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Abstract

Purpose of Review Hypomagnesemia, defined as low serum/plasma magnesium concentration, is a highly prevalent yet
underrecognized electrolyte disorder with extensive clinical, metabolic, and nutritional implications. This review provides
an updated synthesis of magnesium physiology, dietary determinants, homeostatic regulation, diagnostic challenges, and
therapeutic strategies, with particular emphasis on recent meta-analyses and large-scale epidemiological evidence linking
hypomagnesemia to multisystem disease.

Recent Findings Accumulating evidence has shown consistent associations between low serum or dietary magnesium and
increased risk of cardiometabolic disorders (hypertension, type 2 diabetes mellitus, metabolic syndrome, and cardiovascular
disease), neuropsychiatric conditions (migraine, depression, cognitive impairment, and dementia), osteoporosis, immune
dysregulation, and adverse outcomes in hospitalized, critically ill, and chronic kidney disease patients. Mechanistic studies
have clarified the roles of TRPM6/7 channels, tight junction claudins, and basolateral magnesium transporters in intestinal
and renal magnesium handling, elucidating pathways underlying both inherited and acquired deficiencies. Research has
also highlighted the contribution of modern dietary patterns, food processing, mineral-depleted drinking water, medication
use (notably proton pump inhibitors, diuretics and chemotherapeutic agents), and gut microbiome alterations to widespread
subclinical deficiency. Meta-analyses of RCTs indicate that magnesium supplementation confers modest but clinically
relevant improvements in blood pressure, glycemic control, inflammatory markers, endothelial function, migraine frequency,
and depressive symptoms, particularly in individuals with baseline hypomagnesemia. However, serum magnesium remains
an insensitive biomarker of total body magnesium status, and consensus on optimal diagnostic thresholds and replacement
strategies is lacking.

Summary Magnesium deficiency contributes to a wide spectrum of multisystem disorders, and is driven by dietary
insufficiency, gastrointestinal and renal losses, medication use, chronic disease, and altered microbiome function. Meta-
analytic evidence supports its role as a modifiable risk factor across cardiovascular, metabolic, neurological, skeletal, and
immune disorders. Dietary modification, optimized supplementation, and correction of underlying causes of deficiency
remain central to management. Future research should focus on improved diagnostic tools, personalized dosing approaches
and long-term outcomes of magnesium repletion. Enhancing clinical awareness and integrating magnesium evaluation into
routine care may reduce the growing burden of hypomagnesemia.
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Introduction

Magnesium (Mg or Mg?*, Mg*™), described previously as
the “forgotten electrolyte”, isafundamental element for liv-
ing organisms being the fourth most abundant mineral inthe
human body, following sodium (Na or Na*), potassium (K
or K*) and calcium (Caor Ca?*, Ca'™), and the second most
abundant cation in the intracellular fluid after potassium [1].

The overal content of magnesium in the human body is
estimated to bearound 20 mmol per kg of fat-freetissue. For an
average 70 kg adult with approximately 20% body fat, this cor-
responds to atotal magnesium level ranging from about 1,000
to 1,120 mmol, or roughly 25 g [2]. Of this, 99% is distributed
intracellularly in the bone (60%), skeletal muscle (29%), and
non-muscular soft tissues such as heart and liver (10%) [3]. In
theintracdllular space, magnesiumis mainly bound to proteins
and negatively charged molecules such as nucleic acids and
adenosine triphosphate (ATP), while only 1-5% of the intra-
cellular magnesium exists as free magnesium [2]. The remain-
ing 1% of magnesium is present extracellularly, either ionized
(50%), protein-bound (30%), or complexed with anions such
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as phosphate, bicarbonate, sulfate, and citrate (20%) [4]. Only
the ionized form of magnesium is considered biologically
active. Intracel lular magnesium levelstypically range between
5 and 20 mmol/L, while serum magnesium concentration is
approximately 0.6—1.1 mmol/L [2, 5]. Maintaining adequate
magnesium is essential due to its wide-ranging structural and
physiological roles.

Magnesium is a critical element in numerous cellular
and physiological processes, primarily dueto its nucleotide-
binding capacity and regulatory influence in enzymatic
activity. All ATPase-dependent reactions necessitate the
formation of Mg?*-ATP complexes, including those essen-
tial for nucleic acid synthesis and function. As a ubiquitous
enzymatic cofactor, magnesium supports the activity of
hundreds of enzymes acrossall cell types. In addition, mag-
nesium is essentia for the regulation of glucose, lipid and
protein metabolism. It contributes significantly to neuro-
muscular excitability, cardiac electrophysiological stability,
vascular tone modulation, synaptic transmission and neuro-
plasticity, and endocrine signaling [6]. Finally, magnesium
functions as a secondary messenger in the intracellular sig-
naling cascades and plays a regulatory role in the expres-
sion of circadian-clock genes, thereby contributing to the
maintenance of circadian rhythm in biological systems [7].

Although magnesium is vital for optimal cell function, its
deficiency is often overlooked by physicians compared to
other electrolyte abnormalities [8]. Because most magnesium
isintracellular, plasmalevelsare not routinely assessedin clin-
ical practice. Other important reasons behind poor attention on
this ion include the inadequate comprehension of its physiol-
ogy and the clinical presentation of hypomagnesemia appear-
ing only when magnesium levels are significantly depleted
[3]. On the contrary, hypermagnesemiais an uncommon con-
dition that typicaly arisesin individuals with impaired kidney
function, who are taking magnesium-retaining drugs. Despite
being frequently overlooked, hypomagnesemia may present
with severe and potentialy life-threatening manifestations,
including neuromuscular irritability, musculoskeletal symp-
toms, and electrocardiographic abnormalities [9]. In many
instances, it occurs concurrently with other electrolyte imbal-
ances, such as hypocacemia and hypokaemia, further com-
plicating the patient’s clinical condition [6, 10].

Despite abundant research on magnesium physiology,
current literature lacks an integrated, clinically oriented syn-
thesis linking molecular mechanisms with modern dietary
patterns and real-world causes of hypomagnesemia. Recent
advances in magnesium transporters, drug-induced renal
wasting, and gut microbiome interactions remain scattered
across subspecialties. A concise and updated approach to
guide clinicians in recognizing, evaluating, and correcting
hypomagnesemia is therefore needed. Thus, this review
aims to integrate advances in magnesium physiology with

contemporary clinical and nutritional evidence, providing a
consolidated strategy for understanding the causes, mani-
festations, diagnosis, and management of hypomagnese-
mia. By synthesizing mechanistic insights, epidemiological
trends, dietary determinants, microbiome interactions, and
findings from recent clinical trials, we aim to offer clinicians
and nutrition professionals an up-to-date, practical resource
for recognizing, preventing, and treating magnesium defi-
ciency. Finally, we also cover practical |aboratory assess-
ment and evidence-informed repletion strategies.

Literature search

A targeted narrative literature search was conducted using
PubMed, Scopus, and Google Scholar for studies published up
to November 30, 2025. Search termsincluded “ magnesium,”
“hypomagnesemia,” “magnesium deficiency,” “magnesium
homeostasis,” “TRPM6/7,” “magnesium absorption,” “drug-
induced hypomagnesemia,” “dietary magnesium,” “magne-
sium supplementation,” and “magnesium-related disorders.”
Priority was given to recent clinical trials, meta-analyses,
large epidemiological studies, and mechanistic papers rele-
vant to nutritional and clinical practice. Additional references
were identified through manual screening of bibliographies
of key articlesand guidelines. Sincethisisanarrativereview,
no forma methodological quality assessment or systematic
inclusion criteriawere applied. Finally, we recognize that the
literature on magnesium physiology and hypomagnesemia
is extensive, and athough we aimed to incorporate the most
relevant and high-quality evidence, not al available studies
could be discussed in detail within this review.

<

The role of magnesium in human physiology
Magnesium and intracellular enzymes

Magnesium isauniversal element found intracellularly in all
living organisms, i.e. from plants to complex animals, being
a necessary cofactor for ATP, the primary energy currency
of cells. This mineral plays a central part in numerous cel-
lular and physiologica functions, largely due to its ability
to bind to nucleotides and influence enzyme activity. Mag-
nesium acts as a cofactor for over 600 enzymes and as an
activator for 200 enzymes catalyzing diverse reactions [11].
In the cytoplasm, magnesium is required for the pathway
of glycolysis playing an important role in the function of
hexokinase, phosphofructokinase, phosphoglycerate kinase,
pyruvate kinase, aldolase, and enolase [12]. In the mitochon-
dria, the activity of three significant dehydrogenases, such as
pyruvate dehydrogenase, and isocitrate dehydrogenase and
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a-ketoglutarate dehydrogenase in the Krebs cycle, as well
as the activation of Fo/F1-ATPase for ATP-synthesis relies
on magnesium [13, 14]. Regarding specific tissues, mag-
nesium affects the behavior of the enzyme creatine kinase,
which is responsible for phosphocreatine turnover support-
ing ATP production when the heart and muscle are subjected
to a heavy workload [12]. In the liver, magnesium regulates
glucose-6 phosphatase and phosphoenol pyruvate carboxyki-
nase, two enzymes involved in gluconeogenesis [15]. Sev-
era other protein kinases depend on magnesium, including
the tyrosine kinase of B-subunit of the insulin receptor [16].

Magnesium in nucleic acid metabolism and
epigenetic regulation

Magnesium is important to maintain genomic and genetic
stability, playing an important role in DNA replication as
a cofactor for nuclear enzymes including DNA polymer-
ases, topoisomerases, helicases, exonucleases, and enzymes
involved in DNA repair mechanisms, such as DNA poly-
merase beta, DNA ligases, and DNA endonucleases [17].
Magnesium also stabilizes the natural DNA conformation
by decreasing the concentration of negative charges along
the DNA molecule [18]. Notably, magnesium contributes
to RNA transcription, ribosomal activity, and protein for-
mation playing an important rolein cell proliferation, RNA
structure formation, and catalytic activity [19, 20]. Finaly,
magnesium influences epigenetic regulation of gene expres-
sion through its effects on chromatin structure, transcrip-
tome modulation, and cellular differentiation [21]. Adequate
magnesium intake may beneficially modulate inflammation
and oxidative stress through epigenetic mechanisms, includ-
ing effects on the gut microbiota and systemic health [22].
In particular, magnesium supplementation for 4 weeks in
overweight individuals has been shown to alter gene expres-
sion profiles, including up- and down-regulation of genes
related to metabolic and inflammatory pathways, further
supporting its role in epigenetic modulation [23].

Magnesium and bone formation/metabolism

Serum magnesium concentrations are closely linked to bone
formation and metabolism, as there is a constant exchange
between bone surface magnesium and blood magnesium [24].
Magnesium playsaregulatory rolein determining crystal size
and development both by increasing the solubility of phos-
phate and calcium ions, which are essentia for the formation
of hydroxyapatite [25], and by inducing the proliferation of
osteoblasts [26]. Apart from its direct influence in hydroxyap-
aite crystals, magnesium contributes to bone health through
several other mechanisms involving vitamin D and parathy-
roid hormone (PTH), linked to calcium concentrations. The
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activity of hepatic 25-hydroxylase and rena 1-hydroxylase,
which are important enzymes for the synthesis of vitamin D,
requires magnesium, which is also involved in the inactiva-
tion of vitamin D, by stimulating renal 24-hydroxylase [27].
Additionally, magnesium affects PTH secretion in relation to
body calcium levels and regulates the sensitivity of the target
organs to the PTH signal, which in turn influences the serum
concentration of vitamin D [28, 29].

Magnesium and cardiovascular system

Magnesium plays acritical role in maintaining cardiovascu-
lar integrity by regulating blood pressure, stabilizing cardiac
rhythm, suppressing inflammation, and preventing throm-
bosis. These effects are mediated through its involvement in
calcium balance, modulation of cardiac muscle activity, and
facilitation of endothelial-dependent vascular relaxation.
Magnesium regulatesintracellular calcium by blocking cal-
cium channels, thus reducing the risk of calcium-induced
cytotoxicity [30]. More specifically, magnesium controls
the activity of Ca?*—ATPases in proportion to calcium and
functions as a cal cium antagonist by competing for binding
sitesin proteinsand Ca?* transporters [31]. Other membrane
ion transporters affected by magnesium include the Na*/K*—
ATPase, K* channels, and the Na'—Ca?" exchanger [32]. In
blood vessels, magnesium exerts a vasodilatory effect, since
it down-regulates calcium channels and up-regulates the
endothelia nitric oxide (NO) synthase, thus promoting the
production of NO [33]. In addition, magnesium affects the
synthesis of the platel et inhibiting factor prostacyclin (PGI.,)
and prostaglandin E1 (PGE,), which are also vasodilators
[32]. Finally, magnesium may improve lipid profile and
endothelial function, as well as decrease free oxygen radi-
cals, by reducing the inflammatory response and oxidative
stress, potentially through the inhibition of the interleukin-6
(IL-6) pathway, nuclear factor kappa B (NF-kB) pathway,
and L-type calcium channels [34].

Magnesium and neurological function

Magnesium is essential for proper neurological function,
exerting significant influence in neuronal excitability, synaptic
transmission, and overall neurophysiologica stability. Mag-
nesium enhances the release of NO in the brain, promoting
vasodilation and facilitating the regulation of gene transcrip-
tion and the secretion of neurotransmitters [35]. Moreover,
the modulation of the inhibitory gamma-aminobutyric acid
(GABA) receptor function and the release of neuropeptides,
such as calcitonin gene—related peptide (CGRP) and sub-
stance P, is affected by magnesium [36]. It isworth noting that
magnesium occupies the calcium channel of the N-methyl-
D-aspartate (NMDA) receptor and blocks ion flow at resting
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membrane potential, thus suppressing the excitatory signals
and neuronal plasticity involved in learning and memory [37].

Nutritional aspects for magnesium

Magnesium is obtained exclusively through the diet, and
habitual intake is a major determinant of magnesium sta-
tus. The average daily magnesium intake generally ranges
between 300 and 360 mg per day, often lower than recom-
mended values due to modern dietary habits [38]. Accord-
ing to the U.S. Food and Nutrition Board, the recommended
daily alowance (RDA) is 420 mg for men and 320 mg for
women, while the European Food Safety Authority (EFSA)
has established adequate intake (AI) levels of 350 mg/day
for men and 300 mg/day for women [38, 39].

Dietary sources of magnesium
Foods naturally rich in magnesium include green leafy vege-

tables, where magnesium binds to chlorophyll [25], legumes,
beans, nuts (almonds, cashews, Brazil nuts), seeds (pumpkin,

cocoa, chia), whole grains, some fruits, and seafood [25, 40]
(Fig. 1). Some breakfast cereals and fortified foods also con-
tribute meaningfully to dietary magnesium intake [38].

Water may also serve as a source of magnesium, depend-
ing on its mineral content. Hard water, which is rich in
magnesium and calcium, may deliver approximately
10-30 mg/L of magnesium, whereas soft water contains
significantly less. The magnesium content in tap and bot-
tled waters varies widely by geographic region and brand,
with reported ranges from <0.01 up to 128 mg/L in bottled
waters and up to 315 mg/L in tap waters, though commonly
observed concentrations are towards the lower end of this
range [41]. Moreover, filtration processes, especially those
involving reverse osmosis, deionization or softening, sub-
stantially reduce the mineral content of tap water, including
magnesium, often to negligible levels [42].

Some commercially available products deliver meaning-
ful amounts of magnesium and can help maintain Al, par-
ticularly in populations with low dietary consumption. In
European and North American studies, some bottled waters
can provide up to 41% of the adult magnesium dietary refer-
enceintake per liter, although most bottled waters contribute

Dietary Sources

Fig. 1 Dietary sources of magnesium include leafy vegetables, seeds,
nuts, beans, some fruits, seafood, mineral water and whole-grain prod-
ucts. Parts of the figure are from the free medical site http://smart.s

of Mg

ervier.com/ by Servier licensed under a Creative Commons BY 4.0
License https://creativecommons.org/licenses/by/4.0/ (accessed on 12
December 2025)
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much less [43, 44]. The clinical relevance of magnesium
intake from water is supported by evidence that higher mag-
nesium concentrationsin drinking water are associated with
improved serum magnesium levels and may have beneficial
effects on cardiovascular health, particularly prevention of
stroke in postmenopausal women, and bone health [42, 45].
However, the contribution to total intake is highly depen-
dent on both the mineral content of the water and the vol-
ume consumed.

Effects of food processing and cooking

Modern food processing and cooking methods have a
substantial impact on the magnesium content of foods.
Refining of grains, such as milling and polishing, removes
the mineral-rich outer layers, resulting in a loss of up to
70-80% of magnesium content. Hence, whole grains con-
tain far higher magnesium levels than refined cereals [25].
Industrial processing steps, including soaking and blanch-
ing, further decrease magnesium levels due to leaching
into processing water [46]. Cooking techniques that use
large amounts of water, such as boiling, may cause signifi-
cant magnesium loss from vegetables, whereas methods
like steaming or microwave cooking better preserve min-
eral content by minimizing direct contact with water and
reducing leaching [47]. Overall, the cumulative effect of
these practices contributes to the lower magnesium intake
observed in populations consuming highly processed
foods [48].

Magnesium intake patterns in modern diets

Population-based studies have consistently shown that
a substantial proportion of adults in the USA consume
less than the estimated average requirement (EAR) for
magnesium, with recent National Health and Nutrition
Examination Survey (NHANES) analyses indicating that
only about half of adults meet recommended intake levels
from diet and supplements combined [49-51]. This short-
fall is primarily attributed to Western dietary patterns
characterized by the increased consumption of processed
foods and refined grains, and the low intake of vegeta-
bles, nuts, seeds, and whole grains [49, 50]. In contrast,
individuals adhering to plant-forward dietary patterns
such as the Mediterranean diet, Dietary Approaches to
Stop Hypertension (DASH) diet, and others, have signifi-
cantly higher magnesium intake due to the emphasis on
magnesium-rich foods including legumes, nuts, seeds,
and leafy vegetables [52].

@ Springer

Epidemiological datafrom the NHANES and other large
cohorts indicate that higher dietary magnesium intake is
associated with a lower prevalence of hypertension, dia-
betes mellitus (DM), hyperlipidemia, metabolic syndrome,
and cardiovascular mortality [52, 53]. For example, US
adults in the highest quintile of magnesium intake have
markedly reduced odds of hypertension and DM compared
to those in the lowest quintile [52]. These findings likely
reflect the mechanistic role of magnesium in cardiometa-
balic health and highlight the importance of dietary patterns
that prioritize minimally processed, plant-based foods for
optimal magnesium status.

Gut microbiome and magnesium

The gut microbiome plays a critical role in regulating mag-
nesium homeostasis. Low dietary magnesium intake and pro-
ton pump inhibitor (PP1) therapy are associated with reduced
gut microbial diversity and atered composition, which may
predispose to hypomagnesemia [54]. In murine models,
omeprazole treatment under magnesium-deficient conditions
leads to decreased serum magnesium and a shift in microbial
populations, notably increasing the abundance of Akkerman-
sia muciniphila and Turicibacter sanguinis [55, 56]. Simi-
larly, magnesium restriction in mice and rats increases alpha
diversity and enriches taxa such as Romboutsiailealis, while
reducing Oscillospiraceae and Lachnospiraceae [56].

Microbial fermentation of dietary fibers produces short-
chainfatty acids (SCFAS), including butyrate, which directly
modulate magnesium transport. Butyrate has been shown
to inhibit active magnesium uptake in human colonocytes,
independent of metabolic regulation [57]. Conversely, mag-
nesium supplementation in colitic mice increases beneficial
bacteria such as Bifidobacterium and reduces pro-inflam-
matory Enterobacteriaceae, supporting mucosal health and
metabolic homeostasis [58].

Collectively, these findings underscore the bidirectional
relationship between magnesium status and the gut micro-
biome. Dietary magnesium shapes microbial communi-
ties, while microbial metabolites such as SCFAs regulate
epithelial magnesium transport. Specific taxa, including
Akkermansia, Turicibacter, Romboutsia, Lactobacillus,
Oscillospiraceae, and Lachnospiraceae, are implicated in
these processes, with clinical relevance for conditions such
as PPI-induced hypomagnesemia and inflammatory bowel
disease [54]. These findings also suggest the potential future
role for microbiome-targeted therapies, including prebiot-
ics, probiotics, and novel “next-generation probiotics,” to
enhance mineral uptake.
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Dietary strategies to improve magnesium intake

Increasing magnesium intake is best achieved by regularly
consuming green leafy vegetables, legumes, whole grains,
nuts, and seeds, and by favoring dietary patterns such as
the DASH and Mediterranean diets, which are associated
with higher magnesium intake and improved blood pressure
control [59]. The bioavailability of magnesium is influenced
by both food matrix and mea composition. Magnesium
absorption is enhanced when consumed with meals and may
be further supported by fermentable fibers, such as inulin,
which modulate gut microbiota and increase its bioavail-
ability [60, 61]. In addition, magnesium-rich mineral water
may be considered in regions with low-magnesium tap
water. When dietary intake remains insufficient, oral supple-
mentation may be appropriate, with organic salts preferred
for better absorption [6].

Homeostasis and regulation of magnesium
Magnesium homeostasis is governed by a dynamic inter-

play between intestinal absorption, rena reabsorption, and
skeletal storage (Fig.2).

Intestinal absorption of magnesium

Approximately 30-50% of dietary magnesium is absorbed
throughout the gastrointestinal (Gl) tract, via two comple-
mentary pathways. a saturable active transcellular route
mediated by specific transporters, and a non-saturable para-
cellular route driven by luminal concentration gradients [62].
The small intestine is the principal site of uptake [62], with
passive paracellular transport predominating in the jejunum
and ileum, while active, transcellular absorption through
ion channels of the superfamily transient receptor potential
melastatin channels 6 and 7 (TRPM6/7) is more prominent
in the distal ileum and colon [63]. Paracellular absorption
occurs through tight junctions composed of occludins,
claudins, and E-cadherin, which preserve epithelial barrier
integrity and regulate ionic permeability [64]. Claudin iso-
forms (claudin-2, —7, and —12) enhance cation selectivity
and permeability in the duodenum and ileum [65, 66], while
the reduced expression of tightening claudins facilitates
greater magnesium flux [67]. A lumen-negative transepi-
thelial potential (approximately—5 mV) further augments
passive uptake [66]. TRPM6, localized to the apical mem-
branes of epithelial cells, serves as a key entry channel for
magnesium [68], while TRPM7 cooperates in maintaining

Mg Intake with Diet
[Excretion in Feces] Nf i
50-70% Y
' A
Absorption into the Bloodstream
l 30-50%

Reabsorption

Filtration

Excretion in Urine
~4%

1% of total Mg
remains extracellularly

99% of total Mg

is distributed
intracellularly

60% 29% 10%

Storage

Fig. 2 Magnesium homeostasis and distribution. Parts of the figure are from the free medical site http://smart.servier.com/ by Servier licensed
under a Creative Commons BY 4.0 License https://creativecommons.org/licenses/by/4.0/ (accessed on 12 December 2025)
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systemic balance [69, 70]. Efflux pathways from intestinal
cells are less well defined, but evidence implicates members
of the Solute Carrier Family 41 (SLCA41) and cyclin M mag-
nesium transporter (CNNM2, CNNM4) familiesin basolat-
eral magnesium extrusion [62] (Fig. 3). Intestinal absorption
is further influenced by mucosal integrity, luminal pH, gut
microbiota, and hormonesincluding PTH, estrogen, insulin,
epidermal growth factor (EGF), fibroblast growth factor 23
(FGF23), and vitamin D [71]. Notably, 1,25-dihydroxyvi-
tamin D enhances GI uptake [64], while PTH stimulates
intestinal absorption, renal reabsorption, and skeletal mobi-
lization, jointly sustaining circulating magnesium levels
[72]. Magnesium absorption is also enhanced by low dietary
magnesium intake; increased intake of prebiotic fibers (e.g.
inulin), which undergo fermentation to SCFAs that acidify
the lumen and increase magnesium solubility; proteininges-
tion; and the presence of certain pharmacol ogic agents such
as sodium—glucose cotransporter 2 (SGLT?2) inhibitors [73].
Conversely, absorption is reduced by high dietary calcium;
excessive intake of phytates (found in whole grains and
legumes) and oxalates (particularly abundant in spinach and

beet greens which form insoluble complexes with magne-
sium); chronic diarrhea; and medications such as PPIs, thia-
zide diuretics, and calcineurin inhibitors [71].

Renal reabsorption of magnesium

In normal renal physiology, over 95% of filtered magnesium
is reabsorbed along the nephron [74]. In contrast to most
ions, such as calcium and sodium, the proximal convoluted
tubule (PCT) reabsorbs approximately only a small frac-
tion (15-25%) of magnesium, largely due to water reab-
sorption—driven concentration gradients [75]. The thick
ascending limb (TAL) of Henle's loop constitutes the domi-
nant site of magnesium reabsorption (50-65%), mediated
by paracellular diffusion across claudin-16 (CLDN16) and
claudin-19 (CLDN19) pores and driven by alumen-positive
voltage [74]. The distal convoluted tubule (DCT) recovers
5-15% of filtered magnesium through active, transcellular
mechanisms involving apical TRPM6/7 channels, provid-
ing the key fine-tuning step that determines urinary excre-
tion and overall systemic balance [76]. Similarly to the

Small Intestine /

Gut Lumen

Mg**

Tight Junctions

Portal System

Mg*
Passive Paracellular
Absorption

Gut Lumen

TRPM6/7

Portal System

Active Transcellular

Absorption
Mgh
CNNM2/4

@ -0
@ ¢+ —o

SLC41

Fig. 3 Intestinal Mg absorption is conducted via a passive paracellu-
lar mechanism in the small intestine and via an active transcellular
mechanism in the colon. Abbreviations: CNNM2/4: cyclin M magne-
sium transporter 2 and 4; Mg2+: magnesium ion; SLC41.: solute carrier
family 41; TRPMG6/7: transient receptor potential melastatin channels
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Fig. 4 Renal magnesium reabsorption is conducted via a transcellular
pathway in the DCT and viaa paracellular pathway inthe TAL . Abbre-
viations, Ca2+: calcium ion; CaSR: calcium-sensing receptor; Cl—:
chloride ion; CIC-Kb: chloride channel Kb; CLDN16: claudin-16;
CLDN19: claudin-19; CNNM2: cyclin M magnesium transporter 2;
DCT: distal convoluted tubule; K+: potassium ion; Mg2+: magnesium
ion; Nat: sodium ion; NCC: sodium—chloride cotransporter; NKCC2:

active transcellular magnesium absorption in the colon, the
exit step of magnesium reabsorption from the DCT into
the bloodstream has not been firmly established. CNNM2
and SLC41A3 have been implicated as potential candidates
for the basolateral magnesium efflux pathway [62]. Impor-
tantly, TAL magnesium handling is modulated by serum
calcium. In hypercalcemia, the activation of the calcium-
sensing receptor (CaSR) reduces calcium and magnesium
reabsorption, thereby linking divalent cation regulation [74]
(Fig. 4). Estrogens enhance TRPM6 activity in the colon
and DCT, reducing renal magnesium loss [77], while EGF
modulates TRPM6 expression in the DCT through a para-
crine mechanism [74].

Skeletal storage of magnesium

Approximately 60% of total body magnesium resides in
bone, where it provides both a buffering reservoir and direct
contributions to skeletal physiology [32]. Notably, magne-
sium reduces the risk of fractures and osteoporosis during
aging through bone activity regulation [78]. During bone
repair, magnesium exerts a biphasic role: in the inflamma-
tory phase, it promotes TRPM7-dependent macrophage
activation and a pro-osteogenic immune microenviron-
ment, while in later remodeling it stimulates osteogenesis

sodium-—potassium—chloride cotransporter 2; ROMK: renal outer med-
ullary potassium channel; SLC41 A3: solute carrier family 41 A3;
TAL: thick ascending limb; TRPM6/7: transient receptor potential
melastatin channels 6 and 7. Parts of the figure are from the free medi-
cal site http://smart.servier.com/ by Servier licensed under a Creative
Commons BY 4.0 License https://creativecommons.org/licenses/by/4.
0/ (accessed on 12 December 2025)

and suppresses premature hydroxyapatite precipitation [79].
Beyond the skeleton, magnesium and TRPM7 signaling
influence vascular smooth muscle cell phenotype, thereby
modulating vascular calcification and linking mineral
metabolism to cardiovascular health [80].

Definition and epidemiology of
hypomagnesemia

Normal serum magnesium concentrations in adults range
between 0.6 and 1.1 mmol/L (1.46-2.67 mg/dl). Hypo-
magnesemia is generally defined as a serum magnesium
concentration<0.6 mmol/L [5]. Clinical manifestations
usually become apparent at levels <0.5 mmol/L, with 0.5—
0.6 mmol/L indicating mild deficiency, 0.4-0.5 mmol/L
moderate, and <0.4 mmol/L severe hypomagnesemia [81].
Importantly, intracellular depletion may occur even when
serum levels remain within the normal range, a condition
referred to as normomagnesemic magnesium deficiency.
Individuals most likely to exhibit intracellular deficiency
despite normal serum magnesium include those with dia-
betes/insulin resistance, chronic alcohol use, long-term
PPI or diuretic therapy, gastrointestinal malabsorption,
and older adults. This possibility should be suspected in
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patients with persistent hypokalemia, unexplained hypo-
calcemia, frequent ventricular ectopy or arrhythmias, neu-
romuscular irritability, and poor glycemic control [82].
Because many patients with borderline hypomagnese-
mia remain asymptomatic, some experts propose raising
the lower diagnostic threshold to improve sensitivity for
chronic latent deficiency, though this remains debated and
requires further clinical validation [83].

The prevalence of hypomagnesemia is heterogeneous
and highly dependent on clinical context. In population-
based studies, it is reported in 1.5%-15% of the genera
population [5] and in 10% of hospitalized patients [84].
Large cohort analyses reinforce this burden. NHANES data
indicate that up to 48% of US adults consume less mag-
nesium than the EAR [85], and low serum magnesium
correlates with higher rates of metabolic syndrome, cardio-
vascular mortality, and all-cause mortality [53, 86, 87]. The
European Prospective Investigation into Cancer and Nutri-
tion (EPIC) cohorts similarly report widespread suboptimal
magnesium intake in European populations [88], which in
the EPIC—Norfolk cohort is associated with a higher risk of
hypertension and stroke [89]. Low magnesium concentra-
tions were linked to a higher risk of major adverse cardio-
vascular events (MACES) and circulatory system disorders
in a Scottish population [90]. Finally, lower serum magne-
sium was associated with an increased risk of developing
type 2 DM (T2DM) in population-based studies [91, 92].

Several groups exhibit increased vulnerability to mag-
nesium deficiency due to increased physiological demands
or impaired homeostasis. Individuals with chronic alco-
hol use often develop hypomagnesemia through multiple
mechanisms, including reduced intestinal absorption,
inadequate dietary intake, and the direct effects of etha-
nol on proxima tubular handling, which collectively
enhance urinary magnesium losses [25]. Older adults are
similarly predisposed, owing to age-related declinesin Gl
absorption, increased renal excretion, comorbidities, and
frequent use of medications such as diuretics or PPIs. Ath-
letes represent another at-risk group, as intense physical
activity augments magnesium utilization and sweat-asso-
ciated losses. Insufficient replacement may compromise
ATP-dependent energy metabolism and muscle recovery
[25]. Additional populations with increased requirements
include pregnant and lactating women, in whom maternal—
fetal transfer and expanded tissue needs elevate magne-
sium demands [93, 94]; patients with Gl disorders such
as celiac disease, inflammatory bowel disease, chronic
diarrhea, or post-bariatric surgery, where malabsorption
is prominent; and individuals with DM, where osmotic
diuresis and intracellular magnesium depletion promote
chronic deficits [95]. Finally, patients with cancer or
organ transplantation frequently experience disturbances
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in magnesium homeostasis, partly due to disease-related
metabolic alterations and the use of magnesiuric immuno-
suppressive or chemotherapeutic agents [74].

Clinical manifestation of hypomagnesemia

Hypomagnesemiais relatively common in the general pop-
ulation, although the majority of the affected individuals
remain asymptomatic [74]. When symptomatic, its clini-
cal spectrum ranges from mild to moderate or even severe
[81]. Patients with mild or moderate magnesium deficiency
most commonly present with nonspecific symptoms such
as lethargy, muscle cramps, or muscle weakness. Neuro-
muscular irritability (including tremor, carpopedal spasm,
and seizures), significant electrocardiogram abnormalities
(such as peaked T waves, QRS complex widening, pro-
longation of the PR and QT/QTc intervals, and T wave
changes), and gastrointestina symptoms (including loss
of appetite, nausea, and vomiting) are typically seen only
in moderate-to-severe deficiency (serum magnesium<0.5
mmol/L or <1.2 mg/dL]) [9]. Beyond neuromuscular find-
ings, neuropsychiatric manifestations may also occur, and
low magnesium status has been associated with depressive
symptoms, anxiety, and cognitive difficulties, reflecting the
regulatory effects of magnesium on NMDA receptor activ-
ity, GABAergic signaling, and neuroinflammation [96, 97].
Severe hypomagnesemia may present with tetany, convul-
sions, seizures, apathy, paresthesia, and even coma, while
atrial or ventricular tachyarrhythmias may also occur [9].
Importantly, hypomagnesemia often coexists with other
electrolyte disorders, most notably hypocal cemiaand hypo-
kaemia, which may further complicate the clinical picture,
particularly with respect to the risk of malignant arrhyth-
mias [98] (Fig. 5).

Etiology of hypomagnesemia
Insufficient Magnesium intake

Hypomagnesemia may arise from insufficient magnesium
intake. Factors contributing to inadequate dietary supply
include chronic acohol consumption, modern dietary pat-
terns dominated by processed foods and demineralized
water, reduced mineral bioavailability secondary to contem-
porary agricultural practices, and in extreme cases, frank
starvation [25]. Magnesium deficiency may also develop
in settings of limited nutrient delivery, such as in individu-
als receiving parenteral nutrition, and it can manifest dur-
ing refeeding syndrome when intracellular shifts outpace
replenishment [74].
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Moderate to severe deficiency

Neuropsychiatric Manifestations
Depressive symptoms
Anxiety
Cognitive difficulties

Electrocardiogram Abnormalities
Peaked T waves
QRS complex widening
Prolongation of the PR interval

Decrease of T waves

Gastrointestinal Symptoms
Loss of appetite
Nausea
Vomiting

Neuromuscular Symptoms
Weakness
Muscle spasms
Tremor

Gastrointestinal losses

Losses from the Gl tract represent another major cause of
hypomagnesemia. Conditions associated with impaired
absorption or excessive losses, such as acute pancreatitis
with steatorrhea, malabsorptive disorders, surgical
resection of the small or large intestine, and inflammatory
bowel disease, have all been linked to reductions in serum
magnesium levels [74].
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Fig. 5 Clinical manifestation of hypomagnesemia according to sever-
ity of symptoms. Parts of the figure are from the free medical site
http://smart.servier.com/ by Servier licensed under a Creative Com
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Inherited disorders

Inherited disorders represent an important cause of hypo-
magnesemia, particularly those that disrupt renal tubular
handling of magnesium. Gitelman syndrome, an autosomal
recessive condition affecting approximately 1 in 40,000
individuals, is characterized by loss-of-function mutations
in the sodium—chloride cotransporter (NCC) encoded by
the SLC12A3 gene in the DCT, leading to reduced TRPM6
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expression and impaired distal tubular magnesium reab-
sorption [74]. Clinically, hypomagnesemia in this syn-
drome presents with hypokalemia, hypocalciuria, and
metabolic alkalosis [62]. Bartter syndrome type 3 (BS3),
another autosomal recessive tubulopathy with a prevalence
of roughly 1 in 100,000, involves mutations in the chlo-
ride channel Kb (CIC-Kb) on the basolatera membrane
of the TAL, resulting in early-onset polyuria, polydipsia,
and hypomagnesemia. Hypomagnesemia with secondary
hypocalcemia (HSH) is likewise inherited in an autosomal
recessive manner and is caused by the down-regulation
of TRPM®6, producing profound magnesium depletion
through combined intestinal malabsorption and renal loss
[74]. In familial hypomagnesemia with hypercalciuria and
nephrocalcinosis (FHHNC), mutations in claudin-16 or
claudin-19 disrupt paracellular magnesium and calcium
transport in the TAL, leading to hypomagnesemia, hyper-
calciuria, and progressive nephrocalcinosis [74]. Addition-
aly, autosomal dominant hypocalcemia due to activating
mutations in the CaSR impairs renal reabsorption of both
calcium and magnesium, contributing to persistent hypo-
magnesemia. Finally, several forms of isolated dominant or
recessive hypomagnesemia have been described, reflecting
heterogeneous genetic defects that ultimately result in low
circulating magnesium concentrations [74].

Medication use

Medication use is one of the most common contributors to
hypomagnesemiain the general population. PPIs are partic-
ularly well recognized in thisregard, with hypomagnesemia
now considered a class-related adverse effect, and reported
in up to 12-20% of users [99]. The risk increases with
higher doses [100] being strongly associated with prolonged
therapy beyond one year [40]. Mechanistically, PPIs raise
luminal pH in the small intestine [101], reducing magne-
sium solubility and impairing passive absorption, while also
significantly disrupting TRPM6-mediated active transport
in the colon [66]. Reduced gut microbial diversity [38] and
inhibition of the colonic H*/K*~ATPase [66], a homolog of
the gastric enzyme, further alkalinize the colonic environ-
ment and suppress TRPM6 activity [102]. Impaired mag-
nesium absorption has also been documented with agents
that induce diarrhea, including laxatives and bowel prepara-
tions, select antibiotics, chemotherapeutics, colchicine, and
potassium-binding resins [38].

Renal magnesium loss is another major mechanism
underlying drug-induced hypomagnesemia. Loop diuret-
ics and especially thiazides are well-established causes,
acting through disruption of paracellular transport and
down-regulation of TRPMS6, respectively [103]. The effect
is amplified when multiple nephron segments responsible
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for magnesium reabsorption are simultaneously inhibited,
such as during combination therapy [38]. Calcineurin
inhibitors similarly reduce TRPM6-dependent reabsorp-
tion in the DCT, typically producing mild but clinically
significant hypomagnesemia [104]. Down-regulation
of TRPM6 in the distal nephron has also been observed
with epidermal growth factor receptor (EGFR) inhibitors,
including cetuximab, panitumumab, and zalutumumab
[105], and with mammalian target of rapamycin (MTOR)
inhibitors [8]. Additional nephrotoxic agents associated
with magnesium wasting include amphotericin B, which
increases tubular membrane permeability and can cause
overt tubular damage or necrosis; aminoglycosides, which
interact with the CaSR and may provoke persistent hypo-
magnesemia even after discontinuation; and platinum-
based chemotherapeutics such as carboplatin, oxaliplatin,
and particularly cisplatin [106, 107]. Cisplatin-associated
hypomagnesemia is often dose-dependent, exacerbated by
Gl losses, and may occur in up to 90% of patients without
prophylactic supplementation, with long-term or irrevers-
ible deficits reported in some cases [38].

CovID-19

Coronavirus disease 2019 (COVID-19) infection has been
increasingly linked to disturbances in magnesium balance.
Severe SARS-CoV-2—-associated inflammation may precipi-
tate a cytokine storm, which disrupts magnesium homeo-
stasis through systemic inflammatory and metabolic effects
[108]. In critically ill patients, additional factors such as
respiratory alkalosis, acute kidney injury (AKI), and fluid-
induced electrolyte shift further compound cation imbal-
ances. Marked elevations in inflammatory and oxidative
stress pathways, which are hallmarks of severe COVID-19,
can aso enhance extrarenal and renal magnesium |osses,
with increased urinary excretion and sweat losses fre-
quently observed [109]. Collectively, these mechanisms
place patients with severe COVID-19 at an increased risk
for clinically significant hypomagnesemia.

Multisystem disorders associated with
hypomagnesemia

Diabetes mellitus and magnesium

DM is strongly linked to altered magnesium metabolism.
Reduced intracellular magnesium concentrations are fre-
quently observed in individuals with impaired fasting glu-
cose or insulin resistance [110, 111], and hypomagnesemia
is reported in 13.5-47.7% of patients with T2DM [112,
113]. Notably, a nationwide US study of over 1.28 million
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veterans with T2DM has found a U-shaped association
between serum magnesium levels and major cardiovascular
events (MACES), with increased risk at both low and high
magnesium levels. Among patients with hypomagnesemia,
prescribed oral magnesium supplementation was associated
with a significantly lower risk of adverse cardiovascular out-
comes, particularly in those using PPIs or thiazides [112].

The association between hypomagnesemia and DM is
bidirectional. In DM, magnesium loss arises partly from
impaired insulin signaling, since insulin normally enhances
TRPM6-mediated magnesium reabsorption. Besides,
glomerular hyperfiltration, increased urinary flow, and
autonomic neuropathy—related Gl malabsorption further
exacerbate magnesium depletion [74]. Conversely, magne-
sium plays a critical role in insulin sensitivity by modulat-
ing the tyrosine kinase activity of the insulin receptor [29].
Deficiency impairs insulin trafficking and reduces GLUT4-
dependent glucose uptake in peripheral tissues, while also
diminishing GLUT4 gene expression, altering hepatic glu-
coneogenic enzyme activity such as glucose-6-phosphatase,
and promoting pro-inflammatory signaling in adipose tissue
[114]. Consistent with these mechanistic links, higher mag-
nesium intake is associated with a significantly lower risk
of prediabetes [91] and T2DM [115]. Magnesium supports
beta-cell pancreatic function by enabling the enzymatic
machinery for insulin synthesis and secretion, maintaining
appropriate calcium signaling, and promoting insulin sensi-
tivity in target tissues [116]. However, based on meta-ana-
Iytic data, routine magnesium supplementation cannot be
advised asastrategy to improve glycemic control in patients
with T2DM [117].

Cardiovascular disorders and magnesium

Beyond glycemic regulation, magnesium status has impor-
tant implications for cardiovascular health. Both serum and
dietary magnesium are inversely associated with hyperten-
sion [118, 119]. Importantly, a meta-analysis of 38 Random-
ized Controlled Trials (RCTSs) involving 2,709 participants
showed that magnesium supplementation modestly reduced
systolic and diastolic blood pressure. Greater blood pres-
sure reductions were observed in hypertensive individu-
as, especidly those on antihypertensive therapy, and in
participants with hypomagnesemia, while effects in nor-
motensive subjects were not significant [120]. Magnesium
counterbalances vasoconstrictor pathways involving bra-
dykinin, angiotensin II, serotonin and calcium [121], and
contributesto vascular homeostasi s through antioxidant and
anti-inflammatory actions [114]. Collectively, these findings
underscore the central role of magnesium in metabolic and
vascular physiology, and highlight its relevance in the pre-
vention and management of cardiometabolic disease.

Hypomagnesemia is consistently linked to a higher risk
of cardiovascular disease (CVD), including coronary heart
disease and heart failure [122], as well as atrial fibrillation
especially in peritoneal dialysis patients [123]. Low serum
magnesium is a significant risk factor for both all-cause
and cardiovascular mortality in patients receiving kidney
replacement therapy, particularly those on hemodiaysis
[124]. Importantly, it independently predicts all-cause mor-
tality in individuals with CKD and end-stage renal disease,
as well as both cardiovascular and overall mortality in
patients on maintenance hemodialysis [125].

Mechanistically, magnesium deficiency predisposes
to coronary vasospasm, which can precipitate myocardial
infarction, and reduces endothelial NO bioavailability,
thereby promoting thrombosis and atherosclerotic pro-
gression [126]. Additional contributors include enhanced
phagocyte activation and inflammatory signaling, along
with neuroendocrine and renin—angiotensin—-mediated stress
responses that further exacerbate CVD risk [127].

Neurological and mental disorders, and magnesium

Magnesium plays a critical role in neurophysiology. As a
natural blocker of the NMDA receptor at resting membrane
potential [37], magnesium limits excitatory neurotransmis-
sion while its deficiency reduces this inhibition, amplify-
ing calcium influx, oxidative stress, neuronal injury, and
ultimately neuronal cell death [32]. These mechanisms
have been implicated in epilepsy [128], preeclampsia and
eclampsia [29], anxiety disorders, and Alzheimer’s disease
(AD) [129]. Notabhly, clinical studies have also shown lower
magnesium levels in individuals with migraine and cluster
headaches [29], while inadequate magnesium intake and
low serum magnesium have been associated with depres-
sive symptoms [130, 131]. Interestingly, a recent meta
analysis of cohort studies found a consistent U-shaped
association between serum magnesium and risk of all-cause
dementia and cognitive impairment, with hypomagnesemia
(<0.75 mmol/L) associated with increased risk (pooled HR
1.43, 95% CI 1.05-1.93) compared to optimal levels (~0.85
mmol/L) [132]. Another meta-analysis specifically in AD
showed that circulating magnesium levels are significantly
lower in patients compared to healthy controls, supporting
hypomagnesemia as a risk factor for cognitive impairment
[133]. Nevertheless, these findings derive largely from
cohort data and should be interpreted as associations. Ran-
domized evidence on prevention of dementia or neurode-
generation with magnesium repletion is currently limited
and inconsistent.

With respect to anxiety and depressive disorders, meta-
analyses have reported an association between hypomagne-
semia and depression, but not consistently with anxiety. In
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particular, a meta-analysis of observational studies includ-
ing 19,137 participants found that individuals with hypo-
magnesemia have a higher risk of depression (pooled RR
1.34, 95% CI 1.01-1.79) compared to those with normal
magnesium levels, although sensitivity analyses showed
marginal significance when restricted to cohort and case-
control studies [131]. A recent dose-response meta-analysis
of epidemiologic studies reported that higher dietary mag-
nesium intake is associated with a lower risk of depression,
with each 100 mg/day increment linked to a 7% reduction
in risk (RR 0.93, 95% CI 0.90-0.96) [134]. On the contrary,
no meta-analysis has established a consistent association
between hypomagnesemia and anxiety disorders [97, 135].

Miscellaneous disorders and magnesium

In the skeletal system, magnesium deficiency contributes
to osteoporosis by enhancing inflammatory cytokine pro-
duction and stimulating osteoclast differentiation and bone
resorption [136]. Notably, a meta-analysis of 2,776 post-
menopausal women found that those with osteoporosis had
significantly lower serum magnesium concentrations com-
pared to controls [137]. Additionally, a meta-analysis in
adults aged more than 60 years found a significant positive
association between higher magnesium intake and increased
hip bone mineral density, supporting a protective role for
magnesium against osteoporosis [138].

With respect to cancer, hypomagnesemia is more fre-
quently observed in cancer patients, often due to cancer
therapies (e.g. platinum-based chemotherapy, EGFR inhibi-
tors), and is associated with increased morbidity, worse
prognosis, and impaired antioxidant and immune defenses
[139]. Epidemiologic and prospective studies consistently
show that low dietary or serum magnesium is associated
with higher risk of incident cancer and cancer mortality, par-
ticularly for colorectal, hepatocellular, and gastric cancers
[140-143]. However, some evidence suggests a U-shaped
relationship with both low and high plasma magnesium
concentrations being associated with increased risk of inci-
dent cancer [144]. Mechanistically, magnesium deficiency
may increase susceptibility to oncogenesis via oxidative
stress and immune dysfunction as well asimpaired genomic
stability and defective DNA repair [145]. Importantly, most
data linking magnesium status to cancer risk are observa-
tional and therefore associative; causality remains uncertain
and RCT evidence on cancer endpointsis limited.

Immune dysregulation, including reduced T and B cell
activity, and vitamin D activation, is aso arecognized conse-
quence of magnesium deficiency. Low magnesium, often in
combination with imbalances in cal cium and phosphate, may
compromise innate and adaptive immune responses, increas-
ing vulnerability to vira infections, including COVID-19
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[146]. The interaction between magnesum status and
COVID-19 is bidirectional, as infection may drive magne-
sium depletion, whereas pre-existing deficiency impairs anti-
viral signaling and cytokine regulation [109, 147]. Notably,
a nationwide US cohort study demonstrated that populations
residing in low-magnesium areas had a significantly higher
risk of COVID-19 infection, with the effect most pronounced
in children, older adults, and Black populations [148]. In
hospitaized COVID-19 patients, low serum magnesium at
admission independently predicted increased in-hospital and
long-term mortality, longer hospita stays, and higher inci-
dence of long COVID symptoms, even after adjustment for
confounders (HR 1.29-1.57) [149, 150]. A low magnesium-
to-calcium ratio was also strongly associated with mortality
in severe COVID-19 (OR up to 6.93) [151].

Overall, these findings emphasize the central role of
magnesium in maintaining cardiovascular, neurological,
musculoskeletal, and immune homeostasis.

Electrolyte disorders associated with
hypomagnesemia

Magnesium plays a central role in maintaining potassium
and calcium homeostasis, and disturbances in magnesium
balance frequently coexist with abnormalities in these elec-
trolytes [76]. Combined hypomagnesemia, hypokalemia,
and hypocalcemia are clinically significant, as this triad is
associated with prolonged hospitalization, increased dura-
tion of mechanical ventilation, longer intensive care unit
(ICU) stays, and higher mortality [152]. The interdepen-
dence between magnesium and potassium is well estab-
lished. Magnesium deficiency impairs the Na*™—K*—ATPase,
promoting renal potassium losses [153, 154], while loss of
magnesium-mediated inhibition of the renal outer medullary
potassium channel (ROMK) in the TAL further augments
potassium wasting [154]. The coexistence of hypomagnese-
mia and hypokal emiamarkedly increasestherisk of cardiac
arrhythmias, particularly in the setting of Gl losses, chronic
alcohol use, or diuretic therapy [82].

Magnesium deficiency also disrupts calcium and phos-
phate homeostasis. Renal magnesium wasting is frequently
accompanied by hypophosphatemia [155], while magne-
sium depletion disturbs the calcium—phosphorus balance,
potentially increasing susceptibility to hypocalcemia,
including in long COVID patients [156]. The relationship
between magnesium and calcium is reciprocal. Hypercal-
cemia may induce hypomagnesemia through CaSR activa
tion, which diminishes paracellular reabsorption of both
ions [74], whereas low magnesium impairs CaSR-mediated
PTH secretion, leading to reduced PTH levels and sec-
ondary hypocalcemia [81]. Interestingly, magnesium is
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aso required for the enzymatic activation of vitamin D.
Therefore, inadequate magnesium prevents the formation
of active vitamin D metabolites, contributing to refractory
hypocalcemia [157, 158]. Severe combined magnesium
and calcium deficiency may manifest as vitamin D-resis-
tant rickets. Given these complex interactions, magnesium
imbalance should be systematically considered whenever
unexplained potassium, calcium or phosphate abnormalities
are encountered in clinical practice [81].

Laboratory assessment of magnesium

The assessment of magnesium status relies on the determi-
nation of total or ionized magnesium across various bio-
logical samples using multiple analytical methods. Blood
remains the most accessible matrix, with serum preferred
over plasma because anticoagulants in plasma tubes, such
as ethylenediaminetetraacetic acid (EDTA), citrate, and
oxalate, may chelate magnesium or displace it from albu-
min, potentially altering results [25, 159]. Magnesium in
serum can be quantified as total or ionized magnesium. Ion-
ized magnesium reflects the biologically active fraction;
however, its determination requires specialized equipment,
which is not widely available. Moreover, ionized magne-
sium has uncertain diagnostic advantage over total magne-
sium [160]. Thus, total serum magnesium, which includes
both the free ion and the fraction bound to proteins or com-
plexed with anions, remains the most practical and widely
used clinical measure [40].

Another easily obtainable specimen for magnesium
assessment is urine. However, urinary magnesium excretion
is influenced by the circadian rhythm, being higher in the
evening, and is further affected by hormonal and pharma-
cological factors [25]. Consequently, urinary magnesium
concentrations correlate poorly with overall magnesium
status and are typically measured alongside serum levels,
primarily to help identify the underlying cause of hypomag-
nesemia [161].

Although serum magnesium is the most common param-
eter measured [40], it represents only a small fraction of
total body magnesium, which resides mainly in the intra-
cellular space, and may thus not detect intracellular deple-
tion [121]. Subclinical deficiency may occur despite normal
serum levels [38]. Intracellular magnesium can be assessed
in erythrocytes, thoughitsclinical valueis debated and may
be limited to chronic deficiency states [114]. Muscle biopsy
provides the most accurate reflection of intracellular stores,
particularly in cardiac and skeletal muscle; nevertheless, its
invasiveness, cost, and technical expertise restrict routine
use. It ispossibleto evaluate intracellular magnesium with-
out invasive sampling by employing sublingual epithelia

cell mineral-electrolyte analysis or hair mineral analysis
[162].

Pre-analytical factors may significantly influence labora-
tory results. Short bursts of maximal exercise or vegetarian
diets could increase serum magnesium [163, 164], whereas
endurance exercise, hypoabuminemia, or late pregnancy
may falsely lower magnesium values [38]. Free magne-
sium assays may be affected by silicones and thiocyanate
in cigarette smoke, and nutrient-rich supplementsin lipids,
proteins, carbohydrates, various amino acids, trace ele-
ments, and vitamins [165]. EDTA contamination should
be suspected when hypocalcemia, hyperkalemia, low zinc,
and low akaline phosphatase (ALP) occur simultaneously
[166]. Hemolysis is a major cause of falsely elevated mag-
nesium due to its release from intracellular stores [167],
particularly in hemolytic disorders or during erythropoi-
etin therapy [38]. Finally, sampling near infusion sites may
cause spurious hypo- or hypermagnesemia depending on
dilution or magnesium-containing fluids [81].

Routine laboratory quantification of total magnesium
most commonly employs automated colorimetric dye-
binding methods, such as xylidyl blue and calmagite assays,
because they are practical and economical for high-through-
put clinical use [168]. However, it is well documented that
these methods are affected by pre-analytical interferences,
e.g. hemolysisintroduces additional magnesium from eryth-
rocytes, whilelipemiaand icterus can alter absorbance read-
ings and bias results [168]. Enzymatic and atomic absorption
methods are less susceptible to interferences but are less
commonly used in routine practice. Atomic absorption spec-
troscopy (AAS) offers superior accuracy but is impractical
for routine use due to cost and technical requirements [169].
Other methods include enzymatic assays, nuclear magnetic
resonance (NMR) spectroscopy for intracellular Mg?*—ATP
quantification [170], and ion-selective electrodes (ISE).
ISEs alow direct measurement of ionized free magnesium,
which may be advantageous in patients with altered protein
binding (e.g. hypoalbuminemia), but pre-anaytical insta-
bility and lack of standardized reference ranges limit their
widespread adoption [168, 171]. Additional investigational
approaches include optical magnesium-specific chemosen-
sors and fluorescent dyes [25].

Urine analysis for magnesium is primarily used to
determine the underlying cause of hypomagnesemia by
differentiating renal from extrarenal losses. A fractional
excretion of magnesium (FEMg)>3-4% suggests rena
magnesium wasting, whereas lower values indicate insuf-
ficient intake or GI losses [38]. Twenty-four-hour magne-
sium excretion>10-30 mg/24 h supports renal wasting,
while<10 mg/24 h suggests extrarenal depletion [159].
Similarly, the urinary magnesium-to-creatinine ratio (refer-
ence values in adults: 0.04—0.12 mg/mg creatinine) provides
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an aternative screening approach in random urine samples,
reflecting renal loss at higher values and extrarenal deficiency
at lower values [172]. When extrarenal magnesium deple-
tion is suspected, further evaluation can be performed using
a parenteral magnesium loading test. In individuals with
sufficient magnesium stores, up to 80% of the administered
magnesium is excreted, corresponding to a 24-hour retention
rate of approximately 14%. In contrast, magnesium-depleted
individuals typically retain around 85% of the administered
dose [173]. The performance of this test is not appropriate
in the context of rena magnesium wasting disorders and
requires caution when kidney function is compromised [38].
Table 1 summarizes commonly used biological specimens
for evaluating magnesium status, outlining what each sample
type reflects, its major strengths and limitations, as well as its
appropriate clinical applications.

The accurate evaluation of magnesium status requires
thoughtful interpretation of laboratory results depending
on the clinical context. Post-analytical interpretation must
account for the limitations of serum magnesium as a surro-
gate for total magnesium stores in the body. Normal serum
magnesium (0.6—1.1 mmol/L) does not exclude intracellular
deficiency, especially in chronic or subclinical states [78].

Importantly, integration with clinical context, dietary intake,
and urinary magnesium excretion is recommended for com-
prehensive assessment [78, 174] (Fig. 6). Testing should be
pursued in patients with arrhythmias, neuromuscular symp-
toms, malnutrition, malabsorption, chronic acohol use, or
unexplained hypokaemia and hypocal cemia unresponsive
to correction [40]. Screening is aso indicated in individu-
aswith DM, hypertension, advanced age, or long-term PP
therapy, which are frequently associated with hypomagne-
semia [40]. Finally, automated laboratory demand and result
management systems may improve the detection and treat-
ment of hypomagnesemia [25].

Treatment of hypomagnesemia

The therapeutic approach to hypomagnesemia is guided by
renal function, hemodynamic state, and the severity of clini-
cal manifestations [5] (Fig. 7). In patients who are asymp-
tomatic or exhibit only mild biochemical reductions, ora
replacement, i.e. typically 200400 mg elemental magne-
siumdaily in divided doses, is preferred, asit allows gradual

correction while minimizing GI intolerance [175].

Table 1 Sampletypesfor magne-  ggmple What It Reflects ~ Advantages Limitations Clinical Utility
sium assessment: physiological Type
meaning, advantages, limitations, Serum (total Extracellular Widely available;  Poor reflection of intracel- First-line test for
and clinical use Mag) magnesium pool  inexpensive; stan- lular stores; affected by suspected deficiency;
dardized assays;,  albumin, hemolysis,and  monitoring during
good for trending  dilution supplementation
Serum (ion- Biologically Theoretically Requires specialized Adjunctive usein
ized Mg) active free Mg?"  superior indicator  equipment; limited critical care or research
fraction of physiologic availability; uncertain settings
magnesium status  diagnostic advantage
Plasma Extracellular Easy to obtain Anticoagulants may che-  Not preferred; use only
magnesium late Mg and distort results  if serum unavailable
Erythro- Intracellular mag- May detect Technically demand- Occasional adjunct
cytes (RBC  nesium pool chronic or sub- ing; variable reference test when serum Mgis
Mag) clinical deficiency ranges; not universaly normal but deficiency
standardized suspected
Muscle Gold-standard Most accurate Invasive, costly, requires  Reserved for research
biopsy intracellular mag- measure of tissue  specialized lab; impracti-  or complex diagnostic
nesium content Mg stores cal for routine use cases
Urine Renal handling of Convenient to Affected by circadian Differentiates renal vs.
(random magnesumata  collect; used to rhythm and hydration extrarenal Mg losses
sample) singletimepoint calculate FEMg  status
Urine Daily rena mag- More accurate Burdensome collec- Defines renal wasting
(24-hour nesium excretion  assessment of tion; risk of incomplete  when >10-30 mg/24 h;
collection) renal Mg wasting samples assesses adequacy of
stores (<10 mg/24 h)
Magnesium Whole-body mag- Most sensitive Time-consuming; contra-  Clarifies deficiency
loading test nesium retention  test for total body indicated in renal failure;  when other tests
List of Abbreviations. FEMg Mg deficiency requires close monitoring  equivocal
fractional excretion of magne- Hair or Long-temMg  Non-invasive Limited valida- Research tool; not rec-
sium, Mg magnesium, Mg2* sublingual  incorporation into tion; susceptibility to ommended for clinica
magnesium ion, RBC red blood epithelial  peripheral tissues contamination diagnosis
cdl. cell analysis
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Clinical Approach to Hypomagnesemia

m .. . Assessment of Etiologic determination based on lab
Clinical suspicion of hypomagnesemia

life-threatening signs evaluation

—— hospitalized/elderly patients —— FEMg >3 —4% — renal wasting

|, chronic alcohol use/malnourished Idenification of: <3% — extrarenal depletion

seizures, arrhythmias,

patients tetany

—

Stabilization &
ECG monitoring

—> 24h Mg >10 -30 mg — renal wasting

— athletes, pregnant/lactating women excretion <10 mg — extrarenal depletion

— patients with GI/endocrine disorders

— patients receiving magnesium- Mg/Cr >0.12 mg/mg — renal wasting

. Immediate <0.04 mg/mg — extrarenal depletion
wasting drugs administration

— patients with other electrolyte of

disturbances IV MgSOa

Fig. 6 Clinical approach to hypomagnesemia based on clinical suspicion and underlying etiology. Abbreviations: ECG electrocardiogram,
FEMg fractiona excretion of magnesium, Gl gastrointestinal, |V intravenous, MgSO. magnesium sulfate

Hypomagnesemia Treatment Strategy

|
! ! l

Mild/Asymptomatic Moderate/Symptomatic Severe/Critical
Oral Mg—preferably organic i:: Oral/IV Mg depending on symptoms Immediate IV MgSOa4
salts (citrate, glycinate, malate) Consider SGLT? inhibitors, when Infusion if persistent

1 dietary Mg otherwise indicated Continuous ECG monitoring

Mg-rich water, prebiotics

Treatment of underlying cause Prevention

Monitoring

— Treat malabsorption, alcohol-related toxicity — Ensure adequate dietary Mg

— Recheck Mg every 6-8h (IV MgSO.)

— Manage Gl/endocrine disorders — Prefer mineral-rich water

— Monitor K*, Ca?*

— Discontinue/Modify PPIs — Avoid unnecessary PPIs

— Adjust dose in CKD

— Replace diuretics with amiloride — Identify high-risk individuals

— Correct coexisting electrolyte disturbances — Preventive supplementation

(selected populations)

Fig. 7 Hypomagnesemia treatment strategy. Abbreviations: Ca2+ calcium ion, ECG electrocardiogram, Gl gastrointestinal, IV intravenous, K+
potassium ion, MgSO. magnesium sulfate, PPI proton pump inhibitor, SGLT2 sodium—glucose cotransporter 2

For moderate symptomatic hypomagnesemia, treatment
can be administered oraly or intravenously, depending
on the severity of symptoms [38]. In contrast, moderate
or severe deficiency, and the presence of neurological or
cardiovascular complications, warrant intravenous (1V)
therapy. 1V magnesium is generally administered as mag-
nesium sulfate, either as intermittent boluses for immediate

relief of acute symptoms or as a continuous infusion for
sustained repletion, with dosing tailored to symptom sever-
ity and renal function [38]. Patients receiving 1V therapy
should undergo continuous cardiac monitoring in addition
to calcium and potassium level monitoring [38]. Special
considerations should be given to vulnerable populations.
Pregnant women with preeclampsia or eclampsia require
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weight-adjusted |V magnesium sulfate regimens with care-
ful monitoring to avoid toxicity [ 74]. Elderly individualsand
patients with chronic kidney disease (CKD) require dose
reductions due to decreased magnesium clearance, while
pediatric dosing must account for age-dependent renal han-
dling and body mass [40]. Table 2 summarizes commonly
used magnesium preparations for the management of hypo-
magnesemia, including typical adult dosing ranges, relative
elemental magnesium content, pharmacokinetic and toler-
ability advantages, and key contraindications or precau-
tions. For most ambulatory patients with mild-to-moderate
hypomagnesemia and preserved kidney function, first-line
oral optionsinclude organic magnesium salts, such as mag-
nesium citrate, glycinate, lactate, and aspartate (typically
200—400 mg elemental Mg/day in divided doses). Intrave-
nous magnesium sulfate is preferred for severe deficiency
or when there are seizures, tetany, significant arrhythmias,
hemodynamic instability, or inability to tolerate/absorb oral
therapy.

Dietary modification is important. Increasing consump-
tion of magnesium-rich foods supports physiological reple-
tion [74], while mineral-rich water and prebiotic fibers
such as inulin may further enhance intestinal absorption,
especially in individuals with subclinical deficiency [74,
176]. Ora supplementation can be provided using organic
or inorganic magnesium salts. Organic salts (citrate, glu-
conate, lactate, aspartate) demonstrate superior bioavail-
ability compared with inorganic forms (chloride, sulfate)
[177]. Magnesium chloride is preferred for oral use due to
better tolerance, whereas magnesium sulfate is the standard
formulation for parenteral administration [74]. Parentera
supplementation with magnesium sulfate is indicated in
neurological and cardiovascular symptomatol ogy, including
seizures, tetany, and arrhythmias, respectively [38].

Treatment should also address underlying etiologies.
Current malabsorption or alcohol-related toxicity should
be addressed, while magnesium depletion secondary to Gl
or endocrine disorders requires management of the primary
condition. Coexisting electrolyte disturbances in patients
with hypomagnesemia should be corrected according to
standard treatment protocols [3]. PPIs associated with dose-
dependent hypomagnesemia may need to be discontinued
or replaced with alternative therapies [176]. In cases of
renal magnesium wasting, pharmacologic interventions can
reduce urinary losses. Amiloride, an epithelial sodium chan-
nel (ENaC) inhibitor, hyperpolarizes DCT cells to facilitate
TRPM6/7-mediated magnesium reabsorption and is effec-
tivein diuretic-induced losses aswell as Gitelman or Bartter
syndromes [178]. Additionally, in patients with symptom-
atic hypomagnesemia, SGLT2 inhibitors may reduce rena
magnesium |oss and raise serum magnesium concentrations
primarily by improving insulin sensitivity and enhancing
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TRPM6-mediated magnesium reabsorption [38]. Preven-
tion of hypomagnesemia requires identification of high-risk
individuals and guidance on adequate dietary magnesium
intake, including consumption of mineral-rich water. Fur-
thermore, the indiscriminate use of PPIs should be avoided.

The risks of indiscriminate supplementation include
gastrointestinal intolerance and hypermagnesemia, particu-
larly in CKD and older adults with reduced renal clearance.
Several cohorts report U-shaped associations, with adverse
outcomes observed at both low and high serum magnesium
levels. Therefore, supplementation should be individual-
ized and monitored, especially when eGFR is reduced or
when magnesium-containing laxatives/antacids are used.
Given the risk of both under- and over-replacement, serum
magnesium should be monitored regularly during magne-
sium sulfate therapy, with levels checked every 6-8 h [179].
Excessive magnesium intake, especialy in impaired renal
excretion, may cause diarrhea [74], arrhythmias, hypoten-
sion, respiratory failure, or in extreme cases, fatal toxicity
[29]. Magnesium therapy is contraindicated in severe renal
failure unless dialysis is available, while caution is war-
ranted when co-administered with potassium-sparing diuret-
icsor glucagon dueto therisk of hypermagnesemia. Finaly,
drug—nutrient interactions should also be considered, as
oral magnesium may reduce the absorption of antibiatics,
bisphosphonates, and calcium channel blockers [29].

The latest evidence from large-scale, prospective clini-
cal trials and meta-analyses shows that magnesium supple-
mentation in populations with hypomagnesemia or chronic
disease risk yields modest but clinically important improve-
ments in blood pressure, glycemic control, and inflammatory
biomarkers [120, 180]. In hypertensive and hypomagne-
semic individuals, ora elemental magnesium at median
doses of 365 mg/day for 8—24 weeks reduces systolic blood
pressure by approximately 2-8 mmHg and diastolic by
2-5 mmHg, with greater effects in those with baseline defi-
ciency or on antihypertensive therapy; however, no clear
dose-response relationship has been established and opti-
mal dosing remains individualized. In patients with T2DM,
oral magnesium supplementation at doses up to 500 mg/day
for 12—-24 weeks modestly improves glycated hemoglobin
(HbA1c) (mean reduction 0.5-0.7%) and fasting glucose,
supporting its adjunctive role in glycemic management,
though current evidence does not support formal recom-
mendations for routine use [180]. In addition, meta-analyses
have shown that magnesium supplementation significantly
lowers serum C-reactive protein (CRP) and increases
NO, indicating anti-inflammatory and endothelial ben-
efits [181]. Long-term outcomes from observational stud-
ies and umbrella reviews suggest that higher magnesium
intake is associated with reduced risk of T2DM, stroke,
and cardiovascular events, but RCTs have not consistently
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Table 2 Magnesium supplementation: formulations, dosing strategies, advantages, limitations and contraindications

Formulation Elemental Typical Advantages Limitations/Side Effects Contraindications/ Caution
Magnesium  Dose Range
Content (by  (elemental
salt weight)  Mg)
Magnesium ~16% 200400 mg High oral bioavailability; well tol- May cause diarrheaat higher ~ Use cautiously in CKD
citrate (oral) elemental erated; effective for mild to moder- doses; abdominal cramping,  (risk of accumulation);
Mg/day in ate deficiency; commonly used as  nausea; may interact with oral  avoid in severe rena
divided doses an osmotic laxative for relief of medications failure
occasional constipation
Magnesium  ~14-15% 100400 mg/ High biocavailability; Well toler- -Higher cost; limited avail- CKD precautions; caution
glycinate / day ated; minimal Gl upset; useful for  ability in someregions with concurrent sedating
bisglycinate long-term supplementation -rare diarrhea; mild Gl upset  medications; severe heart
(oral) block, myasthenia gravis
Magnesium ~12% 200-400 mg/ Good bioavailability and Gl Costlier than inorganic CKD precautions; Cau-
lactate (oral) day tolerability compared to inorganic ~ salts; lessfrequent Gl upset;  tionisalso warranted
salts such as magnesium oxide; extended-release formulations  in patients with severe
Good absorption; Modified-release may further minimize these heart block, myasthenia
preparations may further reduce effects gravis, or those receiv-
GI side effects and improve patient ing medications that may
adherence, especidly in chronic increase magnesium levels
supplementation settings such as (e.g. potassium-sparing
Gitelman syndrome; less laxative diuretics)
effect compared with oxide or
citrate
Magnesium ~12-15% 100-400 mg/ Good bioavailability and Gl toler-  Mild Gl upset; diarrhea or Renal impairment, severe
malate (oral) day ability compared to inorganic salts; abdominal discomfort heart block, myasthenia
Well absorbed; Preclinical data: 1 gravis, or those receiv-
tissue Mg levels (muscle and ing medications that may
brain), and may support neuro- increase magnesium levels
muscular function; theoretically (e.g. potassium-sparing
beneficial for fatigue syndromes diuretics)
Magnesium ~5-6% 100-400 mg/ Good safety profile; less Gl upset ~ Lower elemental Mg con- Renal impairment, severe
gluconate day centration; requires multiple  heart block, myasthenia
(oral) tablets gravis, or those receiv-
ing medications that may
increase magnesium levels
(e.g. potassium-sparing
diuretics)
Magnesium ~12% 100-400 mg/ Better tolerated than sulfate orally; Can cause mild diarrhea Avoid in severe rena
chloride day reasonable absorption; suitable for  (dose-dependent); strong taste impairment, severe heart
(oral) both acute and chronic supple- inliquid form block, myasthenia gravis
mentation; continuous-release
formulations may further improve
gastrointestinal tolerance and
absorption
Magnesium  ~60% 400-800 mg/ High elemental magnesium; Poor bioavailability dueto Avoid or used with caution
oxide (oral) day inexpensive; first-line option for low water solubility, resulting in severe renal impairment
chronic idiopathic constipation in less efficient absorption; (eGFR <20 mL/min/1.73
due to its efficacy, tolerability, and high rate of diarrheaand Gl m?), severe heart block,
availability distress myasthenia gravis
Magnesium ~25-29% 100400 mg Moderate Mg content; widely Low bioavailability; Gl upset; Avoid in severe renal
carbonate daily available and inexpensive; some-  short-term supplementation impairment, severe heart
(oral) times used as an antacid may not reliably increaseion-  block, myasthenia gravis
ized Mg levels.
Magnesium ~8-9% 100400 mg  Good CNS penetration; 1 bioavail- Diarrhea (dose-dependent), Cautionin rena impair-
acetyl tau- daily ability and efficient tissue penetra- abdominal discomfort ment, severe heart block,
rate (oral) tion; rapid absorption; potential myasthenia gravis
anxiolytic effects observed in
animal models
Magnesium ~7-10% 100400 mg Good bioavailability; Gl toler- Gl upset, including mild diar-  Caution in renal impair-
aspartate daily ability; suitable for chronic rhea and abdominal discom-  ment, severe heart block,
(oral) supplementation fort (dose-dependent) myasthenia gravis
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Table 2 (continued)

Formulation Elemental Typical Advantages Limitations/Side Effects Contraindications/ Caution
Magnesium  Dose Range
Content (by  (elemental
salt weight) Mg)
Magnesium  8-9% 200400 mg Good bioavailability; demonstrated -Higher cost; diarrheaand GI  Caution in renal impair-
Pyrogluta- daily benefit in migraine; potential utility distressin higher doses ment, severe heart block,
mate / pidol- in other neurological conditions; myasthenia gravis
ate (oral) efficient intracellular penetration,
especialy in the brain
Magnesium ~8% 100400 mg Good biocavailability; notablefor - Gl upset, including diarrhea  Caution in renal impair-
threonate daily its ability to cross the blood-brain  and abdominal discomfort ment, severe heart block,
barrier; potential cognitive and (dose-dependent) myasthenia gravis
neuroprotective effects
Magnesum ~9.8% 1-2 g/hour Allows controlled repletion; pre- Requires serial Mg measure-  Contraindicated in severe
sulfate (i.v. or continu- ferred in ICU settings, immediate  ments; risk of overcorrection;  renal failure unless
infusion) ousinfusion anticonvulsant action in eclampsia dose-dependent effects: flush- dialysis available; caution
depending on ing, sweating, hypotension, in myasthenia gravis,
severity bradycardia, CNS depression, heart block, and respira-
loss of deep tendon reflexes,  tory insufficiency; Avoid
respiratory depression, and rapid infusion; always
cardiac arrhythmias. Toxic- dilute to <20% for IV use;
ity risk increases with rapid Injectable calcium should
infusion or renal impairment.  be available to treat mag-
Serum magnesium >4 mEq/L  nesium toxicity.
reduces reflexes; >10 mEq/L
may cause respiratory paraly-
sis; >12 mEq/L may be fatal.
Magnesum ~9.8% 1-2 g MgSO+ Rapid correction; essential Requires monitoring for toxic- Same as above
sulfate (i.v. over 15-60  for severe or symptomatic ity (hypotension, bradycardia,
bolus) min (acute hypomagnesemia respiratory depression)
Cases:
seizures,
arrhythmias);
typical dose
range: 1-5
g magne-
sium sulfate
(98-490 mg
elemental
magnesium)
per dose,
depending
on indication
and severity.
Magnesium  ~9.8% 1-5gIM, Alternative when i.v. access Painful injection; erratic Same as above
sulfate (i.m.) divided doses unavailable absorption; flushing, hypo-

Magnesium- Variable
containing

laxatives or

antacids (Mg
hydroxide,

carbonate)

Highly
variable

Useful for constipation or dyspep-
sia with coexisting mild deficiency

tension, bradycardia, CNS
depression, loss of deep
tendon reflexes, respira-
tory depression, and cardiac
arrhythmias at 1 serum Mg
levels.

Gl cramping, diarrhea; risk
of hypermagnesemiawith
chronic use

Avoid in CKD; avoid
with concurrent Mg
supplements

Datain this Table derived from literature used in the manuscript and FDA documents. List of Abbreviations: CKD chronic kidney disease, Gl
gastrointestinal, ICU intensive care unit, IM intramuscular, 1V intravenous, Mg magnesium, MgSO. magnesium sulfate
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demonstrated reductions in hard endpoints such as myocar-
dial infarction or mortality [182]. Thus, while long-term
cardiovascular outcomes appear favorable in observational
cohorts, definitive causal inference awaits adequately pow-
ered RCTs with hard cardiovascular endpoints.

Moreover, magnesium supplementation has been shown
to lower hospitalization risk in pregnant women and to
reduce both the frequency and severity of migraine episodes
[182]. In CKD, magnesium supplementation may slow dis-
ease progression and reduce vascular calcification, but dos-
ing must be carefully titrated to avoid hypermagnesemia,
especially in advanced stages [183, 184]. Finally, meta-
analytical data based on RCTs have shown that magnesium
supplementation significantly reduces depression scores in
adults with depressive disorder [185].

Moreover, magnesium supplementation has been shown
to lower hospitalization risk in pregnant women and to
reduce both the frequency and severity of migraine episodes
[182]. In CKD, magnesium supplementation may slow dis-
ease progression and reduce vascular calcification, but dos-
ing must be carefully titrated to avoid hypermagnesemia,
especially in advanced stages [183, 184]. Finally, meta-
analytical data based on RCTs have shown that magnesium
supplementation significantly reduces depression scores in
adults with depressive disorder [185] Overall, magnesium
repletion is safe and beneficial in populations with docu-
mented deficiency or increased cardiometabolic risk, but
optimal dosing regimens and long-term impact on major
clinical outcomes require further investigation in ongoing
and future trials [186].

Futuredirectionsin hypomagnesemiaresearch emphasize
improved diagnostic strategies, mechanistic understand-
ing, and novel nutritional and pharmacologic interventions.
Recent clinical trials and mechanistic studies have high-
lighted the limitations of serum magnesium as a biomarker,
given its poor correlation with total body and intracellular
magnesium stores. Future work is focused on developing
more sensitive and specific diagnostic tools, including intra-
cellular and functional biomarkers [186].

Advances in understanding renal and intestinal magne-
sium transport biology, such as the roles of TRPM6/7 chan-
nels, claudins, and CNNM transporters, have clarified the
genetic and acquired mechanisms underlying hypomagne-
semia, with implications for targeted therapies [187]. New
mechanistic insights reveal that hypomagnesemia contrib-
utes to mitochondrial dysfunction, oxidative stress, and
inflammation, mediated in part by TRPM?7 kinase activity,
suggesting that future therapies may include TRPM7 kinase
inhibitors in addition to magnesium supplementation [188].

Updated clinical guidelines and reviews underscore the
need for individualized treatment approaches, with ora

organic magnesium salts preferred for mild deficiency and
IV magnesium sulfate for severe or symptomatic cases.
However, there remains a lack of consensus and standard-
ized protocols for magnesium replacement, particularly
in special populations such as those with CKD, DM, or
drug-induced hypomagnesemia [38]. Emerging nutri-
tional interventions include the use of prebiotic dietary
fibers (e.g., inulin), while SGLT?2 inhibitors may be used to
enhance magnesium absorption and repletion, particularly
in patients with PPI-induced or diabetic hypomagnesemia.
Food fortification, personalized nutrition strategies, and
dietary patterns, such as Mediterranean and plant-forward
diets, are also being explored to address widespread subop-
timal intake at the population level [186]. Further research
is needed to determine whether biomarkers of intracellular
magnesium status, and metabolomic signatures or microbi-
ome profiles that can reliably predict deficiency or therapeu-
tic responsiveness.

Key gaps include the need for large-scale, prospective
studies and RCTs to define optimal supplementation regi-
mens, duration and dosing strategies, long-term outcomes,
and the impact of magnesium repletion on chronic disease
risk and hard outcomes such as cardiovascular events, hos-
pitalization rates or cognitive decline. There is aso a need
for greater awareness and routine assessment of magnesium
status in clinical practice, as highlighted by recent clinica
guidelines [189].

Conclusion

Magnesium is an important determinant of cellular homeo-

stasis, energy metabolism, neuromuscular transmission,
cardiovascular function, bone integrity, and immune regu-
lation. Despite its physiological importance, hypomagnese-
mia remains under-recognized in clinical practice, owing in
part to the limitations of serum magnesium as a biomarker
and the frequent absence of early clinical symptoms. The
increasing prevalence of overt and subclinical magnesium
deficiency is driven by modern dietary patterns, chronic
disease burden, medication use, and environmental factors
such as mineral-depleted water.

Current evidence demonstrates that restoring magnesium
status through dietary modification, oral supplementation
with well-absorbed organic sdts, or targeted pharmaco-
logic interventions, can improve glycemic control, blood
pressure, endothelial function, inflammatory markers, and
neuromuscular symptoms in affected individuals. Recent
advances in molecular biology have elucidated the roles of
renal and intestinal magnesium transporters, offering new
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therapeutic targets and informing the use of agents such as
SGLT?2 inhibitors and prebiotic fibers for select populations.

Nonetheless, important gaps remain regarding the opti-
mal assessment and management of hypomagnesemia, opti-
mal dosing strategies, monitoring protocols, and long-term
outcomes of magnesium repletion, particularly in vulner-
able groups such as patients with CKD, DM, older adults or
those receiving PPIs or chemotherapy.

Future research should prioritize the development of
more sensitive magnesium biomarkers, robust clinical trials
evauating hard endpoints, nutrition-focused interventions
aimed at population-wide prevention as well as individual-
ized supplementation strategies. Improving clinical aware-
ness and integrating magnesium assessment into routine
care may represent a cost-effective strategy to mitigate the
significant multisystem burden of hypomagnesemia.
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