 It is important

with neuromuscular (e.g. muscle cramps or weakness, carpopedal

to emphasize that both aminoglycosides and amphotericin B have

spasm, tetany, vertigo, ataxia, seizures, depression, psychosis) and

also been associated with acute kidney injury; however, hypomag-

cardiovascular (e.g. ventricular arrhythmias, torsade de points, su-

nesemia may also develop with preserved glomerular filtration rate.

praventricular tachycardia, sensitivity to digoxin) manifestations.12,29

Furthermore, both classes of drugs can also cause other renal tu-

Furthermore, low serum Mg levels can secondarily induce hypoka-

bular disorders, including proximal and distal renal tubular acidosis

lemia, hypocalcemia, and hypophosphatemia, potentially causing

and nephrogenic diabetes insipidus.36,37,42,43 With regard to other

further derangements in neuromuscular and cardiovascular physi-

antifungal agents, posaconazole and isavuconazole have also been

ology. Interestingly, the Atherosclerosis Risk in Communities study

associated with hypomagnesemia.44 The exact mechanism has not

suggests that low levels of serum Mg may be an important predictor

been elucidated.

of sudden cardiac death.9 In addition, Mg deficit has been associated
with carbohydrate intolerance and insulin resistance.

29

Several cases of severe and symptomatic hypomagnesemia

Conversely,

have been reported after intravenous pentamidine therapy, and

dietary Mg intake has been associated with a reduced risk of type 2

this has been ascribed to renal Mg wasting.45–47 Pentamidine

11

diabetes.

Therefore, hypomagnesemia should be sought and ap-

propriately managed in clinical practice.

may also cause acute pancreatitis, which could contribute
to hypomagnesemia.48,49 The main underlying mechanism of

4 of 13
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Food:
300 mg Mg/d

Intestinal reabsorption:
30-40% of ingested Mg (100 mg)

Intracellular fluid

Soft tissues:
35% of total body Mg

Extracellular fluid:
1-2% of total body Mg

F I G U R E 1 Metabolism of magnesium
(Mg). Dietary Mg content normally ranges
from 300 to 350 mg/day, of which 30%–
40% is absorbed, mainly in the jejunum
and ileum. Fifty to 60% of total Mg is
stored in bones, about 40% is intracellular
(mainly in muscles) and only 1% is found
in extracellular fluid.18 Mg balance is
tightly regulated through intestinal and
renal absorption and excretion as well
as exchange with bone. About 2 g of Mg
(8 mmol) is filtered daily by the kidney,
of which approximately 100 mg (5%) is
excreted in the urine matching the net
intestinal absorption19

Bone:
60% of total body Mg

Urinary excretion: 100 mg Mg/d

F I G U R E 2 Hypomagnesemia-induced hypocalcemia and hypokalemia. Potassium (K+) depletion is associated with increased urinary
excretion of magnesium (Mg), while Mg depletion causes kaliuresis and hypokalemia. It appears that a decrease in intracellular Mg (not Mg
deficiency alone), releasing the Mg-mediated inhibition of renal outer medulla K+ channels, can increase renal potassium excretion leading
to potassium depletion. 27 Hypocalcemia is the consequence of Mg-induced impairment in the release of PTH or skeletal resistance to PTH
action. PTH, parathormone
hypomagnesemia in acute pancreatitis is presumably similar to
that of hypocalcemia: saponification of Mg and calcium in necrotic

4.2 | Diuretics

fat.49 Foscarnet, used to treat the complications of cytomegalovirus infection, has also been associated with hypomagnesemia.

Both loop and thiazide diuretics can cause hypomagnesemia by in-

In a small cohort, nine out of 13 patients (69%) developed hypo-

directly inhibiting renal Mg reabsorption.30,53 This is consistent with

magnesemia.

50

Renal Mg losses have been implicated; in addition,

what is observed in patients with Bartter or Gitelman syndrome, in

foscarnet as a potent chelator of divalent ions provokes ionized

which the targets of loop and thiazide diuretics is inactivated geneti-

hypomagnesemia. 51,52

cally. The degree of hypomagnesemia seen with loop and thiazide
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diuretics is usually mild possibly because the associated volume de30

5 of 13

been linked to the emergence of post-transplantation diabetes mel-

Loop

litus (PTDM), a common metabolic complication after transplanta-

and thiazide diuretics cause magnesiuria indirectly; they inhibit so-

tion which unfavorably affects both patient and graft survival.69,70

dium cotransporters in the kidney, subsequently inhibiting paracel-

Indeed, in a retrospective study of 390 patients who underwent kid-

lular or cellular Mg transport. In the case of loop diuretics, the direct

ney transplantation, CNI-induced hypomagnesemia during the first

inhibition of the NKCC2 co-transporter disrupts the positive epi-

month post transplantation was associated with the development of

thelial voltage that is present in this part of the nephron due to the

PTDM.71 Similarly, in a series of 169 adults who received tacrolimus

pletion stimulates Mg reabsorption by the proximal tubule.

recycling of potassium into the tubular lumen via the ROMK chan-

for liver transplantation, both pre-and early post-transplant hypo-

nels. The ensuing loss of voltage inhibits the paracellular transport

magnesemia was an independent predictor of PTDM.72 In more than

of Mg and calcium and favors Mg and calcium excretion. Previously,

20% of the kidney transplant patients, hypomagnesemia is present

hypomagnesemia following thiazide therapy was mainly attributed

for many years after transplantation and has been associated with

to secondary hyperaldosteronism or hypokalemia. More recent ex-

incident kidney disease and graft dysfunction.73,74

periments in mice, however, have suggested that thiazide inhibition
of the sodium chloride co-transporter directly leads to a downregulation of the Mg channel TRPM6.54 In humans, hypomagnesemia

4.4 | Antineoplastic drugs

is a dose-dependent adverse effect of thiazides use that is more
frequently observed in the elderly.55 In a general population-based

Hypomagnesemia is frequently observed in cancer patients and is

study including 9280 subjects, thiazide use was associated with a

ascribed to several mechanisms including malnutrition, diarrhea, hy-

two-to three-fold increased risk of hypomagnesemia (defined as a

percalcemia as well as antineoplastic drug therapy.75,76

serum Mg ≤0.72 mmol/L; 1.8 mg/dl).

56

In this study, loop diuretics

did not increase the risk of hypomagnesemia. Paradoxically, a slightly
higher serum Mg concentration was observed. It should be empha-

4.4.1 | Platin-based anticancer drugs

sized that the results of the aforementioned study were predominantly observed in individuals receiving diuretics for more than a

Hypomagnesemia secondary to chemotherapy has long been rec-

year. These results may be explained by the upregulation of TRPM6

ognized with the use of platinum-containing drugs (cisplatin, carbo-

in the DCT mediated by chronic loop diuretic therapy. Increased Mg

platin, and oxaliplatin) that are used for a variety of solid cancers

reabsorption by the proximal tubule or increased TRPM6 activity

(e.g. lung cancer, head and neck cancer, and cervical cancer).77,78 It is

through metabolic alkalosis may also play a role.

57

Potassium-
sparing diuretics (e.g. amiloride or spironolactone)
have not been associated with hypomagnesemia. In fact, these diuretics tend to favor renal Mg reabsorption.56

most common with cisplatin, a drug that was approved by the Food
and Drug Administration in 1978.
Cisplatin causes hypomagnesemia in a dose-dependent fashion and affects up to 90% of patients if no preventive measures
are taken (see Section 5 below).79 The etiology of cisplatin-induced

4.3 | Calcineurin inhibitors

hypomagnesemia is not completely understood; renal Mg loss is
the primary mechanism, but gastrointestinal losses have also been
reported.80 Morphological studies in humans with cisplatin neph-

Calcineurin inhibitors (CNIs; i.e. cyclosporine, tacrolimus) are among

rotoxicity demonstrated necrosis of the terminal portion of the

the most commonly used immunosuppressant drugs for the preven-

proximal tubule and apoptosis of the distal nephron.81 However,

tion of graft rejection and sometimes also used in the treatment of

nephrotoxicity associated with cisplatin and the ensuing hypomag-

autoimmune disease. Tacrolimus more often causes more severe

nesemia may be more complex implicating several mechanisms of

hypomagnesemia than cyclosporine.58,59 For example, serum Mg

injury, inflammation, repair, recovery, and cell death.81 It is known

concentrations were significantly lower in recipients of allogeneic

that epidermal growth factor (EGF) increases Mg reabsorption in the

hematopoietic stem cell transplantation who received tacrolimus

DCT through the TRPM6 channels. Cisplatin may cause hypomag-

compared with cyclosporine.60 It appears that kidney function plays

nesemia by downregulating the TRPM6/EGF pathway. Of note, Mg

an important role regarding the hypomagnesemic effect of CNIs,

co-administration mitigates both cisplatin-induced hypomagnese-

given that serum Mg levels demonstrate a negative correlation with

mia by protecting the downregulation of the TRPM6 channels and

creatinine clearance.61,62 CNIs cause inappropriate renal Mg loss,

nephrotoxicity by regulating the expression of renal transporters.

likely because they reduce the expression of TRPM6; a shift of Mg

Specifically, in rats the Mg-mediated downregulation of the renal

into cells may also contribute. 59,63,64 Even though CNI-induced hy-

organic cation transporter 2 and the upregulation of the renal multi-

pomagnesemia is usually mild, severe neurological symptoms have

drug and toxin extrusion protein 1 were associated with a significant

been reported, including altered mental status, seizures, or focal

reduction in renal cisplatin accumulation.82

neurological deficits.

59,65,66

Laurent et al. showed a proliferative response throughout the

Hypomagnemia has been suggested to contribute to the neph-

nephron, indicating incomplete tissue repair, which potentially ex-

rotoxic and blood pressure increasing effects of CNIs.67,68 It has also

plains the chronicity of hypomagnesemia.80 The glomerular damage

|
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linked to cisplatin has been shown to be at least partly reversible

Cetuximab-related hypomagnesemia can be symptomatic.104 It

compared with tubular damage, which is often permanent. In fact,

has also been associated with deterioration of peripheral sensory

Schilsky and colleagues showed that 22 of 29 patients (76%) who re-

neurotoxicity caused by oxaliplatin.105 In patients with advanced

ceived cisplatin for non-seminomatous germ cell tumors developed

colorectal cancer, the development of hypomagnesemia with cetux-

acute hypomagnesemia; eleven (50%) remained hypomagnesemic

imab-or panitumumab-based chemotherapy has been associated

for at least 3 years.

83

This long-term effect has been corroborated

by other investigators as well.

84,85

with a later time to progression and a longer overall survival rate.106
It is yet unknown if these positive outcomes are directly associated

In addition to isolated hypomagnesemia, cisplatin can also cause

with hypomagnesemia (e.g. because intracellular Mg depletion halts

a Gitelman-like syndrome manifesting with renal sodium wasting,

tumor growth) or if hypomagnesemia is merely a reflection of effec-

hypocalciuria, and hypokalemia. Remarkably, it has been reported

tive tissue penetration of the drug.107 The reason for the opposite

that this Gitelman-like syndrome can persist for up to 20 years after

associations between the development of hypomagnesemia and the

treatment with cisplatin.86 These observations suggest that the DCT

prognosis after cisplatin-and monoclonal antibody therapy is not

may be especially sensitive to cisplatin, although the reason for this

clear.

predilection is unknown.

87

Severe symptoms have been reported

in patients with cisplatin and hypomagnesemia, including tetany,
paralysis, seizures, cortical blindness, and arrhythmia, although it

4.4.3 | Mammalian target of rapamycin inhibitors

is difficult to verify in these cases if hypomagnesemia was the sole
culprit.88–91

Mammalian target of rapamycin (mTOR) inhibitors can cause hy-

Carboplatin was introduced in oncology in the late 1980s,

pomagnesemia via renal Mg wasting, although the exact underlying

and was advocated as a less nephrotoxic counterpart of cisplatin.

mechanisms are not well defined.1 The hypomagnesemic and man-

Hypomagnesemia also occurs with carboplatin with lower frequency

gesiuric effect of mTOR inhibitors is milder than with CNIs. In a ret-

92,93

compared with cisplatin (reported incidence ≤12.5%).

However,

rospective study including 138 renal transplant patients who were

hypomagnesmia may persist for months after completing a course

converted from CNIs to mTOR inhibitors over a 6-month period,

of carboplatin-containing chemotherapy.94 Recent evidence shows

serum Mg concentration significantly increased along with a reduc-

that hypomagnesemia due to carboplatin is a strong predictor of

tion in the fractional excretion of Mg.108 It has been proposed that

shorter survival in patients with advanced ovarian cancer.95

rapamycin (sirolimus) leads to magnesiuria by reducing TRPM6 expression in the DCT due to a decrease in TRPM6 mRNA stability.109
Contrary to these results, however, sirolimus-induced hypomagne-

4.4.2 | Monoclonal antibodies

semia accompanied by increased renal expression of TRPM6 has also
been reported. It is not entirely clear whether this upregulation of

A meta-analysis of 25 randomized controlled trials (16,400 patients)

TRPM6 represents a direct stimulatory effect of sirolimus or—more

showed that treatment with anti-epidermal growth factor receptor

likely—a compensatory response aiming to limit renal Mg loss due

(EGFR) monoclonal antibodies was associated with high incidence

to mTOR-mediated downregulation of NKCC2 protein expression

of hypomagnesemia (34%), hypocalcemia (16.8%), and hypokalemia

which results in magnesiuria.109 Of interest, sirolimus-related renal

96

(14.5%).

Hypokalemia and hypocalcemia were predominantly

tubular defects are ameliorated by rosiglitazone (a thiazolidinedione

hypomagnesemia-mediated.76 The incidence of hypomagnesemia

with known renal sodium-and water-reabsorptive properties) po-

and hypokalemia was increased with panitumumab compared with

tentially via NKCC2 upregulation.110

cetuximab or bevacizumab,96–98 whereas zalutumumab has been associated with low rates of hypomagnesemia (4%) and hypokalemia
(6%).99 Certain characteristics of panitumumab, such as longer half-

4.5 | Proton pump inhibitors

life and higher affinity to human EGFR, may explain the differences
regarding the frequency of hypomagnesemia among these drugs.

In 2006, the first two cases of hypomagnesemia associated with the

The mechanism of hypomagnesemia induced by anti-EGFR mono-

use of PPIs were reported.111 Since then, numerous case reports and

clonal antibodies resembles an inherited disorder called isolated

series have confirmed this association,112,113 and PPI use has now

recessive hypomagnesemia, in which EGFR is inactivated. This in-

also been associated with hypomagnesemia in the general popula-

activation then leads to a downregulation of TRPM6 causing renal

tion.114 PPI-induced hypomagnesemia seems to be a class effect

100

Mg loss.

It has recently been implicated that concomitant administration of proton pump inhibitors (PPIs) or histamine H2 antagonists

caused by omeprazole, esomeprazole, pantoprazole, and rabeprazole and resolves with cessation of therapy.115
A very recent meta-a nalysis of all observational studies

increases the rate and severity of cetuximab and panitumumab-

(N = 16; 131,507 patients) investigated the association between

induced hypomagnesemia.101,102 Prolonged administration and con-

PPIs and the development of hypomagnesemia; this meta-a nalysis

current platinum treatment are also risk factors for the emergence

demonstrated that PPI use was significantly associated with hy-

of anti-EGFR monoclonal antibodies-induced hypomagnesemia.103

pomagnesemia, with a pooled unadjusted odds ratio (OR) of 1.83

|
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(95% CI [1.26, 2.67]; p = .002) and a pooled adjusted OR of 1.71

7 of 13

4.7 | Miscellaneous

(95% CI [1.33, 2.19]; p < .001). Interestingly, high-d ose PPI use
was associated with higher odds for hypomagnesemia relative to

The majority of aforementioned drugs cause hypomagnesemia due

low-d ose PPI use (pooled adjusted OR 2.13; 95% CI [1.26, 3.59];

to renal Mg loss (Table 2). In addition, any medication that can cause

p = .005).116

relatively serious diarrhea (e.g. laxatives, antibiotics, and antineo-

Nevertheless, PPI-induced hypomagnesemia prevalence var-

plastic drugs) may be directly associated with the development of

ies among studies (up to 12.5%) and appears to typically occur

hypomagnesemia. Even Mg-containing laxatives can lead to exces-

in elderly people on long-
term treatment.114,117–119 In contrast,

sive intestinal Mg loss and hypomagnesemia.132

in critically ill patients, even short-term PPI use may cause hypo120

magnesemia.

This probably occurs because hypomagnesemia

Patiromer is a non-absorbed potassium-binding polymer that exchanges calcium for potassium in the gastrointestinal tract and was

is already very common in ICU patients and, in this context, PPIs

recently approved for the treatment of hyperkalemia in adults. A

may further decrease Mg levels. Co-administration with diuretics

meta-analysis of phase II and III clinical trials showed that hypomag-

and the presence of Mg lowering comorbidities, such as diabetes

nesemia occurred in approximately 7% of patients on patiromer, un-

mellitus or acute diarrheal states, are risk factors for PPI-induced

derlining that it is not completely selective for the potassium ion.133

119

hypomagnesemia.

Diminished active Mg transport in the colon,

A number of drugs can also produce a “shift” of Mg into cells, in-

which is primarily mediated via the ion channels TRPM6 and

cluding beta-adrenergic drugs and insulin.30 These drugs also cause

TRPM7, has been proposed as the main explanation of PPIs-related

a shift of potassium or phosphate into cells.134 It has been reported

hypomagnesemia.121 Although confirmative studies are lacking,

that intravenous administration of epinephrine in twelve normal

changes in intestinal pH or a heterozygous carrier state for TRPM6

volunteers caused a modest but significant reduction in serum Mg

and TRPM7 have been implicated.122 It has recently been reported

concentrations (0.77 ± 0.02 to 0.67 ± 0.02 mmol/L; 1.86 ± 0.04

that both low gut microbiota diversity and dietary Mg intake are

to 1.63 ± 0.05 mg/dl).135 The involvement of beta-adregenergic

related with the development of PPIs-
induced hypomagnese-

mechanisms was suggested since propranolol given simultaneously

mia.123 Omeprazole treatment for 4 weeks significantly reduced

prevented the hypomagnesemic effect of epinephrine infusion.136

serum Mg levels in mice on a low-Mg diet compared with mice

Other sympathomimetic drugs have also been associated with hypo-

under normal dietary Mg availability. In fact, omeprazole induced a

magnesemia, including theophylline, where a renal effect may also

shift in microbial composition, specifically a 3-and 2-fold increase

play a role.137

in Lactobacillus and Bifidobacterium abundance, respectively. The

Insulin can also promote a shift of Mg from the extracellular to

findings of this study imply that both omeprazole and low dietary

the intracellular compartment and lead to hypomagnesemia.138 The

Mg intake alter the gut internal milieu and probably pose a risk for

increased secretion of epinephrine due to insulin-induced hypogly-

123

Mg malabsorption in the colon.

cemia may contribute to this process. The risk of hypomagnesemia is

It has also been suggested that a constant low-grade renal Mg
leak, possibly due to heterozygous mutations of genes involved in
the regulation of distal Mg reabsorption, may play a contributory
124

role in the emergence of hypomagnesemia due to PPIs.

especially high in poorly controlled diabetics due to increased renal
Mg loss by osmotic diuresis in the hyperglycemic state.139
The use of teriparatide, a recombinant form of parathormone

However,

which is used for osteoporosis treatment, has been associated with

taking into consideration that urinary Mg excretion is appropriately

hypomagnesemia. In a retrospective study of 53 patients treated for

low in patients with PPIs-induced hypomagnesemia, the contribu-

severe osteoporosis with teriparatide for 6–24 months, the cumula-

tion of renal Mg losses seems limited.125,126 A significant association

tive incidence of hypomagnesemia (serum Mg <0.7 mmol/L; 1.7 mg/

between PPIs use and hypomagnesemia has been found in patients

dl) was as high as 35.9%. Old age and lower baseline serum Mg con-

with chronic kidney disease at any stage, indicating that PPIs coun-

centration were significantly associated with teriparatide-induced

terbalance the anticipated increase in serum Mg with declining esti-

hypomagnesemia.140 Although the underlying mechanisms are not

127,128

mated glomerular filtration rate.

known, deposition of Mg into bones due to increased bone metab-

Proton pump inhibitors-related hypomagnesemia can cause serious clinical manifestations (e.g. life-threatening arrhythmias) that
112,129

may occur suddenly after a long asymptomatic interval.

olism and renal Mg losses due to transient hypercalcemia may play
a role.140
Hypomagnesemia also occurs with bisphosphonates and denosumab due to their binding to Mg cations.77,141,142
Hypomagnesemia has been reported in patients treated with

4.6 | Digoxin

metformin.143 Although the underlying mechanisms have not been
fully elucidated, increased Mg concentration in erythrocytes and

Digoxin reduces serum Mg concentration via increased urinary Mg

hepatocytes is probably involved.144 Symptomatic hypomagnesemia

excretion. It has been proposed that a missense mutation in the γ

(serum Mg concentration of 0.33 mmol/L; 0.8 mg/dl) has also been

subunit (FXYD2) of Na+/K+-ATPase, which is the pharmacological
130

target of digoxin, might be involved in this process.

It appears that

FXYD2 is a positive regulator of Na,K-ATPase in the DCT.131

reported following metformin-induced diarrhea.145
A number of therapies can cause hypomagnesemia owing to
chelation of Mg (e.g. massive transfusions) or redistribution of Mg
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into bone and soft tissue (during alkali therapy and total parenteral
nutrition).146,147

TA B L E 3 Diagnosis and treatment of drug-induced
hypomagnesemia
Screening for hypomagnesemia
Unexplained hypocalcemia or hypokalemia
Ventricular arrhythmia

4.8 | Alcohol

Administration of drugs with a high likelihood of hypomagnesemia

Although alcohol is not a medication, in the sense that it is not used
as a remedy, it is considered a drug which frequently causes addiction. In this context, we thought it would be prudent to include alcohol as a cause of hypomagnesemia in this review. Hypomagnesemia
is the most common electrolyte abnormality related to chronic alcohol abuse and affects as many as 30% of alcohol-dependent pa148,149

tients.

Alcohol-induced hypomagnesemia may be profound;

specifically Mg levels as low as 0.6 mg/dl (0.24 mmol/dl) have been
reported.150 In a study of 380 patients presenting with alcohol withdrawal syndrome, Mg deficiency (<0.75 mmol/L; 1.8 mg/dl) was associated with significant higher 1-year mortality rate.151 It has been
proposed that ionized Mg concentration in erythrocytes and plasma

Administration of drugs associated with hypomagnesemia in
combination with another potential cause of hypomagnesemia
Treatment of hypomagnesemia
Withdrawal of drugs involved in the development of
hypomagnesemia, if possible
Administration of oral Mg salts in mild, asymptomatic
hypomagnesemia
Administration of Mg sulfate intravenously in severe and/or
symptomatic hypomagnesemia, as well as in patients with
poor intestinal Mg reabsorption due to gastrointestinal
disease or in patients who experience gastrointestinal side
effects from oral Mg preparations
Abbreviation: Mg, magnesium.

is more reliable than total Mg in the assessment of Mg homeostasis in alcoholic patients.152 Decreased Mg intake in malnourished
patients, increased gastrointestinal Mg losses in patients suffering

recommendation would be to rely on the presence of signs or symp-

from chronic diarrhea, as well as increased Mg entry into cells due

toms associated with hypomagnesemia, for example, neuromus-

to both respiratory alkalosis and excessive catecholamine release

cular symptoms and cardiac arrhythmias, or with other electrolyte

in alcohol withdrawal syndrome comprise the major pathogenetic

disorders (e.g. hypocalcemia and hypokalemia). If these symptoms

mechanisms. 28,153 In addition, hypomagnesemia in patients with

are not present, we would recommend measuring serum Mg when

chronic alcoholism is associated with inappropriate magnesiuria due

a patient receives a drug known to induce hypomagnesemia and

to alcohol-induced tubular damage.148 Increased urinary Mg excre-

manifests another potential cause of hypomagnesemia such as di-

tion after acute alcohol ingestion has been demonstrated even in

arrhea, malnutrition, and diabetes mellitus.8 Supplementation of Mg

1

non-alcoholic subjects. Finally, in the course of alcohol abuse,

will depend on the degree of hypomagnesemia and the presence of

hypomagnesemia can also result from alcohol-
related metabolic

symptoms. Severe (0.4 mmol/dl; 1 mg/dl) and/or symptomatic hy-

acidosis, concurrent electrolyte disorders (hypophosphatemia, hy-

pomagnesemia should be treated by administration of 25 mmol Mg

pokalemia, hypocalcemia) and acute pancreatitis.49,149,153

sulfate intravenously over 12–24 h. In cases of seizures or severe
cardiac arrhythmias (e.g. torsade de pointes) an intravenous load of

5 | S C R E E N I N G , D I AG N OS I S , A N D
TR E ATM E NT O F D RU G - I N D U C E D
H Y P O M AG N E S E M I A

4–8 mmol Mg sulfate in 100 ml of D5W over 5–10 min, followed by
25 mmol/day, should be administered. Intravenous therapy may also
be indicated in patients with poor intestinal Mg absorption due to
gastrointestinal disease or in those who experience gastrointestinal
side effects with oral Mg preparations. Mild, asymptomatic hypo-

Should serum Mg be determined in all patients who receive a drug

magnesemia may be treated with oral Mg salts (e.g. Mg oxide, Mg

that has been associated with hypomagnesemia (Table 3)? This ques-

lactate or Mg chloride) in divided doses totaling 15–20 mmol/day.

tion is relevant, because serum Mg is usually not a routine labora-

Mg-oxide should probably not be the first choice because of high

tory measurement in hospitalized patients, except for the intensive

frequency of diarrhea. Mg gluconate, sulfate, or aspartate could be

care setting. Recommendations may vary by drug. Monitoring of

alternative options.156

serum Mg is justified during therapy with cisplatin or cetuximab/

Special attention should be paid to patients with chronic kidney

panitumumab, because of the direct relationship and the possibil-

disease to avoid hypermagnesemia: a 50% dose reduction and more

ity of developing severe hypomagnesemia. Most oncology services

frequent monitoring is recommended.157 Of note, a high prevalence

now routinely measure serum Mg or even supplement Mg pro-

of hypomagnesemia has been observed in this population, mainly

phylactically during therapy with platin-based chemotherapy and

due to proteinuria-associated tubular injuries leading to renal Mg

cetuximab/panitumumab.154,155

wasting.158 Potassium-
sparing diuretics (amiloride or spironolac-

Conversely, the value of measuring serum Mg is uncertain during

tone) may be substituted for patients with hypomagnesemia related

treatment with commonly prescribed drugs such as antibiotics, di-

to thiazide or loop diuretics.159 Amiloride may also blunt renal Mg

uretics, CNIs, and PPIs. So when should serum Mg be determined in

losses associated with amphotericin B therapy.160 Finally, the need

the course of treatment with one of these agents? The most obvious

for concurrent restoration of calcium, potassium and phosphate

|
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should be considered in patients with hypomagnesemia and concomitant electrolyte disturbances.
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CO N C LU S I O N

Hypomagnesemia is a frequent electrolyte disturbance and occurs
with medications used in everyday clinical practice. It should not be
disregarded as it may cause serious neuromuscular symptoms and
cardiac arrhythmias and impair overall prognosis. Awareness and
clinical suspicion are warranted in the course of therapy with certain
drugs. Restoration of Mg and concurrent metabolic abnormalities is
recommended, while alternative therapeutic regimens are advised
if applicable.
AC K N OW L E D G E M E N T
None declared.
C O N FL I C T O F I N T E R E S T
None declared.
AU T H O R C O N T R I B U T I O N
GL conceived the idea of this review and wrote a major part of it,
while he was in charge of the manuscript editing. EH contributed to
the writing and editing of this review. MF contributed to the writing
and editing of this review. HM contributed to the writing and editing
of this review.
E T H I C A L S TAT E M E N T
Not required for this paper.
DATA AVA I L A B I L I T Y S TAT E M E N T
Not interested in data sharing via a repository.
ORCID
Matilda Florentin

https://orcid.org/0000-0002-0135-9694

REFERENCES
1. Pham PC, Pham PA, Pham SV, Pham PT, Pham PM.
Hypomagnesemia: a clinical perspective. Int J Nephrol Renovasc
Dis. 2014;7:219-230.
2. Jahnen-Dechent W, Ketteler M. Magnesium basics. Clin Kidney J.
2012;5:i3-i14.
3. Liamis G, Liberopoulos E, Barkas F, Elisaf M. Spurious electrolyte disorders: a diagnostic challenge for clinicians. Am J Nephrol.
2013;38:50-57.
4. Kroll MH, Elin RJ. Relationships between magnesium and protein
concentrations in serum. Clin Chem. 1985;31:244-246.
5. Liamis G, Rodenburg EM, Hofman A, Zietse R, Stricker BH, Hoorn
EJ. Electrolyte disorders in community subjects: prevalence and
risk factors. Am J Med. 2013;126:256-263.
6. Ryzen E, Wagers PW, Singer FR, Rude RK. Magnesium deficiency
in a medical ICU population. Crit Care Med. 1985;13:19-21.
7. Ahmed F, Mohammed A. Magnesium: the forgotten electrolyte—a
review on hypomagnesemia. Med Sci. 2019;7(4):56.

9 of 13

8. Liamis G, Liberopoulos E, Alexandridis G, Elisaf M.
Hypomagnesemia in a department of internal medicine. Magnes
Res. 2012;25:149-158.
9. Peacock JM, Ohira T, Post W, Sotoodehnia N, Rosamond W,
Folsom AR. Serum magnesium and risk of sudden cardiac death in
the Atherosclerosis Risk in Communities (ARIC) Study. Am Heart J.
2010;160:464-470.
10. Efstratiadis G, Sarigianni M, Gougourelas I. Hypomagnesemia and
cardiovascular system. Hippokratia. 2006;10:147-152.
11. Kim DJ, Xun P, Liu K, et al. Magnesium intake in relation to systemic inflammation, insulin resistance, and the incidence of diabetes. Diabetes Care. 2010;33:2604-2610.
12. Martin KJ, Gonzalez EA, Slatopolsky E. Clinical consequences
and management of hypomagnesemia. J Am Soc Nephrol.
2009;20:2291-2295.
13. Castiglioni S, Cazzaniga A, Albisetti W, Maier JA. Magnesium and
osteoporosis: current state of knowledge and future research directions. Nutrients. 2013;5:3022-3 033.
14. Cheminet G, Clain G, Jannot AS, et al. Extreme hypomagnesemia:
characteristics of 119 consecutive inpatients. Intern Emerg Med.
2018;13:1201-1209.
15. Schlingmann KP, Weber S, Peters M, et al. Hypomagnesemia with
secondary hypocalcemia is caused by mutations in TRPM6, a new
member of the TRPM gene family. Nat Genet. 2002;31:166-170.
16. Schlingmann KP, Waldegger S, Konrad M, Chubanov V, Gudermann
T. TRPM6 and TRPM7—Gatekeepers of human magnesium metabolism. Biochim Biophys Acta. 2007;1772:813-821.
17. van der Wijst J, Hoenderop JG, Bindels RJ. Epithelial Mg2+ channel TRPM6: insight into the molecular regulation. Magnes Res.
2009;22:127-132.
18. Allgrove J. Physiology of calcium, phosphate and magnesium.
Endocr Dev. 2009;16:8-31.
19. Sutton RA, Domrongkitchaiporn S. Abnormal renal magnesium
handling. Miner Electrolyte Metab. 1993;19:232-240.
20. de Baaij JH, Hoenderop JG, Bindels RJ. Regulation of magnesium
balance: lessons learned from human genetic disease. Clin Kidney
J. 2012;5:i15-i24.
21. Quamme GA. Renal magnesium handling: new insights in understanding old problems. Kidney Int. 1997;52:1180-1195.
22. Curry JN, Yu ASL. Magnesium Handling in the Kidney. Adv Chronic
Kidney Dis. 2018;25:236-243.
23. Le Grimellec C, Roinel N, Morel F, Philippe P, Malorey P.
Simultaneous Mg, Ca, P, K, Na and Cl analysis in rat tubular fluid.
Pflugers Arch. 1973;340:197-210.
24. Hou J, Goodenough DA. Claudin-16 and claudin-19 function in the
thick ascending limb. Curr Opin Nephrol Hypertens. 2010;19:483-488.
25. Reilly RF, Ellison DH. Mammalian distal tubule: physiology, pathophysiology, and molecular anatomy. Physiol Rev. 2000;80:277-313.
26. Blaine J, Chonchol M, Levi M. Renal control of calcium, phosphate, and magnesium homeostasis. Clin J Am Soc Nephrol.
2015;10:1257-1272.
27. Huang CL, Kuo E. Mechanism of hypokalemia in magnesium deficiency. J Am Soc Nephrol. 2007;18:2649-2652.
28. Elisaf M, Merkouropoulos M, Tsianos EV, Siamopoulos KC.
Pathogenetic mechanisms of hypomagnesemia in alcoholic patients. J Trace Elem Med Biol. 1995;9:210-214.
29. Weisinger JR, Bellorin-Font E. Magnesium and phosphorus.
Lancet. 1998;352:391-396.
30. Atsmon J, Dolev E. Drug-induced hypomagnesaemia: scope and
management. Drug Saf. 2005;28:763-788.
31. Landau D, Kher KK. Gentamicin-induced Bartter-like syndrome.
Pediatr Nephrol. 1997;11:737-740.
32. Wu B, Atkinson SA, Halton JM, Barr RD. Hypermagnesiuria and
hypercalciuria in childhood leukemia: an effect of amikacin therapy. J Pediatr Hematol Oncol. 1996;18:86-89.

10 of 13

|

33. Elliott C, Newman N, Madan A. Gentamicin effects on urinary
electrolyte excretion in healthy subjects. Clin Pharmacol Ther.
2000;67:16-21.
34. Singh J, Patel ML, Gupta KK, Pandey S, Dinkar A. Acquired
Bartter syndrome following gentamicin therapy. Indian J Nephrol.
2016;26:461-463.
35. Chrispal A, Boorugu H, Prabhakar AT, Moses V. Amikacin-induced
type 5 Bartter-like syndrome with severe hypocalcemia. J Postgrad
Med. 2009;55:208-210.
36. Fanos V, Cataldi L. Amphotericin B-induced nephrotoxicity: a review. J Chemother. 2000;12:463-470.
37. Deray G. Amphotericin B nephrotoxicity. J Antimicrob Chemother.
2002;49(suppl 1):37-41.
38. Wade RL, Chaudhari P, Natoli JL, Taylor RJ, Nathanson BH, Horn
D. Comparison of adverse events and hospital length of stay associated with various amphotericin B formulations: sequential conventional amphotericin b/lipid versus lipid-only therapy for the
treatment of invasive fungal infections in hospitalized patients.
Pharmacol Ther. 2013;38:278-287.
39. Le T, Kinh NV, Cuc NTK, et al. A trial of itraconazole or amphotericin B for HIV-
associated talaromycosis. N Engl J Med.
2017;376:2329-2340.
40. Laniado-L aborin R, Cabrales-Vargas MN. Amphotericin B: side effects and toxicity. Rev Iberoam Micol. 2009;26:223-227.
41. Barton CH, Pahl M, Vaziri ND, Cesario T. Renal magnesium
wasting associated with amphotericin B therapy. Am J Med.
1984;77:471-474.
42. Hung CC, Guh JY, Kuo MC, Lai YH, Chen HC. Gentamicin-
induced diffuse renal tubular dysfunction. Nephrol Dial Transplant.
2006;21:547-548.
43. Zietse R, Zoutendijk R, Hoorn EJ. Fluid, electrolyte and acid-base
disorders associated with antibiotic therapy. Nat Rev Nephrol.
2009;5:193-202.
44. Burston J, Robertson M, van Hal S, Pinto AN. Posaconazole and
isavuconazole induced hypomagnesaemia. Med Mycol Case Rep.
2018;23:29-3 0.
45. Mani S, Kocheril AG, Andriole VT. Case report: pentamidine
and polymorphic ventricular tachycardia revisited. Am J Med Sci.
1993;305:236-240.
46. Gradon JD, Fricchione L, Sepkowitz D. Severe hypomagnesemia associated with pentamidine therapy. Rev Infect Dis.
1991;13:511-512.
47. Shah GM, Alvarado P, Kirschenbaum MA. Symptomatic hypocalcemia and hypomagnesemia with renal magnesium wasting associated with pentamidine therapy in a patient with AIDS. Am J Med.
1990;89:380-382.
48. Oliveira NM, Ferreira FA, Yonamine RY, Chehter EZ. Antiretroviral
drugs and acute pancreatitis in HIV/AIDS patients: is there any association? A literature review. Einstein. 2014;12:112-119.
49. Liamis G, Gianoutsos C, Elisaf M. Acute pancreatitis-induced hypomagnesemia. Pancreatology. 2001;1:74-76.
50. Palestine AG, Polis MA, De Smet MD, et al. A randomized, controlled trial of foscarnet in the treatment of cytomegalovirus retinitis in patients with AIDS. Ann Intern Med. 1991;115:665-673.
51. Jacobson MA. Review of the toxicities of foscarnet. J Acquir
Immune Defic Syndr. 1992;5(suppl 1):S11-S17.
52. Gearhart MO, Sorg TB. Foscarnet-induced severe hypomagnesemia and other electrolyte disorders. Ann Pharmacother.
1993;27:285-289.
53. Liamis G, Milionis H, Elisaf M. Blood pressure drug therapy and
electrolyte disturbances. Int J Clin Pract. 2008;62:1572-1580.
54. Nijenhuis T, Vallon V, van der Kemp AW, Loffing J, Hoenderop JG,
Bindels RJ. Enhanced passive Ca2+ reabsorption and reduced Mg2+
channel abundance explains thiazide-induced hypocalciuria and
hypomagnesemia. J Clin Invest. 2005;115:1651-1658.
55. Grober U. Magnesium and drugs. Int J Mol Sci. 2019;20:2094.

LIAMIS et al.

56. Kieboom BCT, Zietse R, Ikram MA, Hoorn EJ, Stricker BH.
Thiazide but not loop diuretics is associated with hypomagnesaemia in the general population. Pharmacoepidemiol Drug Saf.
2018;27:1166-1173.
57. Nijenhuis T, Renkema KY, Hoenderop JG, Bindels RJ. Acid-base
status determines the renal expression of Ca2+ and Mg2+ transport
proteins. J Am Soc Nephrol. 2006;17:617-626.
58. Osorio JM, Bravo J, Perez A, Ferreyra C, Osuna A. Magnesemia in
renal transplant recipients: relation with immunosuppression and
posttransplant diabetes. Transplant Proc. 2010;42:2910-2913.
59. De Waele L, Van Gaal PJ, Abramowicz D. Electrolytes disturbances
after kidney transplantation. Acta Clin Belg. 2018;74:48-52.
60. Aisa Y, Mori T, Nakazato T, et al. Effects of immunosuppressive agents on magnesium metabolism early after allogeneic hematopoietic stem cell transplantation. Transplantation.
2005;80:1046-1050.
61. Rodrigues N, Santana A, Guerra J, et al. Serum magnesium and
related factors in long-term renal transplant recipients: an observational study. Transplant Proc. 2017;49:799-8 02.
62. Uslu Gokceoglu A, Comak E, Dogan CS, Koyun M, Akbas H, Akman
S. Magnesium excretion and hypomagnesemia in pediatric renal
transplant recipients. Ren Fail. 2014;36:1056-1059.
63. Ledeganck KJ, De Winter BY, Van den Driessche A, et al.
Magnesium loss in cyclosporine-treated patients is related to renal
epidermal growth factor downregulation. Nephrol Dial Transplant.
2013;29:1097-1102.
64. Nijenhuis T, Hoenderop JG, Bindels RJ. Downregulation of Ca2+
and Mg2+ transport proteins in the kidney explains tacrolimus
(FK506)-induced hypercalciuria and hypomagnesemia. J Am Soc
Nephrol. 2004;15:549-557.
65. Al-Rasheed AK, Blaser SI, Minassian BA, Benson L, Weiss SK.
Cyclosporine A neurotoxicity in a patient with idiopathic renal
magnesium wasting. Pediatr Neurol. 2000;23:353-356.
66. Bernstein L, Levin R. Catatonia responsive to intravenous lorazepam in a patient with cyclosporine neurotoxicity and hypomagnesemia. Psychosomatics. 1993;34:102-103.
67. Al-Khursany I, Thomas TH, Harrison K, Wilkinson R. Reduced
erythrocyte and leukocyte magnesium is associated with cyclosporin treatment and hypertension in renal transplant patients.
Nephrol Dial Transplant. 1992;7:251-255.
68. Miura K, Nakatani T, Asai T, et al. Role of hypomagnesemia in chronic
cyclosporine nephropathy. Transplantation. 2002;73:340-3 47.
69. Sinangil A, Celik V, Barlas S, et al. New-onset diabetes after kidney transplantation and pretransplant hypomagnesemia. Prog
Transplant. 2016;26:55-61.
70. van der Burgh AC, Moes A, Kieboom BCT, et al. Serum magnesium,
hepatocyte nuclear factor 1beta genotype and post-
transplant
diabetes mellitus: a prospective study. Nephrol Dial Transplant.
2019;35:176-183.
71. Van Laecke S, Van Biesen W, Verbeke F, De Bacquer D, Peeters P,
Vanholder R. Posttransplantation hypomagnesemia and its relation with immunosuppression as predictors of new-onset diabetes
after transplantation. Am J Transplant. 2009;9:2140-2149.
72. Van Laecke S, Desideri F, Geerts A, et al. Hypomagnesemia and
the risk of new-onset diabetes after liver transplantation. Liver
Transpl. 2010;16:1278-1287.
73. Van Laecke S, Nagler EV, Verbeke F, Van Biesen W, Vanholder R.
Hypomagnesemia and the risk of death and GFR decline in chronic
kidney disease. Am J Med. 2013;126:825-831.
74. Tin A, Grams ME, Maruthur NM, et al. Results from the
Atherosclerosis Risk in Communities study suggest that low serum
magnesium is associated with incident kidney disease. Kidney Int.
2014;87:820-827.
75. Haroon N, Raza SM, Bhat ZY. Hypomagnesemia and chemotherapy, diagnostic dilemma, and treatment challenge: case report and
literature review. Am J Ther. 2014;23:e1085-e1090.

LIAMIS et al.

76. Liamis G, Filippatos TD, Elisaf MS. Electrolyte disorders associated
with the use of anticancer drugs. Eur J Pharmacol. 2016;777:78-87.
77. Oronsky B, Caroen S, Oronsky A, et al. Electrolyte disorders with
platinum-based chemotherapy: mechanisms, manifestations and
management. Cancer Chemother Pharmacol. 2017;80:895-907.
78. McMahon KR, Harel-Sterling M, Pizzi M, Huynh L, Hessey E,
Zappitelli M. Long-term renal follow-up of children treated with
cisplatin, carboplatin, or ifosfamide: a pilot study. Pediatr Nephrol.
2018;33:2311-2320.
79. Lajer H, Daugaard G. Cisplatin and hypomagnesemia. Cancer Treat
Rev. 1999;25:47-58.
80. Laurent G, Yernaux V, Nonclercq D, et al. Tissue injury
and proliferative response induced in rat kidney by cis-
diamminedichloroplatinum (II). Virchows Arch B Cell Pathol Incl Mol
Pathol. 1988;55:129-145.
81. Vickers AE, Rose K, Fisher R, Saulnier M, Sahota P, Bentley P.
Kidney slices of human and rat to characterize cisplatin-induced
injury on cellular pathways and morphology. Toxicol Pathol.
2004;32:577-590.
82. Saito Y, Okamoto K, Kobayashi M, Narumi K, Yamada T, Iseki K.
Magnesium attenuates cisplatin-induced nephrotoxicity by regulating the expression of renal transporters. Eur J Pharmacol.
2017;811:191-198.
83. Schilsky RL, Barlock A, Ozols RF. Persistent hypomagnesemia following cisplatin chemotherapy for testicular cancer. Cancer Treat
Rep. 1982;66:1767-1769.
84. Ariceta G, Rodriguez-Soriano J, Vallo A, Navajas A. Acute and
chronic effects of cisplatin therapy on renal magnesium homeostasis. Med Pediatr Oncol. 1997;28:35-4 0.
85. Stohr W, Paulides M, Bielack S, et al. Nephrotoxicity of cisplatin
and carboplatin in sarcoma patients: a report from the late effects
surveillance system. Pediatr Blood Cancer. 2007;48:140-147.
86. Panichpisal K, Angulo-Pernett F, Selhi S, Nugent KM. Gitelman-
like syndrome after cisplatin therapy: a case report and literature
review. BMC Nephrol. 2006;7:10.
87. van Angelen AA, Glaudemans B, van der Kemp AW, Hoenderop
JG, Bindels RJ. Cisplatin-induced injury of the renal distal convoluted tubule is associated with hypomagnesaemia in mice. Nephrol
Dial Transplant. 2013;28:879-889.
88. Mohammadianpanah M, Omidvari S, Mosalaei A, Ahmadloo
N. Cisplatin-induced hypokalemic paralysis. Clin Ther.
2004;26:1320-1323.
89. Bellin SL, Selim M. Cisplatin-induced hypomagnesemia with seizures: a case report and review of the literature. Gynecol Oncol.
1988;30:104-113.
90. Al-Tweigeri T, Magliocco AM, DeCoteau JF. Cortical blindness
as a manifestation of hypomagnesemia secondary to cisplatin therapy: case report and review of literature. Gynecol Oncol.
1999;72:120-122.
91. Bashir H, Crom D, Metzger M, Mulcahey J, Jones D, Hudson MM.
Cisplatin-
induced hypomagnesemia and cardiac dysrhythmia.
Pediatr Blood Cancer. 2007;49:867-869.
92. Borghaei H, Langer CJ, Millenson M, et al. Phase II study of paclitaxel, carboplatin, and cetuximab as first line treatment, for patients with advanced non-small cell lung cancer (NSCLC): results
of OPN-017. J Thorac Oncol. 2008;3:1286-1292.
93. Konner J, Schilder RJ, DeRosa FA, et al. A phase II study of cetuximab/paclitaxel/carboplatin for the initial treatment of advanced-
stage ovarian, primary peritoneal, or fallopian tube cancer. Gynecol
Oncol. 2008;110:140-145.
94. Velimirovic M, Ziperstein JC, Fenves AZ. A case of chronic hypomagnesemia in a cancer survivor. Hosp Pract. 1995;2017(45):58-6 4.
95. Liu W, Qdaisat A, Soliman PT, et al. Hypomagnesemia and survival
in patients with ovarian cancer who received chemotherapy with
carboplatin. Oncologist. 2019;24:e312-e317.

|

11 of 13

96. Wang Q, Qi Y, Zhang D, et al. Electrolyte disorders assessment in
solid tumor patients treated with anti-EGFR monoclonal antibodies: a pooled analysis of 25 randomized clinical trials. Tumour Biol.
2015;36:3471-3 482.
97. Hecht JR, Cohn A, Dakhil S, et al. SPIRITT: a randomized, multicenter, phase II study of panitumumab with FOLFIRI and bevacizumab with FOLFIRI as second-line treatment in patients with
unresectable wild type KRAS metastatic colorectal cancer. Clin
Colorectal Cancer. 2015;14:72-8 0.
98. Petrelli F, Borgonovo K, Cabiddu M, Ghilardi M, Barni S. Risk of
anti-EGFR monoclonal antibody-related hypomagnesemia: systematic review and pooled analysis of randomized studies. Expert
Opin Drug Saf. 2012;11(suppl 1):S9-S19.
99. Saloura V, Cohen EE, Licitra L, et al. An open-label single-arm,
phase II trial of zalutumumab, a human monoclonal anti-EGFR
antibody, in patients with platinum-
refractory squamous cell
carcinoma of the head and neck. Cancer Chemother Pharmacol.
2014;73:1227-1239.
100. Groenestege WM, Thebault S, van der Wijst J, et al. Impaired basolateral sorting of pro-EGF causes isolated recessive renal hypomagnesemia. J Clin Invest. 2007;117:2260-2267.
101. Abu-Amna M, Bar-Sela G. Increase in cetuximab-induced skin rash
and hypomagnesemia in patients receiving concomitant treatment
with proton pump inhibitors (PPIs): a possible drug interaction?
Cancer Chemother Pharmacol. 2019;83:545-550.
102. Sato J, Ishikawa H, Tanaka R, Sino M. Influence of oral magnesium-
containing supplement and antacid administration on hypomagnesemia induced by panitumumab. Cancer Chemother Pharmacol.
2019;83:673-679.
103. Enokida T, Suzuki S, Wakasugi T, Yamazaki T, Okano S, Tahara M.
Incidence and risk factors of hypomagnesemia in head and neck
cancer patients treated with cetuximab. Front Oncol. 2016;6:196.
104. Schrag D, Chung KY, Flombaum C, Saltz L. Cetuximab therapy and symptomatic hypomagnesemia. J Natl Cancer Inst.
2005;97:1221-1224.
105. Kono T, Satomi M, Asama T, et al. Cetuximab-induced hypomagnesaemia aggravates peripheral sensory neurotoxicity caused by
oxaliplatin. J Gastrointest Oncol. 2010;1:97-101.
106. Hsieh MC, Wu CF, Chen CW, Shi CS, Huang WS, Kuan FC.
Hypomagnesemia and clinical benefits of anti-EGFR monoclonal
antibodies in wild-t ype KRAS metastatic colorectal cancer: a systematic review and meta-analysis. Sci Rep. 2018;8:2047.
107. Rubin H. Central roles of Mg 2+ and MgATP2- in the regulation of
protein synthesis and cell proliferation: significance for neoplastic
transformation. Adv Cancer Res. 2005;93:1-58.
108. Sanchez-Fructuoso AI, Santin Cantero JM, Perez Flores I, Valero
San Cecilio R, Calvo Romero N, Vilalta CR. Changes in magnesium
and potassium homeostasis after conversion from a calcineurin
inhibitor regimen to an mTOR inhibitor-based regimen. Transplant
Proc. 2010;42:3047-3 049.
109. Ikari A, Sanada A, Sawada H, Okude C, Tonegawa C, Sugatani J.
Decrease in transient receptor potential melastatin 6 mRNA stability caused by rapamycin in renal tubular epithelial cells. Biochim
Biophys Acta. 2011;1808:1502-1508.
110. da Silva CA, de Braganca AC, Shimizu MH, et al. Rosiglitazone
prevents sirolimus-induced hypomagnesemia, hypokalemia, and
downregulation of NKCC2 protein expression. Am J Physiol Renal
Physiol. 2009;297:F916-F922.
111. Epstein M, McGrath S, Law F. Proton-pump inhibitors and hypomagnesemic hypoparathyroidism. N Engl J Med. 2006;355:1834-1836.
112. Hoorn EJ, van der Hoek J, de Man RA, Kuipers EJ, Bolwerk C,
Zietse R. A case series of proton pump inhibitor-induced hypomagnesemia. Am J Kidney Dis. 2010;56:112-116.
113. Florentin M, Elisaf MS. Proton pump inhibitor-induced hypomagnesemia: a new challenge. World J Nephrol. 2012;1:151-154.

12 of 13

|

114. Kieboom BC, Kiefte-de Jong JC, Eijgelsheim M, et al. Proton
pump inhibitors and hypomagnesemia in the general population: a
population-based cohort study. Am J Kidney Dis. 2015;66:775-782.
115. Hess MW, Hoenderop JG, Bindels RJ, Drenth JP. Systematic review: hypomagnesaemia induced by proton pump inhibition.
Aliment Pharmacol Ther. 2012;36:405-413.
116. Srinutta T, Chewcharat A, Takkavatakarn K, et al. Proton pump
inhibitors and hypomagnesemia: a meta-analysis of observational
studies. Medicine. 2019;98:e17788.
117. Sharara AI, Chalhoub JM, Hammoud N, Harb AH, Sarkis FS,
Hamadeh G. Low prevalence of hypomagnesemia in long-term recipients of proton pump inhibitors in a managed care cohort. Clin
Gastroenterol Hepatol. 2016;14:317-321.
118. Atkinson NS, Reynolds DJ, Travis SP. ‘Lemonade legs’: why do
some patients get profound hypomagnesaemia on proton-pump
inhibitors? Intest Res. 2015;13:227-232.
119. Sivakumar J. Proton pump inhibitor-induced hypomagnesaemia and hypocalcaemia: case review. Int J Physiol Pathophysiol
Pharmacol. 2016;8:169-174.
120. Krzych LJ, Loj P, Nowak T, Kazura W, Knapik P. Short-term proton
pump inhibitor treatment may cause hypomagnesaemia in critically ill patients—a pilot study. Acta Biochim Pol. 2017;64:499-501.
121. Quamme GA. Recent developments in intestinal magnesium absorption. Curr Opin Gastroenterol. 2008;24:230-235.
122. William JH, Danziger J. Proton-pump inhibitor-induced hypomagnesemia: current research and proposed mechanisms. World J
Nephrol. 2016;5:152-157.
123. Gommers LMM, Ederveen THA, van der Wijst J, et al. Low gut
microbiota diversity and dietary magnesium intake are associated
with the development of PPI-induced hypomagnesemia. FASEB J.
2019;33(10):11235-11246.
124. Regolisti G, Cabassi A, Parenti E, Maggiore U, Fiaccadori E. Severe
hypomagnesemia during long-term treatment with a proton pump
inhibitor. Am J Kidney Dis. 2010;56:168-174.
125. Broeren MA, Geerdink EA, Vader HL, van den Wall Bake AW.
Hypomagnesemia induced by several proton-pump inhibitors. Ann
Intern Med. 2009;151:755-756.
126. Cundy T, Dissanayake A. Severe hypomagnesaemia in long-term
users of proton-pump inhibitors. Clin Endocrinol. 2008;69:338-3 41.
127. Hughes J, Chiu DYY, Kalra PA, Green D. Prevalence and outcomes
of proton pump inhibitor associated hypomagnesemia in chronic
kidney disease. PLoS One. 2018;13(5):e0197400.
128. Mikolasevic I, Milic S, Stimac D, et al. Is there a relationship between hypomagnesemia and proton-pump inhibitors in patients
on chronic hemodialysis? Eur J Intern Med. 2016;30:99-103.
129. Chrysant SG. Proton pump inhibitor-induced hypomagnesemia complicated with serious cardiac arrhythmias. Expert Rev
Cardiovasc Ther. 2019;17:345-351.
130. Zanoli L, Lentini P, Fatuzzo P. Digoxin and hypermagnesuria.
Nephron. 2018;138:89-91.
131. Abu-Amer N, Priel E, Karlish SJD, Farfel Z, Mayan H.
Hypermagnesuria in humans following acute intravenous administration of digoxin. Nephron. 2018;138:113-118.
132. Joo SO. Paradoxical hypomagnesemia caused by excessive ingestion of magnesium hydroxide. Am J Emerg Med. 2008;26(837):e1-e2.
133. Meaney CJ, Beccari MV, Yang Y, Zhao J. Systematic review and
meta-
analysis of patiromer and sodium zirconium cyclosilicate: a new armamentarium for the treatment of hyperkalemia.
Pharmacotherapy. 2017;37:401-411.
134. Megapanou E, Florentin M, Milionis H, Elisaf M, Liamis G.
Drug-
induced hypophosphatemia: current insights. Drug Saf.
2020;43(3):197-210.
135. Ryzen E, Servis KL, Rude RK. Effect of intravenous epinephrine on
serum magnesium and free intracellular red blood cell magnesium
concentrations measured by nuclear magnetic resonance. J Am
Coll Nutr. 1990;9:114-119.

LIAMIS et al.

136. Joborn H, Akerstrom G, Ljunghall S. Effects of exogenous catecholamines and exercise on plasma magnesium concentrations.
Clin Endocrinol. 1985;23:219-226.
137. Knutsen R, Bohmer T, Falch J. Intravenous theophylline-induced
excretion of calcium, magnesium and sodium in patients with
recurrent asthmatic attacks. Scand J Clin Lab Invest. 1994;54:
119-125.
138. Paolisso G, Barbagallo M. Hypertension, diabetes mellitus, and
insulin resistance: the role of intracellular magnesium. Am J
Hypertens. 1997;10:346-355.
139. Liamis G, Liberopoulos E, Barkas F, Elisaf M. Diabetes mellitus and
electrolyte disorders. World J Clin Cases. 2014;2:488-496.
140. Begin MJ, Ste-Marie LG, Coupal L, Ethier J, Rakel A.
Hypomagnesemia during teriparatide treatment in osteoporosis: incidence and determinants. J Bone Miner Res. 2018;33:
1444-1449.
141. Nguyen A, Kalis JA, Sutz TR, Jeffers KD. Development of a
practice standard for monitoring adult patients receiving bone-
modifying agents at a community cancer center. J Adv Pract Oncol.
2018;9:601-607.
142. Marlow CF, Sharma S, Babar F, Lin J. Severe hypocalcemia and
hypomagnesemia with denosumab in advanced chronic kidney
disease: case report and literature review. Case Rep Oncol Med.
2018;2018:2059364.
143. Kurstjens S, de Baaij JH, Bouras H, Bindels RJ, Tack CJ, Hoenderop
JG. Determinants of hypomagnesemia in patients with type 2 diabetes mellitus. Eur J Endocrinol. 2017;176:11-19.
144. Filippatos T, Tzavella E, Rizos C, Elisaf M, Liamis G. Acid-base and
electrolyte disorders associated with the use of antidiabetic drugs.
Expert Opin Drug Saf. 2017;16:1121-1132.
145. Svare A. A patient presenting with symptomatic hypomagnesemia
caused by metformin-induced diarrhoea: a case report. Cases J.
2009;2:156.
146. Ho KM, Leonard A. Risk factors and outcome associated with
hypomagnesemia in massive transfusion. Transfusion. 2011;51:
270-276.
147. Pantoja F, Fragkos KC, Patel PS, et al. Refeeding syndrome in
adults receiving total parenteral nutrition: an audit of practice at a
tertiary UK centre. Clin Nutr. 2019;38:1457-1463.
148. De Marchi S, Cecchin E, Basile A, Bertotti A, Nardini R, Bartoli
E. Renal tubular dysfunction in chronic alcohol abuse—effects of
abstinence. N Engl J Med. 1993;329:1927-1934.
149. Elisaf M, Bairaktari E, Kalaitzidis R, Siamopoulos KC. Hypomagnesemia
in alcoholic patients. Alcohol Clin Exp Res. 1998;22:134.
150. Sharain K, May AM, Gersh BJ. Chronic alcoholism and the
danger of profound hypomagnesemia. Am J Med. 2015;128:
e17-e18.
151. Maguire D, Ross DP, Talwar D, et al. Low serum magnesium and
1-year mortality in alcohol withdrawal syndrome. Eur J Clin Invest.
2019;49(9):e13152.
152. Ordak M, Maj-Zurawska M, Matsumoto H, et al. Ionized magnesium in plasma and erythrocytes for the assessment of low magnesium status in alcohol dependent patients. Drug Alcohol Depend.
2017;178:271-276.
153. Palmer BF, Clegg DJ. Electrolyte disturbances in patients
with chronic alcohol-
use disorder. N Engl J Med. 2017;377:
1368-1377.
154. Grasic Kuhar C, Strojan P, Zadnik V, Zakotnik B. Importance of
magnesium sulfate supplementation in the prevention of hypomagnesemia and hypocalcemia during chemoradiation in head and
neck cancer. J Trace Elem Med Biol. 2018;50:327-331.
155. Mateo-C arrasco H, Kostrzynski O, Ndefo O, Stapley S, Davies E,
Agarwal R. Continuous magnesium infusions in the management
of systemic anti-c ancer therapy-related hypomagnesaemia. Int J
Clin Pharm. 2017;39:657-661.

|

LIAMIS et al.

156. Ranade VV, Somberg JC. Bioavailability and pharmacokinetics of
magnesium after administration of magnesium salts to humans.
Am J Ther. 2001;8:345-357.
157. Ayuk J, Gittoes NJ. Treatment of hypomagnesemia. Am J Kidney
Dis. 2014;63:691-695.
158. Oka T, Hamano T, Sakaguchi Y, et al. Proteinuria-associated renal
magnesium wasting leads to hypomagnesemia: a common electrolyte abnormality in chronic kidney disease. Nephrol Dial Transplant.
2019;34:1154-1162.
159. Tamargo J, Segura J, Ruilope LM. Diuretics in the treatment of hypertension. Part 2: loop diuretics and potassium-sparing agents.
Expert Opin Pharmacother. 2014;15:605-621.

13 of 13

160. Wazny LD, Brophy DF. Amiloride for the prevention of amphotericin B-
induced hypokalemia and hypomagnesemia. Ann
Pharmacother. 2000;34:94-97.

How to cite this article: Liamis G, Hoorn EJ, Florentin M,
Milionis H. An overview of diagnosis and management of
drug-induced hypomagnesemia. Pharmacol Res Perspect.
2021;9:e00829. https://doi.org/10.1002/prp2.829

