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Abstract: Magnesium (Mg) is a vital element for various metabolic and physiological functions in the
human body, including its crucial role in skeletal muscle health. Hypomagnesaemia is frequently
reported in many muscle diseases, and it also seems to contribute to the pathogenesis of skeletal
muscle impairment in patients with neuromuscular diseases. The aim of this scoping review is
to analyze the role of Mg in skeletal muscle, particularly its biological effects on muscle tissue in
neuromuscular diseases (NMDs) in terms of biological effects and clinical implications. This scoping
review followed the PRISMA-ScR (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses Extension for Scoping Reviews) guidelines. From the 305 studies identified, 20 studies were
included: 4 preclinical and 16 clinical studies. Preclinical research has demonstrated that Mg plays a
critical role in modulating pathways affecting skeletal muscle homeostasis and oxidative stress in
muscles. Clinical studies have shown that Mg supplementation can improve muscle mass, respiratory
muscle strength, and exercise recovery and reduce muscle soreness and inflammation in athletes and
patients with various conditions. Despite the significant role of Mg in muscle health, there is a lack of
research on Mg supplementation in NMDs. Given the potential similarities in pathogenic mechanisms
between NMDs and Mg deficiency, further studies on the effects of Mg supplementation in NMDs are
warranted. Overall, maintaining optimal Mg levels through dietary intake or supplementation may
have important implications for improving muscle health and function, particularly in conditions
associated with muscle weakness and atrophy.

Keywords: magnesium; skeletal muscle; neuromuscular disease; muscle strength; dietary supplement

1. Introduction

Magnesium (Mg), an alkaline earth metal and the eighth most abundant element
on Earth, is essential for various biochemical and physiological processes [1]. It consti-
tutes approximately 25 g in the human body, primarily located in bones (over half) and
muscles/soft tissues (one-third), with intracellular levels significantly exceeding those
in extracellular fluid [2–4]. Mg is critical for bone health, as it influences the formation
of hydroxyapatite crystals, thereby preventing them from becoming excessively large or
brittle [1]. Magnesium plays a crucial role in cellular metabolism by acting as a cofactor
for over 300 enzymes and being indispensable in ATP metabolism, thereby contributing to
both aerobic and anaerobic energy generation and glycolysis [5]. This electrolyte is also
involved in sodium/potassium ATPase activity, maintaining intracellular potassium, and
acts as a physiological calcium channel blocker [6]. The human body contains about 25 g of
Mg in adulthood, with just over half of this located in bones, and a further third in muscles
and soft tissues. The intracellular concentration is about ten times that of the extracellular
fluid [5,6]. Intracellular Mg is primarily stored in the mitochondria, contributing to ATP
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(adenosine triphosphate) synthesis from ADP (adenosine diphosphate) and inorganic phos-
phate. As part of the Mg-ATP complex, it yields the bioactive form of ATP. Moreover, Mg
promotes the coupled state necessary for mitochondrial oxidative phosphorylation and
helps avoid the production of oxygen-derived free radicals in mitochondria [7]. Magne-
sium is essential for DNA and RNA synthesis, supplying adequate purine and pyrimidine
nucleotides, and its presence is required for the activation of the adenylate cyclase, in-
volved in the regulation of cellular activity [8]. Dietary sources of magnesium include
vegetables (e.g., spinach), legumes, nuts, seeds, animal products, and water. However,
the magnesium content in plant foods has declined due to agricultural practices like lime
application to acid soils [3,9]. Magnesium, like calcium, is absorbed in the duodenum
and ileum through active and passive processes. The kidney also plays a central role in
magnesium homeostasis through active reabsorption influenced by the sodium load in the
tubules and the acid–base balance [10]. A high dietary intake of calcium (approximately
2600 mg/day) with a high sodium intake enhances magnesium excretion [11]. On average,
magnesium intake is less than current recommendations by about a third in women and
a quarter in men [12]. According to the Food and Nutrition Board (FNB) at the Institute
of Medicine of the National Academies, the intake recommendations for magnesium in
adults range from 410 to 420 mg for males and 320 to 360 mg for females [13]. Primary
nutritional magnesium deficiency is rarely observed in humans unless a low intake is
accompanied by an excessive loss, such as during prolonged diarrhea. Although most
of the early signs of deficiency are neurological, hypomagnesemia increases intracellular
calcium, resulting in muscle cramps, hypertension, and vasospasms [1,2]. Moreover, Mg
deficiency is related to the development of a reversible, metabolic cardiomyopathy [14].
Hypomagnesemia initially presents with weakness, loss of appetite, fatigue, nausea and
vomiting. Subsequently, it can be complicated by muscle spasms and cramps, dysesthesia,
cardiovascular manifestations, convulsions, cognitive impairment, and, in severe deficiency
cases, hypocalcemia or hypokalemia [15]. Many muscle diseases, including sarcopenia,
inflammatory muscle diseases, and neuromuscular disorders (NMDs), can be accompanied
by significant hypomagnesemia [16,17]. The scientific literature does not agree on the
significance of this association, as anatomical and/or functional damage to muscle can be
primary and cause hypomagnesemia or be secondary to a previous chronic magnesium
deficiency. This uncertainty hinders the ability to develop targeted interventions such as
in the case of NMDs, potentially leading to inadequate responses and missed nutritional
guidance for patients. It should be emphasized that chronic inflammation and oxidative
stress can also be considered causes or effects of magnesium deficiency since this electrolyte
plays an essential role in regulating the pathways underlying these conditions [18,19]. This
scoping review focuses on the role of Mg in skeletal muscle, particularly its biological
effects on muscle tissue in NMDs and its clinical and therapeutic implications.

2. Materials and Methods

This scoping review followed the PRISMA-ScR (Preferred Reporting Items for System-
atic Reviews and Meta-Analyses Extension for Scoping Reviews) guidelines [20].

The first step was the creation of a technical expert panel (TEP) consisting of 5 medical
specialists with expertise in skeletal muscle disorders and confidence with scoping review
methodology.

2.1. Search Strategy

The TEP conducted a search on PubMed (Public MedLine, run by the National Cen-
ter of Biotechnology Information (NCBI) of the National Library of Medicine Bethesda,
Bethesda, MD, USA) using the following MeSH (Medical Subject Heading) terms: “Mag-
nesium” or “Magnesium Compounds” and “Muscular Dystrophy, Duchenne” or “Becker
dystrophy” or “Myasthenia Gravis” or “Charcot-Marie-Tooth Disease” or “Muscular At-
rophy, Spinal” or “Glycogen Storage Disease Type II” or “neuromuscular diseases” or
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“Muscle, skeletal” (Table 1). The choice of these NMDs included for the analysis is based
on the main neuromuscular disorder per lesion level.

Table 1. Search strategy.

1. (“Magnesium” OR “Magnesium Compounds” [Mesh] AND “Muscular Dystrophy,
Duchenne” [Mesh] OR “Becker dystrophy” [Mesh] OR “Myasthenia Gravis” [Mesh] OR
“Charcot-Marie-Tooth Disease” [Mesh] OR “Muscular Atrophy, Spinal” [Mesh] OR
“Glycogen Storage Disease Type II” [Mesh] OR “neuromuscular diseases” [Mesh] OR
“Muscle, skeletal”);

2. (“Magnesium” OR “Magnesium Compounds” AND “Muscular Dystrophy, Duchenne” OR
“Becker dystrophy” OR “Myasthenia Gravis” OR “Charcot-Marie-Tooth Disease” OR
“Muscular Atrophy, Spinal” OR “Glycogen Storage Disease Type II” OR “neuromuscular
diseases” OR “Muscle, skeletal”).

2.2. Study Selection

The TEP defined the characteristics of the sources of evidence, considering articles
published from inception to 31 May 2024, including only those written in English (see
Table 2 for further details about eligibility criteria).

Table 2. Eligibility criteria.

Inclusion Criteria

- English language

- Reference period from inception to 31 May 2024

- Study design: preclinical and clinical studies, including case reports, clinical trials,
comparative studies, and observational studies

- Studies investigating the effects of magnesium on skeletal muscle tissue

- Studies including use of magnesium as supplementation for patients with inherited
neuromuscular disease

Exclusion Criteria

- Books and documents, meta-analyses, reviews, systematic reviews, letters to the editor

- Articles written in other languages.

- Studies investigating use of magnesium in acquired neuromuscular disease

- Studies investigating any kind of use of magnesium not as supplementation and/or
treatment for muscle

2.3. Data Extraction and Quality Assessment

All data extracted from the included studies were qualitatively analyzed. The study
selection and data extraction were performed independently by two authors (SL and MP),
and in the case of any controversies, a third author (AM) was consulted.

3. Results

The study selection process is reported in Figure 1. We screened 305 articles from the
PubMed database. Based on titles and abstracts, and following our selection criteria, a
total of 275 papers were excluded. After reading the full texts, a further 10 articles were
excluded. The remaining 20 articles (published up to May 2024) met the inclusion criteria
and are described in Table 3 [21–26] and Table 4 [27–40].
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Table 3. Characteristics of the preclinical studies.

Author, Year, Study Design Sample Size: Total
(Group)

Intervention Outcome Main Findings

Liu et al., 2007, RCT, in vivo
study [21].

n = 96 one-day-old male
Arbor Acre broiler
chickens divided into
low-MgG (n = 48) and
CG (n = 48).

Low-MgG had a diet with
1.2 g Mg/kg while CG
had a diet with 2.4 g
Mg/kg for 6 weeks.

After 6 weeks,
measurements of
muscular and serum Mg,
malondialdehyde (MDA),
glutathione (GSH), and
mitochondrial electron
transport chain (ETC)
complex activities were
performed.

After 6 weeks of
treatment, the low-MgG
showed a reduction in
muscle and serum Mg,
decreased GSH, increased
MDA, and ETC complex II
and III activity.

Zheng et al., 2021, RCT,
in vivo and in vitro
study [22].

n= 18
twenty-four-week-old
male Sprague–Dawley
rats divided into MgG
(n = 6) CSG (n = 6) and
CG (n = 6).

IN VIVO
MgG was treated with
lipopolysaccharide (LPS)
and corticosteroid (CS)–
methyl-prednisolone
(MPS) with daily 50
mg/kg Mg oral
supplementation;
CSG was treated with LPS
and CS–MPS; CG was
treated as normal control.

IN VITRO
After 2 days of incubation
with differentiation
medium, C2C12 myoblast
cell line was treated with
CS with or without 10 mM
Mg chloride for 2 days
(MgG-in vitro). The
CG-in vitro was treated
with solvent only.

After 6 weeks of treatment,
serum Mg measurement,
tissue composition
determination from DXA,
functional testing, and
histology (muscle fiber
size investigation,
intramuscular fat
infiltration, and fiber
typing) of the extensor
digitorum longus (EDL)
were performed.

IN VITRO
C2C12 myoblast cell line
as myotube atrophy
model was used to study
the in vitro effect
associated with in vivo
muscle atrophy.

In MgG vs. CSG, good
body composition
changes, significant
improvements in muscle
performance, and an
improvement in muscle
fiber characterisitcs and
cross-sectional area (CSA)
were observed.
In C2C12 myoblast
cultures, MgG promoted
larger myotube diameters,
indicating enhanced
myogenic activity.
Both in vitro and in vivo
studies showed lower
mRNA expression levels
of MuRF1 and MAFbx
(markers associated with
muscle atrophy) in the
MgG group, suggesting a
protective effect against
muscle wasting.
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Table 3. Cont.

Author, Year, Study Design Sample Size: Total
(Group)

Intervention Outcome Main Findings

Liu et al., 2021, non-RCT,
in vitro and in vivo
study [23].

C2C12 myoblast culture;
fluorescence-activated
cell sorting (FACS) from
hind-limb muscles of
24-month-old
male mice.

Part 1
Two-day-differentiated
C2C12 myotubes were
treated with different
concentrations of MgCl2
or MgSO4 for 96–144 h
versus CG treated with
0.8 mM Mg.

Part 2
Six-day-differentiated
C2C12 myotubes were
subjected to 48 h
treatment with 10 nM
rapamycin versus
dimethyl sulfoxide
(DMSO) control group.

Part 3
Isolation of MuSC by
FACS treated with 2.5 mM
of Mg.

Part 4
Aged muscle regeneration
in mice in an
NTX-induced muscle
injury aged model after
(1) intraperitoneal
injection of MgSO4 or
(2) administration of
50 mg/kg/day MgSO4 vs.
control group MgSO4.

The effect of Mg on C2C12
myoblast differentiation
and myotube growth on
MuSC differentiation and
skeletal muscle
regeneration after injury
was investigated.

Part 1
At a concentration of
2.5 mM of Mg, MgG vs.
CG showed a higher
expression of myogenic
regulatory factor MyoD,
myogenin, and muscle
structural protein MyHC.

Part 2
At a concentration of
2.5 mM of Mg, rapamycin
suppressed the protein
expression of myogenin
and MyHC, reduced the
fusion index, decreased
the myotube diameter,
and downregulated
protein synthesis.

Part 3
At a concentration of
2.5 mM of Mg, FACS
showed

- Elevation of the
proportion of
myogenin + cells
and the fusion
index;

- Increased the
diameter of primary
aged myotubes.

Part 4
(1) Administration of
MgSO4 via intraperitoneal
injection in mice enhanced
myoblast differentiation
and increased
myotube diameter.
(2) Mice treated with
50 mg/kg/day MgSO4
showed improvement in
regenerative myogenesis,
including greater muscle
weight, larger myofiber
CSA, and enhanced
functional outcomes such
as increased grip strength
and grid-hanging time
without significant
changes in overall
body weight.
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Table 3. Cont.

Author, Year, Study Design Sample Size: Total
(Group)

Intervention Outcome Main Findings

Cui et al., 2022, RCT, in vivo
and in vitro study [24].

IN VIVO
n = 60 male SAMP8
mice randomized into
MgG (n = 15),
LMHFV(VibG) (n = 15),
CTG (Mg + VIB)
(n = 15), and CG
(n = 15).

IN VITRO C2C12
myoblasts.

IN VIVO
MgG received
200 mg/kg/day Mg,
5 days/week;
VibG had LMHFV (35 Hz,
0.3 g, 20 min/day and 5
days/week);
CTG received Mg +
LMHFV;
CG had LMHFV with the
platform powered off.

IN VITRO C2C12
myoblasts in 10 groups:

(1) CG;
(2) VibG;
(3) MgG;
(4) CTG;
(5) VibG + Rapamycin

(Ra);
(6) VibG + LY294002

(LY);
(7) MgG + Ra;
(8) MgG + LY;
(9) CTG + Ra;
(10) CTG + LY.

Ra and Ly are inhibitors of
PI3K/Akt and mTOR.

IN VIVO
After 2, 3, and 4 months
SAMP8 mice were
evaluated for functional
and structural outcomes,
serum Mg, EDL for RNA
extraction, and
quantitative real-time
PCR, and tibialis anterior
(TA) was investigates with
Western blot analysis.

At month 0, 2, 3 and 4
post-treatment before
euthanasia, whole-body
muscle mass (WBMM)
and appendicular muscle
mass (AMM) were
measured in SAMP8 mice
through DXA.

IN VITRO
In C2C12 myoblasts,
myotube metrics were
quantified (myotube
diameter and myotube
nuclei numbers), and
RNA extraction and
quantitative real-time
PCR, protein expression
with Western blot analysis,
and immunohistochemical
and immunofluorescence
staining of myofibers and
C2C12 myotubes
(including inflammation
markers such as
CD206-positive M2
macrophage population)
were performed.

IN VIVO
In the MgG, at month 4,
higher absolute lean mass
and percentage lean mass
were observed compared
to the CG (p < 0.05), as
well as increased CSA of
type IIb muscle fibers
compared to all groups
(p < 0.05), lower
proportions of type I and
IIa fibers with a higher
proportion of type IIb
fibers compared to all
groups (p < 0.001), an
enhanced expression of
MyoD, MyoG, Myf5, and
Myf6 mRNA compared to
the CG, and increased
mTOR expression relative
to the CG and CTG.

IN VITRO
In comparison to the CG,
both VibG and MgG
treatments resulted in
significant increases in
myotube diameter, nuclei
count, myogenic index
(MI), and the expression
levels of Myf5 and Myf6
mRNA (p < 0.05).

Takagi et al., 2023, non-RCT,
in vivo study [25].

35 four-week-old male
Wistar rats divided into
5 groups, each
containing n= 7 rats.

Four American Institute of
Nutrition
(AIN)-93G-based diets
with various Mg
concentrations for 12
weeks were established:
the Mg100 diet (control
diet) and the Mg50, Mg25,
and Mg8 diets containing
50%, 25%, and 8%
of Mg100.

Mg and Ca concentrations
were measured and
metabolomic analysis was
performed in the soleus
and gastrocnemius
muscles. Moreover,
relative expression levels
of Renin1 and Fst
were evaluated.

Severe Mg restriction
(Mg8) led to an increase in
muscular levels of
3-phosphoglyceric acid, A
decrease in the levels of
glucose 6-phosphate,
2-phosphoglyceric acid,
phosphoenolpyruvic acid,
and fructose 6-phosphate
(in soleus and
gastrocnemius), an
increase in pyruvic acid
content (in soleus), a
decrease in carnosine and
its constituent β-alanine,
and an increase in the
levels of purine
derivatives such as
xanthine and uric acid (in
gastrocnemius)
were measured.
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Table 3. Cont.

Author, Year, Study Design Sample Size: Total
(Group)

Intervention Outcome Main Findings

Zocchi et al., 2023, non-RCT,
in vitro study [26].

C2C12 murine
myoblasts.

Myotubes obtained after
144 h of differentiation
from C2C12 murine
myoblasts were exposed
for 4 days to DM
containing severely low
(0.1 mM), mildly low
(0.5 mM), and
physiological (1 mM)
MgSO4 concentrations.

An analysis of different
MyHC isoforms by
Western blot of myotubes
with an optical
microscope and by
immunofluorescence
using antibodies against
the contractile protein
MyHC, lipid droplet
staining, triglyceride and
intracellular lactate
quantification, autophagic
flux, ROS, and fatty acid
oxidation (FAO) analysis
was performed.

A significant reduction in
thickness and fusion index
values (nuclei in myotubes
vs. total nuclei) was found
in the lower-Mg groups.
In severely low Mg
conditions, a reduction in
MyHC, Myog, and
Myomixer levels and the
amounts of pAkt and
lactate production was
observed, along with a
substantial
downregulation in the
levels of MyHC II with no
significant differences in
total or
mitochondrial-generated
ROS and a significant
increase in NO.
A reduction in the
amounts of
insulin-responsive glucose
transporter GLUT4, lower
levels of TGs, a decrease
in the ratio LC3-BII/BI,
and a reduction in the
autophagic flux were
found in myotubes
cultured in low Mg vs.
physiological Mg
concentrations.

Abbreviations: Randomized Controlled Trial (RCT); Magnesium Group (MgG); control group (CG); corticosteroid
group (CSG); muscle RING finger 1 (MuRF1); muscle atrophy F-box (MAFbx); hour (h); muscle stem cell
(MuSC); fluorescence-activated cell sorting (FACS); notexin (NTX); myosin heavy chain (MyHC); male senescence-
accelerated mouse prone 8 (SAMP8); vibration group (VibG); low-magnitude, high-frequency vibration (LMHFV);
combined treatment group (CTG); extensor digitorum longus (EDL); tibialis anterior (TA); dual-energy x-ray
absorptiometry (DXA); rapamycin (Ra); LY294002 (LY); whole-body muscle mass (WBMM); appendicular muscle
mass (AMM); lean mass (LM); appendicular lean mass (ALM); cross-sectional area (CSA); follistatin (FST);
differentiation medium (DM); tryglyceride (TG); radical oxidative species (ROS); myogenin (Myog); nitric oxide
(NO); glucose transporter type 4 (GLUT4).

Table 4. Characteristics of the clinical studies.

Author, Year, Study
Design

Sample Size: Total
(Group)

Intervention Outcome Main Findings

Clauw et al., 1993,
case-report [27].

Male, 43 years old,
eosinophilia–myalgia
syndrome (EMS).

Twice-weekly
intramuscular injections
of 1 g of Mg sulfate for
8 weeks (T0–T1). The
same protocol was
repeated after 12 weeks
(T2–T3).

Mg concentration, a
self-report questionnaire
(including visual analog
scales to assess the degree
of muscle weakness, pain,
spasm, and fatigue), and a
magnetic resonance
spectroscopy (MRS)
evaluation at any time
point were collected.

At T1 and T3, an inverse
relationship between the
severity of symptoms and
intramuscular Mg
concentration was
observed at MRS.



Int. J. Mol. Sci. 2024, 25, 11220 8 of 17

Table 4. Cont.

Author, Year, Study
Design

Sample Size: Total
(Group)

Intervention Outcome Main Findings

Weller et al., 1998,
double-blind,
placebo-controlled
study [28].

20 athletes with
low–normal Mg serum
(0.8 mmol·L−1) divided
into 2 groups (MgG n = 10;
PG n = 10).

MgG: daily “Magnetrans
forte” (250 mg × 2 Mg
oxide).

PG: placebo capsules

After 3 weeks, Mg
concentration in serum
and in skeletal muscle
measured by in vivo 31P
nuclear magnetic
resonance (NMR), exercise
tests, “muscle score”
derived from a
questionnaire on muscle-
and performance-related
symptoms, and evaluation
of neuromuscular activity
by EMG was measured.

After 3 weeks, in both
groups, no effects of
supplementation on any
outcomes measured were
observed, except for a
decrease in the EMG score
with no increase in Mg
concentration in serum or
any cellular compartment
studied (except for renal
Mg clearance, increased in
the MgG).

Zorbas et al., 1999,
RCT [29].

40 male athletes divided
into four groups (n = 10 in
each group): two groups
treated (SACS, SHKS) and
two untreated (UACS,
UHKS).

SACS and SHKS: daily
23 mg Mg lactate/kg for
364 days;
UACS and UHKS: No
supplementation.
The SHKS and UHKS
groups were maintained
under an average running
distance of 1.7 km/day.
The SACS and UACS
groups experienced no
changes in their training.

Mg balance,
anthropometric
parameters, urinary and
fecal excretion, and serum
concentration of Mg were
collected.

The hypokinetic groups
showed a negative Mg
balance, a decrease in
body weight, body fat,
and peak oxygen, and an
increase in urinary and
fecal excretion and serum
concentration of Mg
compared to ambulatory
groups. No significant
differences were observed
between the SHKS and
UHKS groups for
anthropometric and peak
oxygen uptake, serum and
urinary Mg, faecal
magnesium, or Mg
balance.

Wary et al. 1999, RCT [31]. 30 healthy male
volunteers divided into
MgG (n = 15) and PG
(n = 15).

MgG: three Mg tablets,
twice daily (470 mg of Mg
lactate and 5 mg
pyridoxine);
PG: three placebo tablets,
twice daily.

Total Mg, lysed
erythrocytes Mg, 24 h
urine Mg, ionized
magnesium in plasma,
and intracellular free Mg
in skeletal muscle and the
brain were measured at
baseline and after
28–35 days of treatment.

24 h urine Mg changed
significantly for MgG
compared to PG.

Aagaard et al., 2005,
RCT [32].

59 patients with alcoholic
liver disease divided into
MgG (n = 25) and PG
(n = 34).

MgG—Phase 1 (day 1–2):
30 mmol MgSO4
dispensed in 1 L of
glucose solution 55 g/L
(306 mM) ev; Phase 2 (day
3–week 6): a daily dose of
12.5 mmol Mg oxide
per os.
PG—Phase 1: 1 L of
glucose solution at 55 g/L
(306 mM); Phase 2: oral
mixture of lactulose,
gelatine, and stearate.

Muscle Mg by biopsy
from the lateral vastus
muscle, muscle strength
(evaluated with an
isokinetic dynamometer),
and muscle mass
(determined from two
24 h urinary creatinine
excretions) were
measured.

After 6 weeks, no
significant difference for
muscle Mg, muscle
strength, and muscle mass
between the groups was
observed. Compared to
baseline, muscle Mg > 7%
was observed in the MgG,
while muscle strength and
muscle mass significantly
increased in both groups.

Gontijo-Amaral et al.,
2012, double-blind, RCT
cross-over study [33].

44 (CF) children and
adolescents with cystic
fibrosis divided into MgG
(n = 22) and PG (n = 22).

Phase 1 (8 weeks): MgG
took 300 mg/die of oral
magnesium–glycine,
while PG took placebo
tablets.
After 4 weeks of washout,
patients changed
treatments.

At baseline and at the end
of the trial (20 weeks),
urinary magnesium
(MgU), maximal
inspiratory pressure
(MIP), maximal expiratory
pressure (MEP), and
Shwachman–Kulczycki
(SK) score were collected.

At the end of the trial,
MgU MIP, MEP, and SK
score significantly
increased in MgG
compared with PG.
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Table 4. Cont.

Author, Year, Study
Design

Sample Size: Total
(Group)

Intervention Outcome Main Findings

Zorbas et al., 2010,
RCT [30].

40 healthy trained men
divided into four groups
(n = 10 in each group):
two groups treated (SCSs,
SESs) and two untreated
(UCSs, UESs).

SCSs: daily administration
of 3.0 mmol Mg
chloride/kg of body
weight;
SESs: same
supplementation +
hypokinesia (HK, training
with an average distance
of ≤2.3 km/d for 364 d);
UCSs: no
supplementation + no HK;
UESs: no supplementation
+ HK.

Pre-experimental phase of
30 days for all the subjects
with no HK training.
Experimental phase of
364 days in SCSs (Mg no
HK), SESs (Mg, + HK),
UESs (no MG + HK), and
UCSs (no Mg + no HK).

Compared with the
pre-experimental values
and the control groups,
hypokinetic groups
showed a significant
decrease in muscle Mg
content and a significant
increase in plasma, fecal,
and urinary Mg.

Córdova Martinez et al.,
2017, RCT [34].

24 men divided into
basketball players (PB)
(n = 12) and CG (n = 12).

PB received 400 mg/day
of lactate Mg +
standardized diet + two
daily training sessions * (a
morning session that
consisted of a 2 h gym
workout and an afternoon
session of 3 h of basketball
practice).
CG received no treatment.

Both groups had blood
samples ** taken four
times, each separated by
8 weeks (T1: October, T2:
December, T3: March, and
T4: April).

At T1, between PB and
CG, no difference for
serum Mg concentrations
was observed. At T3
versus T1 and T2, PB
showed a significant
decrease in serum Mg
concentrations, while at
T4 vs. T3, PB had higher
serum Mg concentrations.
During the entire season,
in PB, the levels of muscle
damage parameters
remained the same, except
for creatinine ***.

Steward et al., 2019,
double-blind
placebo-controlled
cross-over study [35].

Nine healthy male runners
divided into MgG and PG
(number not specified).

From day 1 to 7, MgG
received 500 mg/day of
Mg (MyVitaminsTM) ****,
while PG received a
capsule of cornflour. At
day 7, both groups
performed a 10 km
downhill running time
trial (TT).
On day 9 to 22, both
groups had a washout
period. From day 23 to 30,
the groups performed a
cross-treatment/
evaluation.

On day 1 and day 8 and
day 22 and 30, both
groups performed a
dynamometer assessment
of maximal force
production of the knee
extensor and flexor
muscles (peak concentric
knee estensor force
(PCKEF); peak concentric
knee flexor torque
(PCKFT); and peak
eccentric knee flexor
torque (PEKFT).
On days 8–9 and days
29–30 (pre- and post-TT
and 1 h and 24 h post-TT),
blood samples for IL-6,
CK, glucose, and lactate
were collected from both
groups.
On days 8–10 and days
29–31 (pre- and post-TT
and 1 h, 24 h, 48 h, and 72
h post-TT), perceived
muscle soreness VAS was
measured in both groups.

In MgG, at each time
point, lower IL-6 and
higher IL-6R were
observed, while at 24 h,
48 h, and 72 h post-TT less
muscle soreness was
reported. Both groups
reported, immediately
post-TT and at 1 h post-TT,
higher IL-6 and muscle
soreness; this parameter
was higher also at 24, 48,
and 72 h post-TT. Finally,
both groups, at 24 post-TT,
showed lower PCKEF,
lower PCKFT, and
lower PEKFT.
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Table 4. Cont.

Author, Year, Study
Design

Sample Size: Total
(Group)

Intervention Outcome Main Findings

Córdova et al., 2019,
non-RCT [36].

18 male professional
cyclists divided into MgG
(n = 9) and CG (n = 9).

MgG received
400 mg/day of
magnesium during 21-day
cycling stage race
(exceeding RDA), while
CG received no
supplementation.

Before the race (T1),
mid-competition (T2), and
before the last stage (T3),
ablood sample was
collected (serum and
e-Mg, CK, LDH, AST, ALT,
ALD, Mb, TP, C, Cr).

At T1, both groups
showed similar serum Mg
and e-Mg levels. At T2–3,
both groups decreased
significantly in terms of
serum Mg and e-Mg levels
(significantly more
pronounced in the CG). At
T2 and T3, the CG had
higher Mb values (vs.
MgG), while at T1 vs. T3,
the MgG showed a
negative correlation
between Mg and Mb
and CK.

Ahmadi et al., 2020,
single-blind RCT [37].

44 males aged 50–70 years
with moderate-to-severe
COPD divided into MgG
(n = 23) and CG (n = 21).

MgG: 250 mL of whey
beverage fortified with
magnesium and vitamin C
+ dietary advice and
routine care.
CG: dietary advice and
routine care.

At the baseline (T0) and
after 8 weeks (T1), blood
sample for inflammatory
cytokines (IL-6 and
TNFα), GSH, and MDA
concentrations, muscle
parameters (FFM, FFMI,
HGS), and HR-QoL with
St. George’s respiratory
questionnaire (SGRQ)
were collected.

In MgG compared to CG,
at T1, lower IL-6 levels,
higher FFM, FFMI, and
HGS values, and a lower
score from SGRQ were
observed.

Rehafee et al., 2022,
RCT [38].

180 patients with orofacial
pain and trigger points in
the masseter muscle
divided into MgG (n = 90)
and PG (n = 90).

MgG received an injection
of 2 mL of MgSO4, while
CG received an injection
of saline solution.

Pre-injection and 1, 3, and
6 months after injection:
pain intensity, MMO, and
QoL, through the
OHIP-14, were assessed.

At all follow-ups, PG
reported a higher VAS. At
all follow-ups, in the MgG,
a higher MMO (up to
3 months,) and a higher
OHIP-14 were reported.

Rondanelli et al., 2024,
RCT [39].

59 sarcopenic adults (16 M;
43 F) divided into MgG (n
= 30) and PG (n = 29).

MgG received
supplementation twice
daily of calcium
hydroxymethylbutyrate
1500 mg, L-carnosine
125 mg, Lactoferrin 50 mg,
sodium butyrate 250 mg,
and magnesium 150 mg.
PG received
supplementation twice
daily of isocaloric placebo
with the same flavor.

At T0 and T1 (4 months),
nutritional assessment,
biochemical parameters,
anthropometric
measurements, body
composition, muscle
strength, and physical
performance
were measured.

Compared to placebo, in
the MgG, the HGS, chair
test, short physical
performance battery test,
and walking speed test
were significantly
improved.

Wang et al., 2024,
cross-sectional study [40].

10,279 hypertensive adults
aged 20 years or older.

Mg intake from diet and
supplements assessed
using 24 h diet recalls was
recorded.

Muscle mass was
evaluated by ASMI
measured by dual-energy
X-ray absorptiometry
whole-body scans.

Every additional
100 mg/day of dietary Mg
was associated with a
0.04 kg/m2 higher ASMI.

Abbreviations: magnesium (Mg); electromyography (EMG); Randomized Controlled Trial (RCT); Magnesium
Group (MgG); placebo group (PG); unsupplemented ambulatory control subjects (UACSs); unsupplemented
hypokinetic subjects (UHKSs); supplemented hypokinetic subjects (SHKSs); supplemented ambulatory control
subjects (SACSs); supplemented control subjects (SCSs); unsupplemented experimental subjects (UESs); supple-
mented experimental subjects (SESs); unsupplemented control subjects (UCSs); control group (CG); inteleukin-6
(IL-6); inteleukin-6 receptor (IL-6R); chronic obstructive pulmonary disease (COPD); tumor necrosis factor (TNFα);
Recommended Daily Allowance (RDA); fat-free mass (FFM); handgrip strength (HGS); glutathione (GSH); malon-
dialdehyde (MDA); health-related quality of life (HR-QoL); fat-free mass index (FFMI); maximum mouth opening
(MMO); Oral Health Impact Profile questionnaire (OHIP-14); calcium (Ca), creatinine (Cr); creatinine kinase
(CK); lactate dehydrogenase (LDH); aspartate transaminase (AST); alanine transaminase (ALT); aldolase (ALD);
total protein (TP); total testosterone (TT); free testosterone (FT); cortisol (C); white blood cell (WBC), platelet
(PLT), hematocrit (HCT); myoglobin (Mb); erythrocyte Mg (e-Mg); appendicular skeletal muscle mass index
(ASMI); confidence interval (CI). * Except the match day (2 per week); ** blood samples: serum Ca, Mg, Cr, U,
CK, LDH, AST, ALT; ALD, TP, TT, FT, C, WBC, PLT, HCT, and Mb. *** Which significantly decreased after T2
and then increased significantly at T3 and T4 compared to T2. **** Magnesium oxide, magnesium stearate, and
microcrystalline cellulose.
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4. Discussion

The findings from preclinical and clinical studies underscore the critical role of Mg in
skeletal muscle function, as outlined in Figure 2.

1 
 

 
 
 
 

 
 
 

Figure 2. Primary dietary sources of magnesium and its pleiotropic actions, focusing on skeletal
muscle health.

4.1. Magnesium in Skeletal Muscle Metabolism

Magnesium is crucial in regulating glucose, lipid, and protein metabolism, which may
significantly influence the muscle–fat tissue cross-talk.

Indeed, Mg supplementation might counteract intramuscular fat infiltration and fat
content, as demonstrated in experimental models of CS-induced muscle atrophy; this
supports magnesium’s potential role in regulating systemic lipid metabolism in muscle
and bone marrow [17]. Furthermore, magnesium supplementation may inhibit muscle
proteolysis by counteracting the calcium-dependent proteolytic system, which includes
cysteine proteases known as calpains [22]. Conversely, low extracellular magnesium levels,
often resulting from inadequate dietary intake, can negatively impact glucose metabolism
by reducing glucose uptake in myotubes and decreasing the activity of glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) [26]. This alteration in glucose metabolism can lead
to different metabolic patterns in pyruvic acid and carnosine levels [25].

Another important role of Mg is its influence on oxidative stress markers related to
skeletal muscle health. According to Liu et al., nutritional intake of Mg seems to regulate
the balance between free radicals and anti-oxidant production, with benefits for muscle
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tissue [21]. However, the positive effects of magnesium supplementation may be dimin-
ished in individuals with hypokinesia, including those with sedentary lifestyles [29,30].
This reduction is likely due to changes in magnesium metabolism-related tissues, such
as the depletion of glycogen stores, inadequate anaerobic glycolysis, and a decrease in
mitochondrial function and number [30]. Consequently, these detrimental effects on cel-
lular metabolism could create a vicious cycle that impacts ATP production, the activity
of Na+, K+-ATPase, oxidative metabolism, and cell membrane permeability. It should be
underlined that Mg supplementation in people with normal levels of this cation does not
further increase serum Mg and does not improve neuromuscular activity, muscle-related
symptoms, or exercise performance, as demonstrated in athletes supplemented with daily
capsules of Mg oxide [28].

Therefore, the utility of magnesium supplementation in young athletes has been
questioned, particularly since serum magnesium levels typically rise post-exercise due
to its release from damaged muscles [41]. Finally, some of the clinical studies included
Mg supple-mentation in conjunction with other nutritional supplements, such as vitamin
C and B6. This concurrent supplementation can introduce confounding variables that
obscure the specific contributions of Mg to outcomes related to oxidative stress and other
biological processes.

On the other hand, Mg supplementation might have a rationale for use in athletes
to promote skeletal muscle function recovery after exercise-induced damage, considering
its anti-inflammatory properties, thus hampering exercise-induced fatigue and muscle
soreness and fostering post-exercise recovery [34–37,42]. As reported by Tarsitano et al.,
increasing magnesium intake by 10–20% above the recommended dose, especially through
supplements taken 2 h before exercise, may be beneficial for active individuals [43]. How-
ever, Wang et al. do not support the benefits of magnesium for muscle fitness in most
athletes and physically active individuals who already have relatively high magnesium
levels [44].

Given these insights, Mg supplementation is advisable for individuals, particularly
those at risk of muscle atrophy such as those with NMDs, including those receiving chronic
CSs (e.g., Duchenne Muscular Dystrophy), as part of a comprehensive nutritional and
exercise strategy.

4.2. Magnesium and Muscle Fiber Transition

Magnesium supplementation plays a role in counteracting muscle atrophy, which
progressively modifies muscle tissue quality and fiber type, including in conditions such
as sarcopenia. In sarcopenia, a hallmark of the disease is the tendency for a fast-to-slow
twitch fiber transition compared to other forms of muscle atrophy [45]. The combination of
Mg and low-magnitude, high-frequency vibration (LMHVF) may increase muscle mass
and fiber CSA while also preventing fiber-type conversion in favor of type II fiber [24].
Additionally, Mg supplementation has been shown to significantly improve muscle mass,
strength, and performance [39].

The structural and clinical benefits of Mg supplementation in skeletal muscle function
appear to be attributable to the modulation of the IGF-1/PI3K/Akt pathway. Mg, both with
and without LMHVF, has been shown to increase the expression of mTOR and pAkt [24],
which are key regulators of anabolic and catabolic signaling of skeletal muscle, thereby
preventing muscle atrophy.

Thus, Mg supplementation has biological plausibility as a therapeutic option for manag-
ing muscle atrophy and muscle weakness in various conditions, including sarcopenia [45].

4.3. Magnesium and Skeletal Muscle Regeneration

Considering that normal levels of Mg seem essential to ensure the regenerative ca-
pacity of skeletal muscle fibers, Mg supplementation promotes myogenic differentiation,
enhancing muscle regeneration through mTOR signaling and the subsequent activation of
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key myogenic genes, such as Myf5, Myod, and Myog [23], in satellite cells (SCs), which are
responsible for muscle repair and regeneration.

On the contrary, low serum Mg, promoting the downregulation of Myog, MyHC,
and Myomixer and reducing autophagic flux, adversely affects the muscle fusion process,
with consequently thinner myotubes [25,26]. However, in C2C12 cells, low and high extra-
cellular Mg concentrations induce oxidative stress and inhibit myoblast fusion, affecting
myogenesis [26].

It could be hypothesized that Mg could also play a role in the differentiation and
activity of SCs in pathological conditions (e.g., sarcopenia, NMDs), where SC alterations
are typically observed.

4.4. Analgesic Effects of Magnesium in Muscle Disease

It has been acknowledged that Mg does not possess direct analgesic properties. How-
ever, it plays a significant role in preventing central sensitization—a condition in which the
nociceptive pathways of the central nervous system become excessively sensitive due to
repeated pain signals from peripheral injuries. By blocking NMDA receptors and inhibiting
the influx of calcium ions into cells, magnesium offers pain relief, thereby confirming its
role as a calcium channel blocker [46].

Magnesium intake also seems to relieve muscle soreness, resulting from exercise-
induced muscle damage, decreasing lactate levels. Magnesium is also recognized as being
an analgesic for its muscle relaxant and vasodilator properties, being used in patients with
myofascial pain syndrome, supporting the pleiotropic action of this cation on skeletal mus-
cle [38]. Its efficacy highlights magnesium’s multifaceted role for individuals experiencing
persistent muscle pain, particularly if traditional pain relief methods are insufficient.

4.5. Magnesium Supplementation on Muscle Health Across Various Disorders: A Focus on NMDs

Magnesium is well known for its role in muscle health, and its supplementation, when
appropriate, is an effective strategy for improving muscle performance. In conditions
characterized by Mg depletion, such as alcoholic liver disease, Mg supplementation signif-
icantly increases not only serum Mg levels and tissue content but also muscle mass and
strength [32]. Similarly, Mg supplementation may improve respiratory muscle strength
and clinical outcomes in patients with cystic fibrosis (CF) [33]. Additionally, it has anti-
inflammatory effects, enhancing skeletal muscle mass, strength, and quality of life in
individuals with chronic obstructive pulmonary disease (COPD) [37].

Current research also explores this cation in various neurological diseases, such as
stroke, epilepsy, Alzheimer’s disease, and Parkinson’s disease [16]. However, we did not
find any study about Mg supplementation in NMDs. This is surprising considering that
NMDs and Mg depletion may share certain pathogenetic mechanisms. For instance, in
DMD, the disruption of the dystrophin–glycoprotein complex (DGC), which is closely
linked to several ion channels, contributes to abnormal ion activity. This leads to decreased
total Mg, P, and Zn while increasing total Ca and Na levels [19]. Specifically, free Mg muscle
content is reported to be lower in DMD patients, as shown by phosphorus nuclear magnetic
resonance spectroscopy (31P NMRS) in muscle biopsies [47]. This ion dysregulation
may contribute to the progressive muscle damage characterized by fat and fibrotic tissue
accumulation, inflammation, and metabolic changes observed in DMD [48]. Furthermore,
increased ROS-induced protein damage and lipid peroxidation are seen in muscle biopsies
of DMD patients [48]. Given that hypomagnesemia is frequently observed in NMDs,
maintaining Mg homeostasis through proper dietary intake seems advisable.

Recently, the role of satellite cells (SCs) has gained attention in NMD research [49],
particularly in DMD, where these cells, despite being numerous, often exhibit dysfunc-
tion when undergoing apoptosis or senescence due to cell cycle arrest and impaired au-
tophagic mechanisms [49]. Senescent cells increase the release of growth factors and
pro-inflammatory cytokines, compromising the function of neighboring cells. Similar
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events are observed in sarcopenia, although in this condition, a reduction in the number of
satellite cells prevails over their dysfunction [50].

Given magnesium’s modulatory role in the transcription of myogenic genes, which
affects SC differentiation, function, and cell senescence, normalizing magnesium levels
could promote muscle regeneration in NMDs.

4.6. Exploring the Impact of Magnesium Intake in Clinical Practice: Key Insights and
Lessons Learned

Based on findings from both preclinical and clinical studies regarding the role of Mg
in skeletal muscle, several clinical implications can be derived:

• Nutritional recommendations for muscle health by addressing Mg values: Nutritional
counseling to ensure adequate dietary magnesium intake could be essential, particu-
larly in populations at risk, such as older adults and individuals with chronic illnesses
or sedentary lifestyles. Practitioners should proactively assess Mg status in patients, es-
pecially in at-risk populations. Both hypomagnesemia and hypermagnesemia should
be monitored. Severe hypermagnesemia can be fatal and may lead to muscle flaccid
paralysis, a decreased breathing rate, pronounced hypotension, and bradycardia.

• Therapeutic use of Mg supplementation: given the evidence of improved muscle
mass, strength, and recovery in certain populations (e.g., patients with cystic fibrosis,
chronic obstructive pulmonary disease, and sarcopenia), Mg supplementation should
be considered as a therapeutic adjunct in patients experiencing muscle weakness
or atrophy.

• Integrating Mg with other pharmacological and non-pharmacological approaches:
Mg could augment the efficacy of existing interventions for muscle atrophy, such as
exercise programs, especially in sarcopenic patients. Combining Mg supplementation
with resistance training could have synergetic effects on muscle mass and strength.

• Customized supplement dosages: The optimal dosage and form of Mg should be
tailored to individual patient needs, considering factors such as serum Mg levels,
muscle health status, and comorbidities. Mg monitoring after supplementation can
help in adjusting dosages and assessing efficacy.

• Fill the evidence gap on Mg supplementation in NMDs: Research suggests that Mg’s
role in ion homeostasis could be particularly relevant in NMDs like DMD and others
characterized by muscle degeneration and oxidative stress. Mg supplementation could
enhance the regenerative capacity of muscle fibers, potentially addressing muscle
damage in conditions like myopathies and dystrophies. Future studies should explore
Mg supplementation as a possible adjunctive treatment to improve muscle function or
slow disease progression in these patients.

4.7. A Critical Analysis of Our Findings

In conclusion, we would like to highlight the significant limitations associated with
this type of paper and the topic investigated. Scoping reviews inherently lack quality
assessments and may be influenced by biases in some of the studies included. Moreover,
there is considerable variability in the study designs, populations, and interventions, which
complicates the comparison of the results. While we acknowledge that a scoping review
cannot replace a more rigorous systematic review when detailed evidence synthesis is
required, this paper has identified a knowledge gap on magnesium supplementation in
NMDs and has implications for future research.

When assessing the limitations of the current body of evidence, it is crucial to rec-
ognize that the majority of preclinical research has concentrated on the effects of dietary
magnesium (Mg) deficiency or low Mg levels in vitro, which may not accurately reflect
the complex physiological interactions that occur in vivo. This gap limits the applicabil-
ity of findings to human health outcomes and diminishes the relevance of these studies
when considering the broader implications of Mg supplementation in clinical scenarios.
Moreover, it may be skewed towards short- to medium-term outcomes, rather than the
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long-term effects of Mg supplementation on muscle health. The lack of longitudinal studies
exploring the lasting impacts of this supplementation makes it challenging to assess the
sustainability of any positive findings or to identify potential adverse effects associated
with prolonged Mg intake, especially in vulnerable populations. Moreover, the lack of
study targeting Mg in the context of NMD leads to variability in the results and conclusions
drawn. This inconsistency underscores the need for careful consideration when analyzing
existing research and emphasizes the challenges in deriving definitive conclusions about
the role of Mg in NMD from diverse and potentially unrelated studies.

Lastly, while we acknowledge that NMDs share some pathogenic mechanisms in
common with Mg depletion, there has been insufficient investigation into how Mg affects
the specific cellular and molecular processes relevant to NMDs. This research gap limits
our understanding of whether Mg supplementation can influence the progression of these
diseases or exert distinct effects on muscle repair mechanisms.

5. Conclusions

Our findings suggest the beneficial role of an adequate intake of Mg for musculoskele-
tal health in terms of muscle mass, power, and performance. Moreover, this electrolyte
seems to have the potential to improve muscular stem cells and counteract muscle atrophy,
supporting its role as a promising therapeutic strategy against sarcopenia and age-related
diseases. However, no evidence regarding Mg supplementation in NMDs was found,
suggesting that this topic is a potentially intriguing field for further research.

Author Contributions: Conceptualization, G.I., A.M. and S.L.; methodology, S.L. and M.P.; writing—
original draft preparation, S.L.; writing—review and editing, M.P. and F.G.; supervision, G.I., A.M.
and F.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the European Union—Next Generation EU—NRRP M6C2—
Investment 2.1 Enhancement and strengthening of biomedical research in the NHS; Project code:
PNRR-MR1-2022-12376604. The APC was funded by the European Union—Next Generation EU—
NRRP M6C2—Investment 2.1 Enhancement and strengthening of biomedical research in the NHS;
Project code: PNRR-MR1-2022-12376604.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data will be available upon reasonable request.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Fiorentini, D.; Cappadone, C.; Farruggia, G.; Prata, C. Magnesium: Biochemistry, Nutrition, Detection, and Social Impact of

Diseases Linked to Its Deficiency. Nutrients 2021, 13, 1136. [CrossRef] [PubMed]
2. Jahnen-Dechent, W.; Ketteler, M. Magnesium basics. Clin. Kidney J. 2012, 5 (Suppl. S1), i3–i14. [CrossRef] [PubMed]
3. Burr, D.B.; Allen, M.R. Basic and Applied Bone Biology, 2nd ed.; Elsevier: Amsterdam, The Netherlands, 2019; Hardback;

ISBN 9780128132593.
4. Witkowski, M.; Hubert, J.; Mazur, A. Methods of assessment of magnesium status in humans: A systematic review. Magnes. Res.

2011, 24, 163–180. [CrossRef] [PubMed]
5. Schwalfenberg, G.K.; Genuis, S.J. The Importance of Magnesium in Clinical Healthcare. Scientifica 2017, 2017, 4179326. [CrossRef]

[PubMed]
6. Iseri, L.T.; French, J.H. Magnesium: Nature’s physiologic calcium blocker. Am. Heart J. 1984, 108, 188–193. [CrossRef]
7. Liu, M.; Jeong, E.M.; Liu, H.; Xie, A.; So, E.Y.; Shi, G.; Jeong, G.E.; Zhou, A.; Dudley, S.C., Jr. Magnesium supplementation

improves diabetic mitochondrial and cardiac diastolic function. JCI Insight 2019, 4, e123182. [CrossRef]
8. de Baaij, J.H.; Hoenderop, J.G.; Bindels, R.J. Magnesium in man: Implications for health and disease. Physiol. Rev. 2015, 95, 1–46.

[CrossRef] [PubMed]
9. Al Alawi, A.M.; Majoni, S.W.; Falhammar, H. Magnesium and Human Health: Perspectives and Research Directions. Int. J.

Endocrinol. 2018, 2018, 9041694. [CrossRef] [PubMed]
10. Rajkumar, P.; Pluznick, J.L. Acid-base regulation in the renal proximal tubules: Using novel pH sensors to maintain homeostasis.

Am. J. Physiol. Renal Physiol. 2018, 315, F1187–F1190. [CrossRef] [PubMed]

https://doi.org/10.3390/nu13041136
https://www.ncbi.nlm.nih.gov/pubmed/33808247
https://doi.org/10.1093/ndtplus/sfr163
https://www.ncbi.nlm.nih.gov/pubmed/26069819
https://doi.org/10.1684/mrh.2011.0292
https://www.ncbi.nlm.nih.gov/pubmed/22064327
https://doi.org/10.1155/2017/4179326
https://www.ncbi.nlm.nih.gov/pubmed/29093983
https://doi.org/10.1016/0002-8703(84)90572-6
https://doi.org/10.1172/jci.insight.123182
https://doi.org/10.1152/physrev.00012.2014
https://www.ncbi.nlm.nih.gov/pubmed/25540137
https://doi.org/10.1155/2018/9041694
https://www.ncbi.nlm.nih.gov/pubmed/29849626
https://doi.org/10.1152/ajprenal.00185.2018
https://www.ncbi.nlm.nih.gov/pubmed/30066586


Int. J. Mol. Sci. 2024, 25, 11220 16 of 17

11. Institute of Medicine (US) Standing Committee on the Scientific Evaluation of Dietary Reference Intakes. Dietary Reference
Intakes for Calcium, Phosphorus, Magnesium, Vitamin D, and Fluoride; National Academies Press: Washington, DC, USA, 1997; 6,
Magnesium. Available online: https://www.ncbi.nlm.nih.gov/books/NBK109816/ (accessed on 16 October 2024).

12. Dong, Y.; Chen, L.; Gutin, B.; Huang, Y.; Dong, Y.; Zhu, H. Magnesium Intake, C-Reactive Protein, and Muscle Mass in Adolescents.
Nutrients 2022, 14, 2882. [CrossRef] [PubMed]

13. Institute of Medicine (IOM). Food and Nutrition Board. In Dietary Reference Intakes: Calcium, Phosphorus, Magnesium, Vitamin D
and Fluorideexternal Link Disclaimer; National Academy Press: Washington, DC, USA, 1997.

14. Liu, M.; Liu, H.; Feng, F.; Xie, A.; Kang, G.J.; Zhao, Y.; Hou, C.R.; Zhou, X.; Dudley, S.C., Jr. Magnesium Deficiency Causes a
Reversible, Metabolic, Diastolic Cardiomyopathy. J. Am. Heart Assoc. 2021, 10, e020205. [CrossRef] [PubMed]

15. Gragossian, A.; Bashir, K.; Bhutta, B.S.; Friede, R. Hypomagnesemia. [Updated 4 November 2022]. In StatPearls [Internet];
StatPearls Publishing: Treasure Island, FL, USA, 2023. Available online: https://www.ncbi.nlm.nih.gov/books/NBK500003/
(accessed on 16 October 2024).

16. Kirkland, A.E.; Sarlo, G.L.; Holton, K.F. The Role of Magnesium in Neurological Disorders. Nutrients 2018, 10, 730. [CrossRef]
[PubMed]

17. Yang, S.W.; Chen, Y.Y.; Chen, W.L. Association between oral intake magnesium and sarcopenia: A cross-sectional study. BMC
Geriatr. 2022, 22, 816. [CrossRef]

18. Barbagallo, M.; Dominguez, L.J. Magnesium and aging. Curr. Pharm. Des. 2010, 16, 832–839. [CrossRef] [PubMed]
19. Reyngoudt, H.; Lopez Kolkovsky, A.L.; Carlier, P.G. Free intramuscular Mg2+ concentration calculated using both 31 P and 1 H

NMRS-based pH in the skeletal muscle of Duchenne muscular dystrophy patients. NMR Biomed. 2019, 32, e4115. [CrossRef]
[PubMed]

20. Tricco, A.C.; Lillie, E.; Zarin, W.; O’Brien, K.K.; Colquhoun, H.; Levac, D.; Moher, D.; Peters, M.D.J.; Horsley, T.; Weeks, L.; et al.
PRISMA Extension for Scoping Reviews (PRISMA-ScR): Checklist and Explanation. Ann. Intern. Med. 2018, 169, 467–473.
[CrossRef] [PubMed]

21. Liu, Y.X.; Guo, Y.M.; Wang, Z. Effect of magnesium on reactive oxygen species production in the thigh muscles of broiler chickens.
Br. Poult. Sci. 2007, 48, 84–89. [CrossRef] [PubMed]

22. Zheng, L.; Huang, L.; Chen, Z.; Cui, C.; Zhang, R.; Qin, L. Magnesium supplementation alleviates corticosteroid-associated
muscle atrophy in rats. Eur. J. Nutr. 2021, 60, 4379–4392. [CrossRef] [PubMed]

23. Liu, Y.; Wang, Q.; Zhang, Z.; Fu, R.; Zhou, T.; Long, C.; He, T.; Yang, D.; Li, Z.; Peng, S. Magnesium supplementation enhances
mTOR signalling to facilitate myogenic differentiation and improve aged muscle performance. Bone 2021, 146, 115886. [CrossRef]
[PubMed]

24. Cui, C.; Bao, Z.; Chow, S.K.; Wong, R.M.Y.; Welch, A.; Qin, L.; Cheung, W.H. Coapplication of Magnesium Supplementation and
Vibration Modulate Macrophage Polarization to Attenuate Sarcopenic Muscle Atrophy through PI3K/Akt/mTOR Signaling
Pathway. Int. J. Mol. Sci. 2022, 23, 12944. [CrossRef] [PubMed]

25. Takagi, F.; Tomonaga, S.; Funaba, M.; Matsui, T. Changes in metabolite content in the kidneys and skeletal muscles of rats fed
magnesium-restricted diets. J. Nutr. Biochem. 2023, 122, 109454. [CrossRef] [PubMed]

26. Zocchi, M.; Bartolini, M.; Maier, J.A.; Castiglioni, S. Low extracellular magnesium induces phenotypic and metabolic alterations
in C2C12-derived myotubes. Sci. Rep. 2023, 13, 19425. [CrossRef] [PubMed]

27. Clauw, D.J.; Ward, K.; Wilson, B.; Katz, P.; Rajan, S.S. Magnesium deficiency in the eosinophilia-myalgia syndrome. Report of
clinical and biochemical improvement with repletion. Arthritis Rheum. 1994, 37, 1331–1334. [CrossRef] [PubMed]

28. Weller, E.; Bachert, P.; Meinck, H.M.; Friedmann, B.; Bärtsch, P.; Mairbäurl, H. Lack of effect of oral Mg-supplementation on Mg in
serum, blood cells, and calf muscle. Med. Sci. Sports Exerc. 1998, 30, 1584–1591. [CrossRef] [PubMed]

29. Zorbas, Y.G.; Kakurin, V.J.; Afonin, V.B.; Charapakhin, K.P.; Denogradov, S.D. Magnesium supplements’ effect on magnesium
balance in athletes during prolonged restriction of muscular activity. Kidney Blood Press. Res. 1999, 22, 146–153. [CrossRef]
[PubMed]

30. Zorbas, Y.G.; Kakuris, K.K.; Federenko, Y.F.; Deogenov, V.A. Utilization of magnesium during hypokinesia and magnesium
supplementation in healthy subjects. Nutrition 2010, 26, 1134–1138. [CrossRef] [PubMed]

31. Wary, C.; Brillault-Salvat, C.; Bloch, G.; Leroy-Willig, A.; Roumenov, D.; Grognet, J.M.; Leclerc, J.H.; Carlier, P.G. Effect of
chronic magnesium supplementation on magnesium distribution in healthy volunteers evaluated by 31P-NMRS and ion selective
electrodes. Br. J. Clin. Pharmacol. 1999, 48, 655–662. [CrossRef] [PubMed]

32. Aagaard, N.K.; Andersen, H.; Vilstrup, H.; Clausen, T.; Jakobsen, J.; Dørup, I. Magnesium supplementation and muscle function in
patients with alcoholic liver disease: A randomized, placebo-controlled trial. Scand. J. Gastroenterol. 2005, 40, 972–979. [CrossRef]
[PubMed]

33. Gontijo-Amaral, C.; Guimarães, E.V.; Camargos, P. Oral magnesium supplementation in children with cystic fibrosis improves
clinical and functional variables: A double-blind, randomized, placebo-controlled crossover trial. Am. J. Clin. Nutr. 2012, 96, 50–56.
[CrossRef] [PubMed]

34. Córdova Martínez, A.; Fernández-Lázaro, D.; Mielgo-Ayuso, J.; Seco Calvo, J.; Caballero García, A. Effect of magnesium
supplementation on muscular damage markers in basketball players during a full season. Magnes. Res. 2017, 30, 61–70. [CrossRef]
[PubMed]

https://www.ncbi.nlm.nih.gov/books/NBK109816/
https://doi.org/10.3390/nu14142882
https://www.ncbi.nlm.nih.gov/pubmed/35889841
https://doi.org/10.1161/JAHA.120.020205
https://www.ncbi.nlm.nih.gov/pubmed/34096318
https://www.ncbi.nlm.nih.gov/books/NBK500003/
https://doi.org/10.3390/nu10060730
https://www.ncbi.nlm.nih.gov/pubmed/29882776
https://doi.org/10.1186/s12877-022-03522-5
https://doi.org/10.2174/138161210790883679
https://www.ncbi.nlm.nih.gov/pubmed/20388094
https://doi.org/10.1002/nbm.4115
https://www.ncbi.nlm.nih.gov/pubmed/31184793
https://doi.org/10.7326/M18-0850
https://www.ncbi.nlm.nih.gov/pubmed/30178033
https://doi.org/10.1080/00071660601148187
https://www.ncbi.nlm.nih.gov/pubmed/17364545
https://doi.org/10.1007/s00394-021-02598-w
https://www.ncbi.nlm.nih.gov/pubmed/34052917
https://doi.org/10.1016/j.bone.2021.115886
https://www.ncbi.nlm.nih.gov/pubmed/33592327
https://doi.org/10.3390/ijms232112944
https://www.ncbi.nlm.nih.gov/pubmed/36361730
https://doi.org/10.1016/j.jnutbio.2023.109454
https://www.ncbi.nlm.nih.gov/pubmed/37788722
https://doi.org/10.1038/s41598-023-46543-9
https://www.ncbi.nlm.nih.gov/pubmed/37940675
https://doi.org/10.1002/art.1780370910
https://www.ncbi.nlm.nih.gov/pubmed/7945497
https://doi.org/10.1097/00005768-199811000-00005
https://www.ncbi.nlm.nih.gov/pubmed/9813870
https://doi.org/10.1159/000025921
https://www.ncbi.nlm.nih.gov/pubmed/10394114
https://doi.org/10.1016/j.nut.2010.01.013
https://www.ncbi.nlm.nih.gov/pubmed/20363596
https://doi.org/10.1046/j.1365-2125.1999.00063.x
https://www.ncbi.nlm.nih.gov/pubmed/10594466
https://doi.org/10.1080/00365520510012361
https://www.ncbi.nlm.nih.gov/pubmed/16173138
https://doi.org/10.3945/ajcn.112.034207
https://www.ncbi.nlm.nih.gov/pubmed/22648717
https://doi.org/10.1684/mrh.2017.0424
https://www.ncbi.nlm.nih.gov/pubmed/28816171


Int. J. Mol. Sci. 2024, 25, 11220 17 of 17

35. Steward, C.J.; Zhou, Y.; Keane, G.; Cook, M.D.; Liu, Y.; Cullen, T. One week of magnesium supplementation lowers IL-6, muscle
soreness and increases post-exercise blood glucose in response to downhill running. Eur. J. Appl. Physiol. 2019, 119, 2617–2627.
[CrossRef] [PubMed]

36. Córdova, A.; Mielgo-Ayuso, J.; Roche, E.; Caballero-García, A.; Fernandez-Lázaro, D. Impact of Magnesium Supplementation in
Muscle Damage of Professional Cyclists Competing in a Stage Race. Nutrients 2019, 11, 1927. [CrossRef] [PubMed]

37. Ahmadi, A.; Eftekhari, M.H.; Mazloom, Z.; Masoompour, M.; Fararooei, M.; Eskandari, M.H.; Mehrabi, S.; Bedeltavana, A.;
Famouri, M.; Zare, M.; et al. Fortified whey beverage for improving muscle mass in chronic obstructive pulmonary disease: A
single-blind, randomized clinical trial. Respir. Res. 2020, 21, 216. [CrossRef] [PubMed]

38. Refahee, S.M.; Mahrous, A.I.; Shabaan, A.A. Clinical efficacy of magnesium sulfate injection in the treatment of masseter muscle
trigger points: A randomized clinical study. BMC Oral. Health 2022, 22, 408. [CrossRef]

39. Rondanelli, M.; Gasparri, C.; Cavioni, A.; Sivieri, C.; Barrile, G.C.; Mansueto, F.; Perna, S. A Patented Dietary Supplement
(Hydroxy-Methyl-Butyrate, Carnosine, Magnesium, Butyrate, Lactoferrin) Is a Promising Therapeutic Target for Age-Related
Sarcopenia through the Regulation of Gut Permeability: A Randomized Controlled Trial. Nutrients 2024, 16, 1369. [CrossRef]
[PubMed]

40. Wang, Q.; Si, K.; Xing, X.; Ye, X.; Liu, Z.; Chen, J.; Tang, X. Association between dietary magnesium intake and muscle mass
among hypertensive population: Evidence from the National Health and Nutrition Examination Survey. Nutr. J. 2024, 23, 37.
[CrossRef] [PubMed]

41. Moretti, A. What is the role of magnesium for skeletal muscle cramps? A Cochrane Review summary with commentary.
J. Musculoskelet. Neuronal Interact. 2021, 21, 1–3. [PubMed]

42. Carvil, P.; Cronin, J. Magnesium and Implications on Muscle Function. Strength Cond. J. 2010, 32, 48–54. [CrossRef]
43. Tarsitano, M.G.; Quinzi, F.; Folino, K.; Greco, F.; Oranges, F.P.; Cerulli, C.; Emerenziani, G.P. Effects of magnesium supplementation

on muscle soreness in different type of physical activities: A systematic review. J. Transl. Med. 2024, 22, 629. [CrossRef] [PubMed]
44. Wang, R.; Chen, C.; Liu, W.; Zhou, T.; Xun, P.; He, K.; Chen, P. The effect of magnesium supplementation on muscle fitness: A

meta-analysis and systematic review. Magnes. Res. 2017, 30, 120–132. [CrossRef] [PubMed]
45. Dowling, P.; Gargan, S.; Swandulla, D.; Ohlendieck, K. Fiber-Type Shifting in Sarcopenia of Old Age: Proteomic Profiling of the

Contractile Apparatus of Skeletal Muscles. Int. J. Mol. Sci. 2023, 24, 2415. [CrossRef]
46. Shin, H.J.; Na, H.S.; Do, S.H. Magnesium and Pain. Nutrients 2020, 12, 2184. [CrossRef] [PubMed]
47. Zabłocka, B.; Górecki, D.C.; Zabłocki, K. Disrupted Calcium Homeostasis in Duchenne Muscular Dystrophy: A Common

Mechanism behind Diverse Consequences. Int. J. Mol. Sci. 2021, 22, 11040. [CrossRef] [PubMed]
48. Lian, D.; Chen, M.M.; Wu, H.; Deng, S.; Hu, X. The Role of Oxidative Stress in Skeletal Muscle Myogenesis and Muscle Disease.

Antioxidants 2022, 11, 755. [CrossRef] [PubMed]
49. Chang, N.C.; Chevalier, F.P.; Rudnicki, M.A. Satellite Cells in Muscular Dystrophy—Lost in Polarity. Trends Mol. Med. 2016,

22, 479–496. [CrossRef] [PubMed]
50. He, Y.; Xie, W.; Li, H.; Jin, H.; Zhang, Y.; Li, Y. Cellular Senescence in Sarcopenia: Possible Mechanisms and Therapeutic Potential.

Front. Cell Dev. Biol. 2022, 9, 793088. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1007/s00421-019-04238-y
https://www.ncbi.nlm.nih.gov/pubmed/31624951
https://doi.org/10.3390/nu11081927
https://www.ncbi.nlm.nih.gov/pubmed/31426321
https://doi.org/10.1186/s12931-020-01466-1
https://www.ncbi.nlm.nih.gov/pubmed/32807165
https://doi.org/10.1186/s12903-022-02452-3
https://doi.org/10.3390/nu16091369
https://www.ncbi.nlm.nih.gov/pubmed/38732615
https://doi.org/10.1186/s12937-024-00940-6
https://www.ncbi.nlm.nih.gov/pubmed/38509619
https://www.ncbi.nlm.nih.gov/pubmed/33657750
https://doi.org/10.1519/SSC.0b013e3181c16cdc
https://doi.org/10.1186/s12967-024-05434-x
https://www.ncbi.nlm.nih.gov/pubmed/38970118
https://doi.org/10.1684/mrh.2018.0430
https://www.ncbi.nlm.nih.gov/pubmed/29637897
https://doi.org/10.3390/ijms24032415
https://doi.org/10.3390/nu12082184
https://www.ncbi.nlm.nih.gov/pubmed/32718032
https://doi.org/10.3390/ijms222011040
https://www.ncbi.nlm.nih.gov/pubmed/34681707
https://doi.org/10.3390/antiox11040755
https://www.ncbi.nlm.nih.gov/pubmed/35453440
https://doi.org/10.1016/j.molmed.2016.04.002
https://www.ncbi.nlm.nih.gov/pubmed/27161598
https://doi.org/10.3389/fcell.2021.793088
https://www.ncbi.nlm.nih.gov/pubmed/35083219

	Introduction 
	Materials and Methods 
	Search Strategy 
	Study Selection 
	Data Extraction and Quality Assessment 

	Results 
	Discussion 
	Magnesium in Skeletal Muscle Metabolism 
	Magnesium and Muscle Fiber Transition 
	Magnesium and Skeletal Muscle Regeneration 
	Analgesic Effects of Magnesium in Muscle Disease 
	Magnesium Supplementation on Muscle Health Across Various Disorders: A Focus on NMDs 
	Exploring the Impact of Magnesium Intake in Clinical Practice: Key Insights and Lessons Learned 
	A Critical Analysis of Our Findings 

	Conclusions 
	References

