g
@ CrossMark

Proceedings of the Nutrition Society (2021), 80, 327-338 doi:10.1017/S0029665121000926
© The Author(s), 2021. Published by Cambridge University Press on behalf of The Nutrition Society.

This is an Open Access article, distributed under the terms of the Creative Commons Attribution

licence (http:/creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution,

and reproduction in any medium, provided the original work is properly cited. The written permission

of Cambridge University Press must be obtained for commercial re-use.

First published online 28 April 2021

The Nutrition Society Winter Conference Live 2020 was held virtually on 8-9 December 2020

Conference on ‘Micronutrient malnutrition across the life course, sarcopenia and
frailty’
Symposium three: Ageing, frailty, sarcopenia, osteoporosis and micronutrients

Genetic and drug-induced hypomagnesemia: different cause,
same mechanism
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Magnesium (Mg?*) plays an essential role in many biological processes. Mg?" deficiency is
therefore associated with a wide range of clinical effects including muscle cramps, fatigue,
seizures and arrhythmias. To maintain sufficient Mg?* levels, (re)absorption of Mg?" in
the intestine and kidney is tightly regulated. Genetic defects that disturb Mg>* uptake
pathways, as well as drugs interfering with Mg?* (re)absorption cause hypomagnesemia.
The aim of this review is to provide an overview of the molecular mechanisms underlying
genetic and drug-induced Mg”* deficiencies. This leads to the identification of four main
mechanisms that are affected by hypomagnesemia-causing mutations or drugs: luminal tran-
sient receptor potential melastatin type 6/7-mediated Mg®* uptake, paracellular Mg**
reabsorption in the thick ascending limb of Henle’s loop, structural integrity of the distal
convoluted tubule and Na*-dependent Mg>* extrusion driven by the Na*/K*-ATPase.
Our analysis demonstrates that genetic and drug-induced causes of hypomagnesemia share
common molecular mechanisms. Targeting these shared pathways can lead to novel treatment
options for patients with hypomagnesemia.

Magnesium: Ion transport: Genetic diseases: Drug side effects

Magnesium (Mg>*) is a crucial micronutrient present in
foods such as nuts, grains, seeds and vegetables. The
recommended daily intake of Mg®* is 420 mg for men
and 320 mg for women"). Mg*" is the second most abun-
dant cation intracellularly where it is involved in many
biological processes, including hundreds of enzymatic
reactions, cell signalling and DNA/RNA synthesis®.
Mg?* homeostasis therefore has to be tightly maintained.
In the gastrointestinal tract, the majority of Mg>*
absorption occurs paracellularly in the small intestine,

while in the colon and cecum, Mg>* is absorbed via a
transcellular pathway'”. Normally, 30-50 % of dietary
Mg”* is absorbed, but this can be increased to 80 %
when intake is low™®. In the kidney, Mg>* is filtered
into the pro-urine, from which 95-99 % is reabsorbed
in different segments of the nephron®. In total, 10-25
% of Mg®" reabsorption occurs in the proximal tubule
and 50-70% in the thick ascending limb of Henle’s
loop (TAL), both via a paracellular pathway. The
remaining 5-10% is reabsorbed transcellularly in the
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drstal convoluted tubule (DCT), where the final urinary
Mg** concentrat1on is determined as this is the last
segment where Mg>* can be reabsorbed.

When the intestinal and renal regulatory mechanisms
aimed at maintaining sufficient Mg?" levels are dis-
turbed, hypomagnesemia (serum Mg>* <0-7mm) can
develop Consistent with the widespread functions of
Mg>*, severe symptoms such as epilepsy, fatigue, muscle
cramps and cardiac arrhythmias have been observed as a
consequence of hypomagnesemia®. Vanous factors can
cause hypomagnesemia. Low dietary Mg>* intake is a
growing problem caused by unhealthy diets and a
decreased Mg>* content in soil and foods®. Other causes
of hypomagnesemra are alcoholism, mutations in genes
1nvolved in Mg®>* regulation or certam drug treat-
ments”. Genetic and drug-induced Mg>* deficiencies
in partlcular have contributed greatly to our understand-
ing of Mg®" homeostasis. Since the number of
hypomagnesemia-causing mutations and drugs is stead-
ily growing, the underlying mechanisms are becoming
more elaborate and complex. Studying how these
mechanisms are connected can help w1th finding the
most important contributors to Mg maintenance.
Therefore, the aim of this review is to provide an
up-to-date overview of the molecular causes of genetic
and drug-induced Mg>* deficiencies and identify the
main pathways of Mg”" regulation shared between them.

Genetic causes of hypomagnesemia

The development of novel sequencing techniques has
resulted in the identification of various genes that play
a role in Mg** homeostasrs (Table 1). In the following
segment, the genetic Mg®" deficiencies are subdivided
into groups that share a common mechanism.

Luminal Mg** uptake in the intestine and distal

convoluted tubule

Transient receptor potential melastatin type 6 (TRPM6)
is a d1valent cation transporter with a high affinity for
Mg”* that is specifically expressed in the luminal/apical
membranes of the colon and DCT'”. Mutations in
the TRPM6 gene cause severe hypomagnesemia with
secondary hypocalcemia, which occurs because of
hypomagnesemia-induced parathyroid failure®?. There
is some debate on whether hypomagnesemra 1s caused
by intestinal Mg?" malabsorption or renal Mg* wasting.
Kidney-specific TRPM6 knockout mice display normal
Mg?* levels'?). However, in patients with TRPM6 muta-
tions, 1ntest1nal malabsorpt1on as well as increased
urinary Mg”>" excretion, is observed, suggesting both
intestinal and renal mechanisms are involved!

TRPMS6 is able to form a heteromeric complex with 1ts
family member TRPM7 Wthh Is essentlal for TRPM6
to facilitate Mg>* transport'®'?. In contrast to
TRPMBS6, TRPM7 is ubiquitously expressed and is able
to transport Mg>* and other divalent cations by itself!¥.
Consequently, TRPM7 deficiency usually decreases
intracellular Mg** content!*'¥. In TRPM6-expressing
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colon cells, however, TRPM7 down-regulation actually
increased Mg”" influx'>. This may be explained by the
fact that in these cells, down-regulation of TRPM?7
increases the relative abundance of TRPM6/7 heteromers
compared to TRPM7 monomers. TRPM6/7 heteromers
show higher Mg** currents than TRPM7 monomers
and are less sensitive to inhibition by the intracellular
Mg** concentrat1on (6 Thus, TRPM7 by itself provides
an adaptable Mg?" transport throughout the body, while
TRPM6/7 complexes facilitate a high and constitutive
Mg”" uptake in the intestine and DCT that is needed
to maintain sufficient Mg”* levels. Because of the ub1qu1-
tous, TRPMo6-independent role of TRPM7 in the main-
tenance of the cellular cation balance, it remains to be
seen whether TRP M7 mutations can cause a phenotype
similar to TRP M6 mutations.

Epidermal growth factor (EGF) is an essential regulator
of TRPM6 activity'”. EGF and EGF receptor (EGFR)
mutations cause hypomagnesem1a along with either men-
tal retardation (EGF) or severe eprthehal inflammation
(EGFR)"®!1?_ Within the k1dney, EGF is predominantly
expressed in the DCT!®. In human embryonic kidney
293 cells transiently transfected with TRPM6, EGF dose-
dependently increased TRPM6 activity'®. This effect is
mediated by EGFR-activated Src family kinases, which
in turn activate the PI3K/Akt pathway!”. Upon activa-
tion of this pathway, the downstream GTPase Racl
increases the surface expression of TRPM6 (Fig. la).
Recent studies have demonstrated that the EGFR drrectly
binds to TRPM7 in the vasculature to regulate Mg>"
uptake(zo) Whether this mechanism also contributes to
Mg”" uptake in the DCT and colon is unknown, though
this is unlikely considering the localisations of TRPM6/7
and EGFR in these tissues are apical and basolateral,
respectively. As EGF signalling is classrcallzf studied in
cell differentiation and organ development", the bio-
logical function of this regulatory pathway is unclear If
EGF would act as an Mg’ -regulatmg hormone, its
release should depend on Mg avarlabrlrty similar to
parathyro1d hormone for Ca®* homeostasis®”. In mice
fed an Mg®*-deficient diet, EGF up—regulatron has been
reported specifically in DCT cells®®, indicating Mg’
*.dependent EGF transcription may occur locally in the
DCT. Alternatively, EGF-induced Mg>* uptake may con-
tribute to the growth factor function of EGF, as cell
growth requires high intracellular Mg®* concentrations
for transcription and translation. Several studies indeed
report up- regulatlon of EGF and TRPM?7 in cancer to
facilitate rapid Mg>* uptake and cell growth®* =",

Paracellular Mg’* reabsorption in the thick ascending
limb of Henle’s loop

The TAL is respons1ble for the majority of Mg’

reabsorption via a passive paracellular pathway‘ 9,
This paracellular transport is enabled by cation-selectrve
pores in tight junction complexes formed by claudin-16
and claudin-19, encoded by CLDNI6 and CLDNI19%?.
By disrupting this complex, mutations in CLDN16 and
CLDN19 cause familial hypomagnesemia, hypercalciuria
and nephrocalcinosis with ocular abnormalities in the
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Table 1. Mechanisms of genetic Mg>* deficiencies

Mechanism Gene Protein Refs
TRPM6/7-mediated Mg?* uptake TRPM6 TRPM6 &9
EGF EGF 9
EGFR EGFR 9
Paracellular Mg?* reabsorption in the TAL CLDN16 Claudin-16 ©0)
CLDN19 Claudin-19 @
CASR CaSR (89,40)
Structural integrity of the DCT SLC12A3 NCC @4
Mg?* extrusion driven by the Na*/K*-ATPase ATP1A1 a1 subunit of the Na*/K*-ATPase ©9
FXYD2 y subunit of the Na*/K*-ATPase ©9)
KCNJ10 Kir5-1 (69.60)
CLCNKB CIC-Kb ©n
HNF1B HNF1p (€8.70)
PCBD1 PCBD1 ©9)
Mitochondrial genes Seryl tRNA synthetase, POLG1 (73-76)
Unclear function CNNM2 Cyclin M2 (77-81)
FAM111A FAM111A (85.86)
GATA3 GATA3 @n
PLVAP PLVAP ©8)

TRPM6/7, transient receptor potential melastatin type 6/7; EGF(R), epidermal growth factor (receptor); TAL, thick ascending limb of Henle’s loop; CaSR,
calcium-sensing receptor; DCT, distal convoluted tubule; NCC, Na*, CI~ co-transporter; Kir5-1, K* inwardly rectifying channel 5-1; CIC-Kb, CI~ channel Kb;
HNF18, hepatocyte nuclear factor 18; PCBD1, pterin-4a-carbinolamine dehydratase; POLG1, DNA polymerase subunit gamma; FAM111A, family with sequence

similarity 111 member A; PLVAP, plasmalemma vesicle-associated protein.

case of CLDNI19°%*D_ Claudin-16 also interacts with
claudin-14, which impairs the cation permeability of the
tight junction complex and thus serves as a negative regu-
lator of the claudin-16/claudin-19 channel (Fig. 1b)®?.
The calcium-sensing receptor (CaSR) is an important
regulator of claudin-mediated paracellular reabsorption.
In the kidney, the CaSR is highlgy abundant on the baso-
lateral membrane of the TAL®**_ The protein promotes
Ca>* excretion when Ca”* concentrations in the blood are
high®, by inhibiting claudin-16 and promoting
claudin-14 expression, thereby limiting paracellular trans-
port in the TAL®?3%. Moreover, CaSR activation inhi-
bits the renal outer medullary potassium channel and
the Na*, K* and 2CI~ co-transporter (NKCC2) on the
apical membrane of the TAL®”. Renal outer medullary
potassium channel and NKCC2 play an important role
in generating a lumen-positive voltage which allows the
paracellular transport of cations®®. By inhibiting renal
outer medullary potassium channel and NKCC2 and
activating claudin-14, gain-of-function mutations in
CASR lead to autosomal-dominant hypocalcaemia and
hypomagnesemia®®*”. Not all autosomal-dominant
hypocalcaemia patients develop hypomagnesemia, how-
ever, as this is dependent on the level of activity of the
mutant CaSR“". This indicates that relatively mild wast-
ing of Mg*" in the TAL will not cause Mg*" deficiency,
probably because this can be compensated by an
increased Mg>* reabsorption in the DCT. Indeed, inhib-
ition of ion transport in the TAL leads to the proliferation
of the DCT and an increased expression of TRPM6“>4.

Structural integrity of the distal convoluted tubule

Mutations in SLCI2A43, encoding the thiazide-sensitive
Na™ and CI~ co-transporter (NCC), cause Gitelman syn-
drome, one of the most common inherited renal
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disorders“?. Although NCC transports Na* and CI~,
hypomagnesemia and hypokalaemia are the main symp-
toms of Gitelman syndrome. In a recent review, the link
between NCC activity and Mg”>" transport was exten-
sively discussed®”. The most commonly accepted
hypothesis is that NCC deficiency causes atrophy of the
DCT segment (Fig. 1¢)“®. This is in line with a reduction
in the expression of the DCT marker parvalbumin and
TRPM6 upon inactivation of NCC in mice“®*”. The
hypothesis of DCT atrophy is supported by other studies
showing that the DCT has a high degree of plasticity and
can remodel depending on the situation®“**3%,
Recently, the transcription factor AP-2p and its down-
stream target potassium channel tetramerisation domain
containing 1 (KCTDI) were identified as regulators of
DCT development®?. Similar to the DCT atrophy
observed in NCC knockout mice, impaired development
of the DCT as a consequence of KCTDI1 deficiency also
leads to hypomagnesemia®?. Clearly, proper develop-
ment of DCT structure and function under the influence
of genes such as SLCI2A3 and KCTDI is crucial for
Mg*" homeostasis. Although no hypomagnesemia-
causing variants are known in the KCTDI gene, it
could be an interesting candidate to consider in the ana-
lysis of unsolved cases.

Na*-dependent extrusion of Mg’* driven by the
Na*IK"-ATPase

Although the exact molecular identity of the basolateral
Mg?* extrusion protein in the DCT is under debate, it
is generally accepted that Mg>* extrusion is Na*-
dependent®?. This notion is further supported by the
identification of hypomagnesemia-causing mutations in
two genes encoding subunits of the Na'/K"-ATPase,
ATPIAl and FXYD2®**.  The Na'/K*-ATPase
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Fig. 1. Main molecular mechanisms affected in genetic and drug-induced hypomagnesemia. Proteins in which
mutations are associated with hypomagnesemia are underlined and highlighted in bold, hypomagnesemia-causing
drugs are highlighted in red. (a) In the colon and DCT, TRPM6/7 heteromers facilitate efficient (re)absorption of Mg®*
from the lumen. EGF signalling increases TRPM®6 trafficking to the membrane. EGFR and calcineurin inhibitors
decrease the (membrane) expression of TRPM6. The effects of the microbiota and PPI are specific to the colon. (b)
In the TAL, Mg?* is transported paracellularly through pores formed by claudin-16 and -19 and blocked by
CaSR-activated claudin-14. The required lumen-positive voltage is generated by NKCC2 and ROMK. Drugs that
inhibit NKCC2 or activate CaSR decrease Mg?* reabsorption. (c) DCT length is crucial for sufficient Mg?*
reabsorption. NCC deficiency or nephrotoxic drugs can cause DCT atrophy. (d) Mg®* is extruded through a putative
Na*/Mg?*-exchanger driven by the Na*/K*-ATPase. Extrusion of K* through Kir4-1/Kir5.-1 channels is required for
Na*/K*-ATPase function and CI~ transport through CIC-Kb. Expression of Kir 5-1 and the y-subunit of the Na*/
K*-ATPase is activated by HNF18 and PCBD1. CaSR, calcium-sensing receptor; CIC-Kb, CI~ channel Kb; CNT,
connecting tubule; DCT, distal convoluted tubule; EGF(R), epidermal growth factor (receptor); HNF1p, hepatocyte
nuclear factor 18; Kir4-1/5-1, K* inwardly rectifying channel 4-1/5-1; NCC, Na*, CI~ co-transporter; NKCC2, Na*, K*,
2CI™ co-transporter; PCBD1, pterin-4a-carbinolamine dehydratase; PPI, proton pump inhibitors; ROMK, renal outer
medullary potassium channel; TAL, thick ascending limb of Henle’s loop; TRPM6/7, Transient receptor potential
melastatin type 6/7.

consists of an a-, a B- and a regulatory FXYD/y-subunit
and crucially maintains favourable electrochemical gra-
dients in all cells of the body by exchanging three Na*

ions for two K* ions using ATP®®. Interestingly, hypo-
magnesemia is associated with selzures and intellectual
disability in the case of ATPIAI®Y. However, it is
unclear whether this is a secondary effect of hypomag-
nesemia, or indicates an intrinsic function of ATP1A1
in the brain. Based on animal models, the most abundant
express1on of ATP1AI and FXYD?2 proteins within the
k1dney is in the DCT®”*®. Consequently, two mechan-
isms can be proposed for the hypomagnesemia in
patients with ATPIAl and FXYD2 mutations. First,

rg/10.1017/50029665121000926 Published online by Cambridge University Press

the Na*/K*-ATPase may generate a favourable electro-
chemical gradient for transcellular Mg®* transport in
the DCT. As such, its function is essential for TRPM6-
mediated Mg2+ entry into the cell®. Secondly, the baso-
lateral Na™* %radlents may be essential for the function of
the Na*/Mg""-exchanger, which is driven by extracellu-
lar Na* (F1g 1d)®®. The relative contribution of both
pathways to the development of hypomagnesemia is
unclear. Interestingly, ATPIAI and FXYD2 patients
have a relatively mild Na'-wasting phenotype and
often do not dlsplay hypokalaemla or metabolic alkal-
osis®*>_If Na* reabsorption in the DCT is decreased,
downstream segments will compensate for this by
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reabsorbing Na™ at the expense of K* and H" excretion,
resulting in hypokalaemia and metabolic alkalosis. Since
these phenotypes are not present, it seems that sufficient
Na"/K"-ATPase function remains to maintain
NCC-mediated Na™ reabsorption in the DCT. This sug-
gests that Mg®* reabsorption is more sensitive to dis-
turbed Na*/K"-ATPase function than Na*.

In line with reduced Na*/K*-ATPase function, muta-
tions in KCNJ10 cause EAST/SeSAME syndrome, char-
acterised by esgilepsy, ataxia, sensorineural deafness and a
tubulopathy®”?. Patients suffer from a Gitelman
syndrome-like electrolyte phenotype including hypomag-
nesemia, hypokalaemia and metabolic alkalosis.
KCNJ10 encodes the K* inwardly rectifying channel 4-1
(Kir4-1), which together with its binding partner Kir5-1
(encoded by KCNJI6) forms the major K* channel in
the basolateral membrane of the TAL and DCT¢!¢?,
These Kir4-1/Kir5-1 channels provide the driving force
for Na"/K"-ATPase by recycling K* at the basolateral
membrane (Fig. 1d). Mutations in Kir4-1 will therefore
limit the functionality of Na'/K'-ATPase, explaining
the hypomagnesemia®”. Moreover, uncoupling of this
‘pump-leak mechanism’ at the basolateral membrane
will result in plasma membrane depolarisation. As a
result, the C1™ extrusion via the kidney-specific basolat-
eral CI™ channel Kb will be decreased, leading to an
increased intracellular C1~ concentration®”. As CI~ inhi-
bits the NCC-activating with-no-lysine kinases(®>®®,
NCC-mediated Na* reabsorption will be decreased. The
downstream compensatory mechanism of Na* reabsorp-
tion at the expense of K™ and H" thus explains the hypo-
kalaemia and metabolic alkalosis. In accordance with this
mechanism, mutations in CLCNKB, which encodes for
CI™ channel Kb, are associated with a similar phenot?ép;e
of Na* and K* wasting and metabolic alkalosis®”.
Hypomagnesemia can also be observed in these patients,
which is most likely due to the link between impaired
NCC functioning and Mg** reabsorption.

Expression of FXYD2 is activated by the transcription
factor hepatocyte nuclear factor 1p (HNF1pB) and its coacti-
vator pterin-4a-carbinolamine dehydratase (PCBD1)®%”,
Mutations in both HNFIB and PCBDI are associated
with hypomagnesemia®®’?. These mutations abolish
the HNF1p/PCBDI-induced transcription of FXYD2,
confirming that FXYD2 plays an important role in Mg?
* homeostasis®®"V. Im_})ortantly, HNF1p also regulates
KCNJI6 transcription'’?. Down-regulation of HNFIp
indeed reduces the expression of Kir5-1 as well as
Kir4-1 and NCC"?. This indicates that HNFI B muta-
tions affect the Na"/K"-ATPase directly via FXYD2,
but also less directly via Kir4-1/Kir5-1. Furthermore, it
should be noted that HNF1B has many other target
genes. Therefore, it cannot be excluded that additional
targets play a role in disturbed Mg”>* homeostasis asso-
ciated with HNFI B mutations. In line with this broader
function, HNFIB mutations typically lead to widespread
abnormal renal development of which hypomagnesemia
is only one of the manifestations.

Several mutations in mitochondrial DNA or in genes
encoding mitochondrial Bg)oteins have been associated

with hypomagnesemia”>’®. Although the mechanisms
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of these disorders have never been examined, the essen-
tial role of the Na*/K*-ATPase in Mg** transport may
partially explain the phenotype. Since the energy demand
of Na*/K*-ATPase is particularly high in the DCT, opti-
mal ATP production by the mitochondria is essential to
fuel its activity. Indeed, mitochondrial density is very
high in the DCT"”. However, as mitochondrial muta-
tions often lead to variable phenotypes due to differences
in affected tissues and heteroplasmy levels, it is particu-
larly challenging to unravel how Mg®* homeostasis is
affected in these patients. Therefore, it should be noted
that additional pathways may be involved.

Others

Not all genes in which hypomagnesemia-causing muta-
tions have been found can already be placed in major
Mg** regulatory pathways as described earlier.
Mutations in the cyclin M2 gene CNNM?2 cause hypo-
magnesemia, seizures, intellectual disability and obes-
ity"® 8D Therefore, CNNM2 likely plays a role in
brain development and metabolism as well as Mg>* bal-
ance'””®D. There is a debate on whether CNNM2 and its
family members CNNM1, CNNM3 and CNNM4 are
the putative Na*/Mg**-exchangers responsible for Mg?
* extrusion®®. The idea is supported by the fact that
CNNM2 is highly expressed in the DCT, localises to
the basolateral membrane, and stimulates Mg2+ efflux
and Na* influx when overexpressed’®5>%9_ Conversely,
CNNM2-induced Mg** transport may be bi-directional,
is not always shown to be Na* dependent and is abol-
ished by TRPM?7 inhibition, indicating CNNM2 itself
is not a transporter’®’®. An explanation that seems to
fit all observations is that CNNM?2 has a regulatory
rather than a transporting function, though its exact
function and the molecular identity of the Na*/Mg?
*_exchanger remains to be determined.

Other genes with an unsolved function in Mg**
homeostasis include FAMI11A, in which specific muta-
tions cause hypomagnesemia along with bone and eye
abnormalities and hypoparathyroidism®>%®. Its known
functions in antiviral restriction and DNA replication
cannot be clearly linked to Mg**, so efforts to unravel
this are ongoing. Mutations in GATA3, encoding a tran-
scription factor, typically lead to hypoparathyroidism,
deafness and renal anomalies, but hypomagnesemia has
also been reported®”. It is unknown whether this Mg**
deficiency is a sporadically occurring secondary effect
of the syndrome or if GATA3 regulates the expression
of genes that are of interest for Mg”* transport. Lastly,
Mg deficiency has also been observed in a patient
with protein-losing enteropathy as a consequence of
mutations in the plasmalemma vesicle-associated protein
gene, which is expressed in the endothelium®. The
hypomagnesemia may occur as a consequence of malab-
sorption due to the enteropathy, but renal abnormalities
are also observed, so it is as of yet unknown how and
where this endothelial protein affects Mg®*. Additional
research is needed to decipher the molecular mechanism
underlying hypomagnesemia in these syndromes.
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Table 2. Mechanisms of drug-induced Mg®* deficiencies

Mechanism Drug Estimated frequency* Refs
TRPM6/7-mediated Mg?* uptake Cetuximab 20-30% (18,91,92)
Calcineurin inhibitors 10-50% (CsA) (97-101)
50-98% (tacrolimus)
Proton pump inhibitors 5-15% (106-108)
Paracellular Mgz+ reabsorption in the TAL Loop diuretics Only with additional risk factors (108,121-124)
Aminoglycosides 30% (127,128)
Sirolimus 10% (129,130)
Structural integrity of the DCT Thiazide diuretics 10-15% (126,134,135)
Cisplatin 70-100% (138-140)
Amphotericin B <30% (143-145)
Mg?* extrusion driven by the Na*/K*-ATPase Digoxin 10-20% (148-150)
Other mechanisms B-adrenergic agonists 20-50% (151-153)

TRPM6/7, transient receptor potential melastatin type 6/7; CsA, cyclosporine A; TAL, thick ascending limb of Henle’s loop; DCT, distal convoluted tubule.
*Incidences of hypomagnesemia are often not studied in large populations. The frequencies are based on the provided references.

Drug-induced hypomagnesemia

Hypomagnesemia is a side effect of various drugs
(Table 2). Interestingly, hypomagnesemia-causing drugs
and hereditary causes of hypomagnesemia share com-
mon pathways, confirming the essential role of these
pathways for Mg”>" (re)absorption in the intestine and
kidney. In this section of the review, hypomagnesemia-
inducing drugs are described in the context of the path-
ways described earlier, which provides various additional
insights into these pathways.

Luminal Mg”* uptake in the intestine and distal
convoluted tubule

Somatic gain-of-function mutations in EGFR are asso-
ciated with various cancers, which has led to the develop-
ment of EGFR inhibitors for the treatment of lung, head
and neck, colorectal and pancreas cancer®. The treat-
ment options are either monoclonal antibodies, which
bind EGFR extracellularly, or tyrosine kinase inhibitors
(TKI), which bind intracellularly and prevent phosphor-
ylation of the receptor®”. In line with the role of EGF
signalling in TRPM6 activation, hypomagnesemia is a
common side effect of treatment with the EGFR anti-
body cetuximab, occurring in 20-30% of the
patients'®192 " Cetuximab prevents the EGF-induced
activation of TRPMG6 in kidney and colon cells, indicat-
ing the hypomagnesemia can be attributed to a decrease
in both renal and intestinal (re)absorption!'®?%.
Hypomagnesemia is not reported in patients treated
with EGFR TKI®Y. However, EGFR TKI are less
specific than EGFR antibodies and their anti-tumour
effects often do not solely rely on the inhibition of
EGFR, but also complementary pathways®”. The
specific inhibition of EGF signalling may therefore not
be sufficient to induce hypomagnesemia in TKI treat-
ment. Modest decreases in Mg®* levels have been
observed in animal models, however, indicating hypo-
magnesemia should not be comg)letely ruled out in
patients treated with EGFR TKI®>9.
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Another class of drugs that causes hypomagnesemia
through interference with TRPM6 function are calci-
neurin inhibitors such as cyclosporine A (CsA) and
tacrolimus, which are immunosuppressants used in trans-
plant recipients. Hypomagnesemia is almost always
reported in cohorts of calcineurin inhibitor-treated
patients, with incidences ranging from 10 to 50% for
CsA and from 50 up to 98% for tacrolimus®’~'%D,
CsA and tacrolimus were found to reduce the expression
of TRPM6'9%199)_ This effect may be mediated by the
transcription factor c-Fos, as c-Fos is down-regulated
by CsA and inhibition of c¢-Fos decreases both TRPM6
expression and Mg”>* uptake!'’?. Moreover, renal EGF
production is decreased in CsA-treated patients, indicat-
ing TRPM6 down-regulation may also occur through
lowered EGF signalling in the DCT!?,

Proton pump inhibitors (PPI) are wused for
gastric-acid-related diseases such as peptic ulcers and
are among the most-used drugs worldwide!!*”.
Hypomagnesemia is a side effect that occurs in 5-15%
of PPI users and can become very severe, particularly
after long-term treatment'%®'°®_ Oral supplementation
of Mg”*" is often insufficient to fully restore normal
Mg?* levels in patients with PPI-induced hypomagnes-
emia’””. Moreover, a reduced Mg?" excretion is
observed in these patients, indicating the kidney still
functions normally and partially counteracts the hy}ljo—
magnesemia by increasing Mg>" reabsorption'!?.
Therefore, it is generally accepted that PPI reduce the
intestinal absorption of Mg?*. Since a mild decrease in
Mg>* uptake in the intestine alone can usually be com-
pensated, the risk of PPIl-induced hypomagnesemia is
strongest when additional factors contributing to Mg**
depletion are present, such as the use of calcineurin inhi-
bitors and diuretics, single nucleotide polymorphisms in
TRPMG6 or increasing age!'**!''"'') "PPI increase the
pH of the gastrointestinal tract by inhibiting the release
of gastric acid, which may explain the malabsorption
since Mg”" is more soluble and TRPM6 and TRPM7
show higher activity at lower pH values''?. In a series
of N-of-1 trials, lowering the luminal pH by supplemen-
tation of the naturally occurring polysaccharide inulin
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indeed siigniﬁcantly improved the PPI-induced hypomag-
nesemia'''®. Since the decrease in pH after inulin treat-
ment occurs because of fermentation by colonic
bacteria''®, the microbiota might play an important
role in Mg** (mal)absorption. Indeed, PPI alter the gut
microbiota of patients!'”'""® and a PPI-induced
decrease in microbiota diversity is associated with hypo-
magnesemia in mice’”. These data highlight the
importance of the microbiota in generating a favourable
environment for Mg®" absorption in the intestine
(Fig. 1a).

Paracellular Mg’* reabsorption in the thick ascending
limb of Henle’s loop

Loop diuretics are a class of drugs that lower the blood
pressure by inhibiting Na™ reabsorption in the TAL,
thereby promoting diuresis. The use of loog diuretics is
associated with increased Mg** excretion"?'"'*. Loop
diuretics inhibit NKCC2 and therefore interfere with
the lumen-positive voltage required for paracellular cat-
ion uptake in the TAL®®. This inhibition particularly
affects the paracellular transport of divalent cations
such as Mg*>*1?_ Despite the decreased Mg>* reabsorp-
tion in the TAL, some studies report no association
between loop diuretics and hypomagnesemia while others
only observe it in patients already prone to Mg>* deple-
tion due to heart failure or PPI use!!%%123124120) " Tpjg
indicates some additional risk factor has to be present
before Mg”* deficiency develops. Similar to the Mg**
levels in patients with CASR mutations, whether hypo-
magnesemia develops likely also depends on the capacity
of the DCT to compensate for the Mg>" loss in the
TAL®Y.

Additionally, hypomagnesemia is observed in about 30
% of patients treated with aminoglycosides, a class of anti-
biotics used for tuberculosis and other bacterial infec-
tions'21?® " Moreover, the mTOR inhibitor sirolimus
(rapamycin), which is used for transplant recipients as
an alternative to calcineurin inhibitors, leads to hypomag-
nesemia in about 10% of cases"?*!*?. Aminoglycosides
and sirolimus decrease the expression of NKCC2, suggest-
ing mechanistic similarities to loop diuretic-induced Mg**
loss"*!132)_ In addition, aminoglycosides are able to acti-
vate CaSR""*?, which inhibits paracellular uptake of Ca**
and Mg>*. By affecting these two pathways simultan-
eously, it may be expected that aminoglycosides cause a
rather severe wasting of Mg”* in the TAL, which would
explain the relatively high incidence compared to the
loop diuretic- and sirolimus-induced hypomagnesemia.

Structural integrity of the distal convoluted tubule

Thiazide diuretics are among the most commonly used
antihypertensive drugs and long-term use frequently
leads to increased Mg2+ excretion, which is associated
with a 2- to 3-fold increased risk of developing hypomag-
nesemia!**13*139  Thiazides promote diuresis by inhibit-
ing NCC. Therefore, it can be expected that
thiazide-induced Mg** loss shares many mechanistic simi-
larities to the hypomagnesemia observed in Gitelman syn-
drome. Indeed, the DCT atrophy associated with
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Gitelman syndrome is also seen in rats treated with thia-
7ide*13D " However, other studies contradict this
finding and report no deleterious effects on the DCT
length in thiazide-treated mice™”. This inconsistency
may be explained by interspecies variation and/or differ-
ences in dosages. Interestingly, TRPM6 down-regulation
still occurred in these thiazide-treated mice, indicating
NCC regulates TRPM6 not just through DCT develop-
ment but also via a more direct mechanism™. If a direct
link between NCC and TRPM6 indeed exists, it still
remains to be determined whether this mechanism or struc-
tural changes to the DCT underlie thiazide-induced hypo-
magnesemia, or whether it is a combination of the two.

Various drugs have nephrotoxic effects, which can
lead to damage to the DCT and consequently distur-
bances in Mg~" reabsorption. The majority of patients
treated with the chemotherapeutic cisplatin, for example,
develop hypomagnesemia if no measures are taken to
prevent this"** 1" Cisplatin accumulates in the kidney
and causes nephrotoxicity that mainly affects tubular
structures such as the DCT, resulting in disturbed
reabsorption (Fig. 1¢)'*". Because of this widespread
effect on the tubules, other electrol?/tes are also disturbed
upon  cisplatin  treatment'*”.  Similarly,  the
hypomagnesemia-inducing anti-fungal agent amphoteri-
cin B4 a5 well as calcineurin inhibitors and amino-
glycosides, can also cause nephrotoxicity'**'*”. In the
case of calcineurin inhibitors and aminoglycosides,
nephrotoxicity could thus be an additional explanation
for the hypomagnesemia in addition to their respective
effects on TRPM6 and NKCC2/CaSR. It should be
noted that even though the DCT is prone to structural
remodelling, the nephrotoxicity-induced changes affect
multiple nephron segments, indicating the hypomagnes-
emia is not solely due to DCT damage.

Na"-dependent extrusion of Mg>" driven by the Na*/
K"-ATPase

Hypomagnesemia is observed in 10-20% of patients
treated with digoxin, which increases renal Mg>* excre-
tion!*¥-1%9 " Digoxin inhibits the Na*/K*-ATPase and
is used to treat arrhythmias and heart failure, since an
increase in Na™ in the cell leads to more intracellular
Ca’* and an increased contraction force. The
digoxin-induced hypomagnesemia is in line with the
importance of the Na*/K*-ATPase in basolateral Mg>*
extrusion in the kidney. Despite the ubiquitous function
of the Na*/K*-ATPase in electrolyte transport, Mg>*
depletion upon digoxin treatment seems to be more fre-
quent than disturbances of other electrolytes! %15,
again suggesting that Mg”>" homeostasis is relatively sen-
sitive to decreased functioning of the Na*/K"-ATPase.

Others

B-adrenergic agonists activate the sympathetic nervous
system and are frequently used in asthma patients to
relax the airway muscles. Hypomagnesemia is observed
in about 30% of asthmatic patients and the use of
B-adrenergic agonists contributes to this"'>'~'>¥. In this
case, the mechanism is unrelated to the main pathways
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of Mg?" uptake. B-adrenergic agonists activate lipolysis,
which results in an increased production of NEFA
from triacylglycerols!>*'*®. NEFA are able to bind
Mg>* and thereby decrease free Mg”* in the blood,
which could be interpreted as hy}gomagnesemia(m).
Indeed, the decrease in serum Mg>" after treatment
with B-adrener%ic agonists coincides with an increase in
NEFA levels!*®. This interaction between Mg®* and
NEFA is an important additional determinant of Mg**
homeostasis that should not only be considered in
B-adrenergic agonist treatment. For example, high levels
of triacylglycerols, which correlates to high levels of
NEFA, is also associated with hypomagnesemia in
patients with type 2 diabetes''>”. Since NEFA affect
free Mg®* concentrations rather than the total Mg** con-
tent, it should be determined whether this has the same

clinical effects as actual Mg>* depletion.

Conclusions

Studies on hereditary causes of hypomagnesemia as well
as hypomagnesemia-inducing drugs have been instru-
mental in the elucidation of the mechanisms involved
in intestinal and renal Mg>" (re)absorption (Fig. 1).
Using this knowledge, novel treatment strategies and
therapeutics can be developed to target these mechan-
isms and tackle the increasing problem of Mg>* defic-
iency. For example, it has now become clear that
serum Mg*"* levels can be increased not only by sufficient
Mg>* intake but also by healthy diets that sustain the gut
microbiota and limit NEFA levels. A promising applica-
tion of this is the use of dietary fibres that stimulate the
microbiota and improve serum Mg** concentrations' ',
Development of additional treatment strategies is essen-
tial for patients with rare hereditary causes of hypomag-
nesemia and large patient groups dependent on
hypomagnesemia-causing drugs.
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