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Abstract: Sleep is a highly elaborate biological occurrence, necessitating the combined action and participation of diverse brain
regions. The sleep-wake cycle is regulated by a multitude of factors, including various hormones produced by the hypothalamus and
external stimuli. Sleep disorders can accelerate the progression of numerous diseases or directly trigger the onset of many health
conditions. However, the specific regulatory mechanisms remain elusive. In recent years, the role of magnesium in sleep disorders has
garnered considerable attention. Magnesium not only reduces the excitability of the nervous system and alters muscle relaxation but
also regulates cellular biological clocks, energy balance, and circadian rhythms, playing a crucial role in sleep regulation. Magnesium
deficiency not only shortens the effective sleep duration but also impairs sleep quality, leading to various specific sleep disorders.
Additionally, magnesium supplements can improve sleep parameters in a variety of sleep-related diseases, especially those associated
with the occurrence and development of sleep disorders. Therefore, a more in-depth understanding of the impact of magnesium on
sleep disorders may reveal new therapeutic targets for sleep-related diseases. In this review, we comprehensively summarize the latest
key findings on the mechanism of action of magnesium in sleep health and its role in initiating or exacerbating common sleep
disorders, providing new insights into the diagnosis and treatment of sleep disorder-related diseases.
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Introduction

Magnesium (Mg), the second most abundant mineral in the human body, participates in over 300 biochemical reactions.
Serving as an essential cofactor for numerous enzymatic reactions, it plays a pivotal role in maintaining cellular functions
and physiological homeostasis." Magnesium is pivotal to a wide array of biological processes, including oxidative
phosphorylation, energy generation, glycolysis, and the biosynthesis of proteins and nucleic acids.” A large proportion of
the body’s magnesium is sequestered in bones and cells. The homeostasis of intracellular magnesium ions is intricately
intertwined with the metabolism of other intracellular cations, notably potassium (K ), sodium (Na"), and calcium (Ca>"),
via mechanisms such as Na'/K'-ATPase, Ca?"-activated K" channels, and other regulatory pathways. This interconnected
ion regulation is fundamental to neural conduction within the nervous system, ensuring proper transmission of electrical
signals and overall neuronal function.> Magnesium ions also participate in muscle contraction, control neuronal excit-
ability, and influence neurotransmitter cycling by regulating the transmembrane transport of other ions. This role is
particularly crucial in the regulation of sleep.*

Methods

This narrative review centers on the function of magnesium in sleep regulation, with a particular emphasis on populations
affected by sleep disorders. Relevant primary research articles were retrieved using a structured search approach.
Specifically, we conducted literature searches in PubMed and Web of Science, encompassing both human and animal
studies. The review encompasses a broad range of topics, with key search terms including “magnesium”, “Mg”, “Mg”*”,
“sleep”, “sleep disorder”, “sleep disorders”, “sleep quality”, “sleep disturbances”, “sleep structure”, “sleep-wake”,
“circadian rhythm”, “insomnia”, “idiopathic hypersomnia and narcolepsy”, “idiopathic hypersomnia or narcolepsy”,
“obstructive sleep apnea”, “OSA”, “Restless legs syndrome/Willis-Ekbom disease”, “RLS/WED”, “therapeutic interven-
tions”, and “sex differences”. The literature search was not restricted by publication timeline, with inclusion criteria
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specifying only English-language articles for analysis. After eliminating duplicate records, an initial screening was
performed using titles and abstracts to identify studies that might be relevant to the research questions. The shortlisted
studies then underwent a full-text review to confirm their consistency with the review’ s objectives. Articles were
excluded if they did not focus on sleep disorders, lacked sleep assessment components, or had inaccessible full texts.
A flow diagram depicting the study selection process is presented in Figure 1. To evaluate the quality of the study, the
Newecastle-Ottawa Quality Assessment Scale (NOS)’ and the Cochrane Collaboration tool® was used for human studies
in Table 1. Low, moderate, and high risk of bias were used as the score for evaluation.

Sleep and Sleep Disorders

Sleep is a fundamental physiological process crucial for restoring diverse psychophysiological functions. It facilitates the
consolidation of learning and memory, replenishes energy expended by the central nervous system and metabolism during
wakefulness, and supports the recovery of immune and endocrine systems.'® Current guidelines recommend that adults
maintain optimal health and daytime performance by achieving a minimum of 7 hours of total sleep per night with a sleep
efficiency of at least 85%.2%2' Notably, a comprehensive global survey encompassing participants aged 15-65 highlights
a significant prevalence of sleep disorders. In the United States, 56% of respondents reported experiencing sleep disturbances,
with 55-69% of those affected struggling with sleep initiation, 63—78% facing sleep maintenance issues, and 31-52%
reporting poor overall sleep quality. Similar trends were observed in Western Europe (31%) and Japan (23%),%* indicating
that sleep disorders represent a widespread public health concern across different regions. Impairments in sleep quantity and
quality can manifest as symptoms of sleep disorders, such as daytime somnolence, excessive daytime sleepiness, and nocturnal
snoring. In accordance with the International Classification of Sleep Disorders, sleep disorders fall into seven primary
categories: insomnia, sleep-related breathing disorders, central disorders of hypersomnolence, circadian rhythm sleep-wake
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Figure | Flowchart of the search and selection process for included studies.
Notes: PRISMA Figure adapted from Moher D, Liberati A, Tetzlaff ] et al. Preferred reporting items for systematic reviews and meta-analyses: the PRISMA statement. BM,
2009, 339: b2535.”
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Table | Magnesium in Sleep Disorders

Study N Sex Mean Duration | Study Sleep Participant’s Health Intervention Intervention Outcomes Limitations ROB | Sleep
(M/F) AgelAge Design Measures | Status of of Control Disorders
Range Experimental Group
Group
Sato-Mito 3304 3304 F 18-20 / (& Self-report | Healthy / / Late midpoint of sleep negatively Sleep midpoint was determined High Insomnia
etal 2010° associated with dietary intake of Mg based on bedtime and rise time
recorded on weekdays, with no
inclusion of free-day data
Nielsen 100 22/78 59 7w RCT PSQI Adults with sleep 320 mg Mg Sodium citrate Mg supple mentation improved overall Absence of the details of sleep Low Insomnia
etal 2010° complaints citrate PSQI score health
Abbasi 46 23/23 65 8w RCT ISI Elderly people 828 mg Mg Placebo Supplementation of Mg appears to Small sample size Short High Insomnia
etal experiencing primary oxide tablets improve subjective and objective duration
2012'° insomnia (500 mg measures of insomnia in elderly people.
elemental)
Tunc et al 938 279/ 8l.1 / R ISI, ESS Elderly outpatient ! / Hypomagnesemia is Associated with Unknown if EDS leads to High IH/NCL
2023"! 659 patients EDS hypomagnesemia or vice versa.
It is possible that the
relationship is bidirectional.
Luo et al 20,585 10,149/ | 488 / Cs MDS Adults aged 220 years / / Revealed a positive correlation between | Assessing excessive sleep based High IH/NCL
2024' 10,436 score who participated in the MDS and excessive sleep, especially on sleep duration carries the
NHANES 2005-2014 among non-depressed elderly individuals | risk of subjective patient bias
Lai et al 98 55/43 57.12 / Cs PSQI, ESS Peritoneal dialysis / / Patients experiencing excessive daytime Subjective assessment of sleep High IH/NCL
2015"3 patients sleepiness showed higher levels of health and medications were
serum Mg. Higher PSQI scores not controlled
correlated positively with Mg levels.
Karamanli 98 60/38 47.5-52.3 | year R AHI, ODI, Patients with OSA or 68 patients with 30 patients Mg levels changed depending on the Small number of participants Fair OSA
etal CRP, TST without OSA newly diagnosed | without OSA presence and severity of OSA. Low
2017"* mild to severe levels were associated with a higher
OSA CRP concentration in patients with
OSA.
Jiao et al 39 15/24 44.2-50.5 / (& ESS, PSG OSAHS patients with / / Blood Mg levels of OSA patients (n=39) | / Low OSA
2016'% test obesity and type 2 increased significantly after Roux-en-Y
diabetes mellitus (T2DM) gastric bypass (RYGB) surgery
who had received RYGB compared with pre-intervention levels
surgery.
Yildirim 253 253 F 27.25-28.10 | 6 month cC BAl, BDI, Pregnant women Diagnosed with Healthy Mg therapy reduced disease symptom Post-natal RLS symptoms and High RLS/WED
etal PSQI RLS pregnant intensity and improved patients’ sleep newborn outcomes of the
2021'¢ women (n = quality participants were not evaluated
134)

(Continued)
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Table | (Continued).

Study N Sex Mean Duration | Study Sleep Participant’s Health Intervention Intervention Outcomes Limitations ROB | Sleep
(M/F) AgelAge Design | Measures | Status of of Control Disorders
Range Experimental Group
Group
Bartel | I'M 34 2 days / Self-report | A 34-year-old gravida | 2g of MgSO4 / Reported that a patient with RLS/WED Small sample size High RLS/WED
etal para 0 woman, with a 13- per hour for 2 made a full recovery after receiving an
2006'7 year history of RLS days intravenous injection of MgSO4
Hornyak 10 6/4 57 4-6 w NRCT PSQI, ESS Insomnia related to PLMS | Mg was / Mg treatment may be a useful alternative | Small sample size High RLS/WED
et al (n=4) or mild-to- administered therapy in patients with mild or
1998'® moderate RLS (n=6) orally at a dose moderate RLS- or PLMS-related
of 12.4 mmol in insomnia
the evening

Abbreviations: ROB, Risk of bias assessment; OSA, Obstructive sleep apnea; M, Male; F, Female; PSQI, Pittsburgh Sleep Quality Index; ESS, Epworth Sleepiness Scale; EEG, electroencephalogram; ISI, Insomnia Severity Index; IH/NCL,
Idiopathic hypersomnia and narcolepsy; RLS/WED, Restless legs syndrome/Willis-Ekbom disease; AHI, Apnea—Hypopnea Index; ODI, Oxygen desaturation index; CRP, Plasma C-reactive protein; TST, Total sleep time; BAI, Beck Anxiety
Inventory; BDI, Beck Depression Inventory; CC, Case-control; CS, Cross sectional; R, Retrospective; RCT, Parallel randomized controlled trial; NRCT, Non-randomized clinical trial; N, Sample size; Mg, Magnesium; MgSO4, Magnesium
sulfate; PSG, Polysomnography; MDS, Mg Deficiency Score; EDS, Excessive Daytime Sleepiness.
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disorders, sleep-related movement disorders, parasomnias, and other sleep disorders.? Sleep and sleep disorders are associated
with multiple factors. Research analyses have indicated that middle-aged individuals, men, those with obesity, individuals with
low magnesium intake, and patients with depression are more prone to sleep problems and sleep disorders.'? This study
focuses on the role of magnesium in sleep, especially among individuals with sleep disorders. This review comprehensively
summarizes the mechanisms through which magnesium modulates sleep and the latest progress in its therapeutic application
for sleep disorders, with the aim of offering novel perspectives for the management of sleep-related diseases.

Magnesium in Sleep

Sleep constitutes an active process requiring the coordinated engagement of multiple brain regions. The daily sleep-wake cycle is
regulated by a variety of hormones synthesized in the hypothalamus, alongside external stimuli—most notably, photons of
light.**** Neurochemical signals—specifically neurotransmitters—govern our sleep-wake states through their actions on distinct
neuronal populations within the brain. To date, a multitude of sleep-regulating substances have been identified, which can be
classified into two fundamental categories: wake-promoting neurochemical factors, such as norepinephrine, serotonin, acet-
ylcholine, histamine, and orexin; and sleep-promoting systems, including gamma-aminobutyric acid (GABA), adenosine, and
nitric oxide.”** Among these, magnesium exerts a critical role in the physiological regulation of sleep-modulating substances

(Figure 2).

Magnesium in the Glutamatergic and GABAergic Systems

L-glutamate stands out as a vital excitatory neurotransmitter within the mammalian central nervous system. It acts by
stimulating orexinergic neurons, which subsequently promotes wakefulness while inhibiting both the non-rapid eye
movement (NREM) and rapid eye movement (REM) sleep stages.”” N-methyl-D-aspartic acid (NMDA), a naturally
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Figure 2 The mechanisms of magnesium in sleep disorder. Created with BioGDPcom.?®
Abbreviations: GABA, gamma-aminobutyric acid; ROS, reactive oxygen species.
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occurring amino acid derivative in animal organisms, functions as a homologue of L-glutamate and serves as a key
excitatory neurotransmitter receptor agonist in the central nervous system. The NMDA receptor, situated within the
suprachiasmatic nucleus, is a subtype of ionotropic glutamate receptors. The voltage-dependent blocking action of Mg2"
on NMDA-gated ion channels has been thoroughly elucidated. Magnesium, by inhibiting the NMDA receptor,**>’
suppresses the calcium ion concentration within muscle cells, which promotes muscle relaxation and subsequently
facilitates sleep.”® > Meanwhile, it further dilates blood vessels throughout the body and lowers the body temperature,
thereby enhancing the quality of sleep.>

Beyond its involvement in the glutamatergic system, magnesium exerts a pivotal influence on sleep through the
regulation of the GABAergic system. GABA, also known as aminobutyric acid, is a bioactive non-proteinogenic amino
acid celebrated for its inhibitory characteristics. Mg?" ions interact with GABA receptors,”® potentiating GABAergic
neurotransmission and subsequently dampening neural excitability, thereby facilitating the onset and maintenance of
sleep.” 4,35 Experimental evidence from magnesium-deficient rat models bolsters this mechanism. Monitoring electro-
encephalogram (EEG) activity during auditory stimulation in these animals revealed significant modifications in spike
potential patterns. These electrophysiological alterations correlated with observable behavioral changes, strongly sug-
gesting that magnesium deficiency heightens central nervous system excitability. Such findings provide robust electro-
physiological validation for the link between magnesium status and neural hyperexcitability.’® The intricate relationship
between glutamate and GABA further underscores magnesium’s regulatory role in sleep homeostasis. As the metabolic
precursor of GABA, glutamate must be maintained in delicate equilibrium with its inhibitory counterpart to ensure proper
sleep regulation. Acting as both an NMDA receptor antagonist and a GABA receptor agonist, magnesium exerts a dual-
pronged modulation of neural excitability. This dual action enables magnesium to fine-tune sleep processes, exerting
a particularly profound impact on the quality and architecture of slow-wave sleep (SWS), a critical phase for physio-

logical restoration and cognitive consolidation.*'-*’

Magnesium in the Conduction of Ca?" and K" lon Channels

As a calcium antagonist, magnesium assumes a critical role in sleep regulation. Mg?" is capable of inhibiting the Ca2*-
PKC second messenger system, thereby influencing associated neurotransmission processes. Additionally, it stimulates
the Na'-K"-ATPase enzyme, contributing to the overall modulation of sleep mechanisms.>® Magnesium contributes to
sleep improvement by influencing ion channel conductance, including the conductivity of the NMDA receptor pore
mentioned above®® and the unilateral entry of potassium channels. Research has demonstrated that magnesium fulfills
a vital role in hundreds of metabolic reactions and muscle functions. The NMDA receptor constitutes a unique dual-gated
channel, regulated by both neurotransmitter gating and voltage gating. Under typical neuronal membrane potentials,
Mg?" ions occupy the NMDA receptor pore.”®* When neurons depolarize, Mg?" ions dissociate, allowing Ca?" and Na*
ions to pass through the receptor pore.”’ Magnesium deficiency results in heightened neuronal excitability and augmented
neuromuscular transmission.*® Magnesium is capable of blocking calcium, a mechanism that facilitates the regulation of
nerves and muscles, thereby rendering muscles more susceptible to relaxation.*' In cases of magnesium deficiency,
calcium remains unblocked, inducing excessive neural activity and triggering muscle contractions, which in turn disrupt
sleep.*?

Furthermore, given that the homeostasis of calcium and magnesium depends on shared regulatory hormones and ion
transporters for their absorption, the bioavailability of magnesium may be contingent upon calcium concentration or the
calcium-to-magnesium ratio (Ca: Mg).*> Mg?" is intricately linked to Ca?" homeostasis, and Ca?" is responsible for
regulating a diverse array of physiological functions, including sleep. It has been established that fluctuations in calcium
levels and intracellular potentials govern cortical slow-wave oscillations—hallmark features of SWS.** More recently,
associations between Ca2" levels, sleep latency, and non-restorative sleep have also been documented.*> Results from
a longitudinal study revealed an association between the calcium-to-magnesium ratio (highest vs lowest quartiles) and
sleep duration exceeding 9 hours. However, the relatively small number of participants with a sleep duration exceeding
9 hours may have led to confidence intervals with a large margin of error, underscoring the need for future studies with
larger sample sizes.'? In a study involving 100 airline pilots, it was found that those with poor sleep quality exhibited
significantly lower levels of both magnesium and calcium (both P<0.001). Logistic regression analysis identified Mg>"
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and Ca®>" as biomarkers associated with poor sleep quality among airline pilots (both P<0.001), suggesting that the
concentrations of serum Mg?" and Ca*>" may be related to poor sleep in airline pilots.*

Magnesium in Inflammation and Oxidative Stress
In preclinical, epidemiological, and clinical human studies, magnesium deficiency, low serum magnesium levels, and
reduced dietary magnesium intake have consistently been linked to heightened production of reactive oxygen species
(ROS), low-grade inflammation, and elevated levels of inflammatory markers and pro-inflammatory molecules—includ-
ing interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-a), interleukin-1 beta (IL-1B), vascular cell adhesion mole-
cule-1 (VCAM-1), plasminogen activator inhibitor-1 (PAI-1), complement proteins, o2-macroglobulin, and fibrinogen.*”
30 Recent research has further identified a significant negative correlation between serum magnesium levels and serum
malondialdehyde (MDA )—a marker of oxidative stress.”’ Magnesium deficiency induces augmented production of ROS,
leading to increased generation of hydrogen peroxide and heightened production of superoxide anions by inflammatory
cells. This not only exacerbates oxidative stress but also impairs antioxidant defense capacity.*®>* Additionally, a study
has found that magnesium deficiency causes excessive ROS production and low-grade inflammation, which in turn
accelerates the depletion of telomeres and affects sleep.’> Meanwhile, Magnesium is indispensable for the normal
functioning of y-glutamyl transpeptidase, an enzyme that fulfills a critical role in the synthesis of the antioxidant
glutathione.> It has also been confirmed that magnesium possesses a mild antioxidant effect.>

Current research has further confirmed that low dietary magnesium intake is associated with elevated plasma
C-reactive protein (CRP) levels.’®>® CRP serves as a marker of inflammatory stress, and one possible factor contributing
to increased inflammatory stress is sleep disruption or sleep deprivation.’’ Inadequate sleep duration has been linked to
elevated levels of various inflammatory biomarkers, including plasma CRP. Similarly, sleep quality is associated with
increased morning concentrations of the inflammatory biomarker interleukin-6 in healthy adults, elderly women, and
spouses caring for individuals with Alzheimer’s disease.’’ Consequently, subclinical magnesium deficiency may con-
tribute to sleep disruption or sleep deprivation by exacerbating inflammation or oxidative stress. Conversely, chronic
inflammatory stress can be mitigated by increasing magnesium intake, a measure that may enhance sleep quality and
elevate red blood cell magnesium levels. Some studies have found that, compared with sodium citrate placebo,
magnesium citrate supplementation reduced the plasma CRP levels of participants. This indicates that subclinical
magnesium deficiency may exacerbate conditions contributing to chronic inflammatory stress. However, the findings
also indicated that sleep quality improved across all participants, a phenomenon that may be attributed to the placebo
effect.’

Magnesium in Melatonin and Serotonin
A multitude of biological hormones and neurotransmitters are involved in the sleep-wake cycle, including serotonin
(5-HT), orexin, melatonin, galanin, norepinephrine, and histamine, to name a few. These brain-targeting neurotransmit-
ters exert a substantial influence on both sleep quality and duration.>®

Several studies have demonstrated that magnesium deficiency in rats results in a reduction in plasma melatonin
concentrations.'®”° Magnesium is closely related to the production of melatonin. As a well-investigated and widely
utilized sleep-promoting hormone, melatonin is a key regulator of the sleep-wake cycle and exhibits potent antioxidant
properties.®® An increase in oxidative stress may account for, at least in part, the poor sleep quality.®’ Melatonin can
enhance the activity of superoxide dismutase, thereby preventing oxidative stress-induced damage to cell membranes.®*
When combined with omega-3 fatty acids, melatonin exerts an antioxidant effect by significantly enhancing superoxide
dismutase activity in the human body.®® Furthermore, endogenous melatonin has been shown to attenuate the excitatory

neurotransmitter effects of L-glutamate by inhibiting specific NMDA receptor binding sites,**¢’

thus promoting sleep.

Magnesium can also enhance the activity of serotonin N-acetyltransferase—an enzyme critical for melatonin
synthesis.”® Physiologically, magnesium interacts with the synthesis of serotonin and melatonin. Serotonin is an
intermediate product in the production of melatonin, and melatonin is a metabolite of serotonin. The production of
melatonin requires serotonin, and a deficiency or excess of serotonin can exert an impact on sleep duration and quality.

Serotonin was first discovered in the serum, also known as 5-hydroxytryptamine. It is widely present in mammalian
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tissues, especially in high concentrations in the cerebral cortex and nerve synapses. It is also an inhibitory neurotrans-
mitter. The part of the brain responsible for regulating sleep also has serotonin receptors. Magnesium also helps
monoamine substances (such as serotonin) bind to their respective sites.>” The commonly discussed mechanism for
increasing sleep duration is the pathway that promotes serotonin synthesis. Serotonin regulates most brain functions—
including the sleep cycle—either directly or indirectly. Typically, serotonergic neurons collectively innervate numerous
brain regions involved in sleep-wake behavior, functioning to promote consciousness and inhibit sleep.®®*® 5-hydro-
xytryptophan is generated from tryptophan through the catalysis of tryptophan hydroxylase and then converted into
serotonin by the catalysis of 5-hydroxytryptophan decarboxylase. Tryptophan®® is a precursor to the neurotransmitter
serotonin and the neurosecretory hormone melatonin, both of which are associated with sleep and alertness.”**
Tryptophan can also regulate sleep and the circadian rhythm by increasing melatonin levels.”

In addition, several studies have demonstrated that magnesium exerts a relaxant effect. Magnesium supplementation

1931y ‘and thus calm the central nervous system,’’

can reduce the concentration of serum cortisol (a stress hormone
potentially improving sleep quality. The mechanism may involve magnesium’s direct effect on the function of
P-glycoprotein—a blood-brain barrier transporter that, in turn, influences the entry of corticosteroid hormones into the

.72
brain.’

Magnesium in the Biological Clock and Circadian Rhythm

The biological clock is fundamental to the biology of most eukaryotic organisms. Through a complex network of clock-
controlled genes, it coordinates behavioral and physiological processes to align with the environmental day-night
cycles.”>” A recent study has indicated that magnesium can regulate the cellular biological clock, energy balance,
and circadian rhythm, and it appears to exert a pivotal role in sleep regulation.”” A study by Feeney et al reported the
circadian rhythm of the intracellular magnesium ion concentration.”” In human cells, algal plants, and fungi, it was found
that in each organism, the level of magnesium ions in the cells, [Mg2']i, rises and falls within the daily cycle rhythm.
Such fluctuations play a vital role in maintaining the 24-hour rhythm of the cells.”

Given the critical role of Mg?" as an ATP cofactor, one functional outcome of intracellular Mg2" ([Mg2"]i) fluctuations
is the dynamic regulation of cellular energy expenditure across the daily cycle. That is, it has a significant impact on the
cell’s metabolism throughout the day and how quickly the cell can convert nutrients into energy. The bioavailability of
intracellular Mg?" enables the global regulation of triphosphate nucleotide turnover, a process with the potential to impact
over 600 MgATP-dependent enzymes in the cell, as well as all cellular systems where MgNTP hydrolysis acts as the rate-
limiting step.”® It was also discovered that the circadian control of translation by the mammalian target of rapamycin is
regulated by the [Mg?']i fluctuations.”’

Magnesium in Sleep Structure and EEG
Sleep quality is an aggregate measure of sleep parameters, including sleep duration and the presence of sleep
disturbances. It can be objectively assessed using polysomnography and actigraphy, and subjectively evaluated through
instruments such as sleep diaries and self-reports.®> Subjective sleep quality refers to the retrospective evaluation of sleep
experiences. The most commonly used and effective assessment tool is the Pittsburgh Sleep Quality Index (PSQI), which
comprises seven components: subjective sleep quality, sleep latency, sleep duration, habitual sleep efficiency, sleep
disturbances, use of sleep medications, and daytime dysfunction over the past month.”®

The link between magnesium and sleep quality is substantiated by prior animal and human studies.*'**" According
to the data from the National Health and Nutrition Examination Survey (NHANES),* there exists a U-shaped relation-
ship between dietary magnesium intake and sleep duration. This could indicate the potential benefits of increasing dietary
magnesium intake for poor sleep quality, encompassing both short-term and long-term sleep patterns. A clinical trial
demonstrated that 8 weeks of consecutive magnesium supplementation significantly increased sleep duration and reduced
sleep latency in elderly individuals.'® In addition, magnesium treatment for patients with alcohol dependence (who often
have magnesium metabolic disorders) using the PSQI significantly reduced the sleep onset latency, which decreased from
an average of 40.6 min before treatment to 21.7 min (P=0.03), and improved the subjective sleep quality.®' Interestingly,
a study identified a negative correlation between magnesium intake and daytime sleepiness in women, but not in men.
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Compared with the placebo group, the experimental group (receiving 500 mg of daily magnesium supplementation)
showed improvements in sleep efficiency, sleep duration, sleep onset latency, and early-morning awakening frequency.®*
A study performed on rats revealed a strong correlation between forebrain magnesium concentration and sleep
duration.”® A recent systematic review, encompassing 7582 participants from 9 published cross-sectional, cohort, and
randomized controlled studies, also identified an association between magnesium status and sleep quality.®® The findings
demonstrated that in healthy adults, higher magnesium intake was correlated with various sleep quality parameters,
including daytime sleepiness, drowsiness, snoring, and sleep duration. Moreover, randomized controlled trials recorded
positive impacts of magnesium supplementation on PSQI scores, sleep efficiency, and sleep duration.®®

During the sleep process, various changes occur in the EEG, and these changes vary depending on the depth of sleep.
Sleep can be categorized into two states—NREM sleep (also referred to as SWS) and REM sleep—based on the presence
or absence of paroxysmal REM and distinct EEG wave characteristics. The sleep EEG serves as an indicator reflecting
central nervous system function.** In the elderly population, several distinct sleep-related changes can be detected via
EEG: diminished sleep continuity, shortened REM sleep latency, reduced SWS, and increased nighttime awakenings.®>%
A study found that 27 patients in a parasomnia state with magnesium deficiency had abnormal nighttime EEGs during
SWS.¥” A study involving 12 elderly participants (aged 60-80 years) by oral Mg”>* supplementation demonstrated that
Mg?" partially reversed age-related changes in the sleep EEG: it increased SWS from 10.1 min to 16.5 min (P<0.05) and
elevated & power and o power during NREM sleep.®’ In animal studies, Mg?" deficiency has also been shown to induce
sleep disorders in rats, characterized by increased awakenings—either at the cost of reduced SWS*® or dominated by
active awakenings accompanied by a decrease in total sleep time.*” In addition, after intravenous administration of Mg?"
to healthy young subjects, consistent research results such as an increase in the brain electrical power within the o
frequency range of NREM sleep were also found.”

Held et al further postulated that the role of Mg2" in sleep architecture, particularly in SWS, is likely intricately linked
to the activities of both the glutamatergic and GABAergic systems.®! Experimental evidence supports this hypothesis:
upon intracerebral injection of the NMDA receptor antagonist DL-2-amino-5-phosphonovaleric acid (APV)’! into the
thalamus and intraperitoneal injection of another NMDA receptor antagonist, MK-801,°* a notable increase in SWS was
observed in rats. Moreover, the GABAA receptor agonist THIP (gaboxadol) has been shown to augment the o activity
during SWS in both humans®® and rats.”*°> These findings collectively indicate that the influence of Mg?" on the sleep
EEG may stem from its dual role as an NMDA antagonist and a GABA agonist. Mg?" may regulate the balance between
excitatory and inhibitory neural signals in the central nervous system, thereby affecting the quality and duration of
SWS.”

Magnesium in Sleep Disorders

Magnesium in Insomnia

Insomnia stands as the most prevalent sleep disorder.’® According to the International Classification of Sleep Disorders,
the diagnosis of insomnia includes difficulties in initiating sleep, maintaining sleep, and subsequent impairment of
daytime functioning.”® Characteristically, it is marked by dissatisfaction with sleep duration or quality, challenges in
falling asleep or staying asleep, along with notable discomfort and disruption to daily activities.”” Currently, validated
sleep questionnaires such as the Insomnia Severity Index (ISI)'® and the PSQI° are commonly employed for the diagnosis
of insomnia and tracking treatment outcomes. Additionally, EEG during sleep (sleep EEG)*! or detailed sleep diaries
recorded by subjects are frequently utilized to measure and assess insomnia.

In a human study, it was observed that long-term sleep deprivation decreased intracellular magnesium content and
reduced exercise tolerance, which could subsequently be corrected through oral magnesium supplementation.”® Nielsen
et al conducted a study investigating the role of magnesium supplementation in adult sleep disorders, and following
7 weeks of treatment with 320 mg/day of magnesium citrate, patients exhibited an overall improvement in their PSQI
scores.””” Abbasi et al aimed to examine the effects of magnesium on insomnia in elderly individuals,'® and he
administered 500 mg/day of magnesium to 46 elderly participants experiencing primary insomnia over an §-week
period, with outcomes including increased sleep duration and efficiency, as well as reduced ISI scores and sleep onset
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latency. Additionally, it improved objective indicators of insomnia, such as the concentrations of serum renin, melatonin,
and serum cortisol.'"” Three randomized controlled trials involving 151 elderly participants across three countries
compared the effects of oral magnesium with placebo. A systematic review and meta-analysis highlighted that, compared
to placebo, magnesium supplementation reduced sleep onset latency by 17.36 min (P=0.0006) and extended total sleep
time by 16.06 min, supporting the use of oral magnesium supplements (up to three times a day, with each dose less than 1
g) for treating insomnia symptoms.’’ Rondanelli et al found that, compared to placebo capsules, administering
a formulation containing melatonin, magnesium, and zinc to 43 elderly subjects with primary insomnia, one hour before
bedtime over an 8-week period, enhanced sleep quality and increased the total sleep time as measured by wearable arm
sensors.'* More recently, preliminary research by Honiak et al also concluded that magnesium supplementation could
serve as a valuable alternative therapy for patients with insomnia.''

Another study found that a novel nutritional blend consisting of tryptophan, glycine, magnesium, tart cherry powder,
and L-theanine shortened sleep onset latency (P=0.002), increased total sleep time (P=0.01), improved sleep efficiency
(P=0.03), and reduced morning drowsiness (P=0.02).'”" On the other hand, in a double-blind trial involving surgical
patients, the sleep-stabilizing effect of Mg?" was reported. Intravenous administration of Mg?" before surgery signifi-
cantly improved patients’ sleep quality.'®> Depoortere et al demonstrated that magnesium deficiency in rats could disrupt
the normal sleep-wake cycle by increasing wakefulness and reducing SWS, and this effect was reversed upon the
reintroduction of magnesium into their diet.®®

In the treatment of insomnia, as an adjuvant therapy, magnesium not only acts as a natural NMDA antagonist and
GABA agonist but also has a relaxing effect. Magnesium deficiency can cause muscle cramps, leading to poor sleep.
Moreover, magnesium can increase melatonin levels, aiding in the maintenance of a normal biological clock and the
alleviation of insomnia symptoms.'®'® Another study further indicated that magnesium may alleviate insomnia
associated with restless legs syndrome. Additionally, the serotonergic system represents another pathway potentially
modulated by magnesium.*?

Magnesium in Idiopathic Hypersomnia and Narcolepsy

Idiopathic hypersomnia and narcolepsy are rare chronic sleep disorders that can impair patients’ cognitive function,
social functioning, and health-related quality of life.'* Their primary characteristic is excessive daytime sleepiness, with
many narcolepsy patients also experiencing cataplexy. In addition, narcolepsy is associated with nighttime sleep
disturbances, hypnagogic and hypnopompic hallucinations, as well as sleep paralysis. For idiopathic hypersomnia,
extended nighttime sleep and sleep inertia are commonly observed.'®*'% Tunc et al conducted a study on 938 elderly
outpatient patients and found that hypomagnesemia in the elderly is associated with excessive daytime sleepiness.''
Recent research has also revealed a positive correlation between the Magnesium Deficiency Score and excessive sleep,
especially among non-depressed elderly individuals.'?

An increase in SWS during compensatory stages 1 and 2, along with a shortening of REM sleep, contributes to
increased excessive sleepiness in the elderly.'®® Moreover, elderly individuals experiencing excessive sleepiness often
exhibit impaired healthy eating habits, which may elevate the risk of malnutrition and consequently reduce magnesium
intake.'”® Thus, a bidirectional relationship may exist between magnesium deficiency and excessive sleepiness.
Nevertheless, further research is required to validate this hypothesis.

In the United States, an oral solution of sodium oxybate (Xywav), which contains unique cations such as calcium,
magnesium, and potassium alongside sodium oxybate, has been approved for treating cataplexy or excessive daytime
sleepiness in adults and children aged 7 years and older diagnosed with narcolepsy. It is also the first medication
approved for the treatment of idiopathic hypersomnia in adults.'””'%® The efficacy and safety of sodium oxybate in the
treatment of narcolepsy have been widely evaluated.'® The European guidelines for narcolepsy strongly recommend
sodium oxybate for the treatment of cataplexy and EDS in both children and adults with narcolepsy.''® Sodium oxybate
is a central nervous system depressant and an endogenous compound associated with the neurotransmitter GABA.
Although the mechanism of action underlying low-dose sodium oxybate in the treatment of narcolepsy and idiopathic
hypersomnia remains incompletely elucidated, it is postulated to involve the influence of GABAB receptors on

. . . . . 1
noradrenergic, dopaminergic, and thalamocortical neurons during sleep.'"’
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Magnesium in OSA

Obstructive sleep apnea (OSA) is defined by recurrent partial or complete collapse of the upper airway during sleep.
Disruptions in respiratory airflow occur when the tongue and surrounding soft tissue structures prolapse into the pharynx
due to gravitational forces and muscle relaxation, leading to a physical obstruction of the airway. These episodes lead to
a complete or partial reduction in airflow and recurrent arousals.''"*!!?

Karamanli et al reported that the average serum Mg level in patients with mild OSA was significantly higher than that
in the severe OSA group (P=0.003), and multivariate regression analysis indicated a significant correlation between
serum Mg levels and AHI (P=0.01).'* In an observational study by Jiao et al, the blood Mg levels of OSA patients (n=39)
increased significantly after Roux-en-Y gastric bypass (RYGB) surgery compared with pre-intervention levels.'> In
a cross-sectional study by Xu et al, twenty-two of the 33 patients with OSA were followed up after three months of
continuous positive airway pressure treatment.''* Observations indicated a rise in serum Mg levels. Additionally, the
Pearson correlation coefficient between serum Mg and the AHI approached statistical significance (P=0.056). The
multivariate logistic regression analysis revealed that individuals with serum Mg levels at or above 1.98 mg/dL were
identified as having a protective factor against the severity of OSA. Specifically, when compared to those with serum Mg
levels below 1.98 mg/dL, this group exhibited a significantly lower likelihood of developing severe OSA (P= 0.006).'"?
These research findings demonstrate that individuals with OSA exhibit significantly lower serum Mg levels compared to
healthy control subjects. The intensity of OSA seems to exert a detrimental effect on serum Mg concentrations, with
these levels typically showing a marked improvement following therapeutic intervention, in parallel with the ameliora-
tion of OSA severity. The analysis by Zahraa et al also suggests that the severity of OSA affects serum Mg levels; the
higher the AHI, the lower the serum Mg.''* A recent study has also found a significant positive correlation between the
Magnesium Deficiency Score and sleep apnea.'?

However, it remains unclear whether a decrease in serum Mg levels is one of the risk factors for OSA, or whether
OSA directly leads to a decrease in serum Mg levels. Furthermore, the precise direct mechanism through which
a reduction in serum Mg levels might contributes to the development of OSA remains elusive. Low Mg levels might
contribute to the development of OSA. According to the study by Orru et al Intermittent nocturnal hypoxia exhibits
a significant association with oxidative stress, an elevation in pro-inflammatory markers, as well as OSA."''® Similarly, in
a placebo-controlled study by Nelson et al revealed that rectifying a state of low magnesium through supplementation led
to an amelioration of markers associated with inflammation and oxidative stress in adults suffering from poor sleep
quality.” Since Mg functions as a cofactor for over 325 enzymes within the human body, diseases related to the
availability or function of Mg are believed to promote oxidative stress.''® A study'? has speculated that inflammation
and oxidative stress induced by magnesium deficiency have the potential to inflict damage upon respiratory tract tissues,
thereby heightening the susceptibility to airway collapse and potentially contributing to an increased incidence of sleep
apnea. Moreover, magnesium plays an integral role in hundreds of enzymatic reactions within biological systems,
affecting important physiological activities such as nerve conduction and muscle contraction. Magnesium deficiency
may impact the normal function of the respiratory muscles by affecting the conduction function of the nervous system, or
it may directly act on muscle relaxation, leading to respiratory muscle dysfunction, especially in the respiratory muscles
surrounding the pharynx, thereby elevating the incidence rate of sleep apnea. On the other hand, protracted sleep apnea
has the potential to induce chronic hypoxia within the human body, which in turn interferes with the metabolism and
absorption of magnesium, resulting in a decrease in magnesium levels within the body. The relationship among OSA,
oxidative stress, and Mg levels forms an intertwined causal chain that warrants further investigation.

Magnesium in RLS/WED

Restless legs syndrome/Willis-Ekbom disease (RLS/WED) is a sensorimotor disorder characterized by abnormal sensa-
tions in the legs. Patients frequently experience a pronounced urge to move the affected limbs. These abnormal
sensations are either partially or entirely expressed in the form of voluntary movements, such as walking.''” These
symptoms typically exhibit exacerbation during sleep and commonly precipitate sleep disturbances. This disease is

categorized into two types: idiopathic and secondary. Pregnancy, uremia, iron deficiency, diabetes, and neuropathy are
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recognized as risk factors for the secondary variant of the disease.® Nevertheless, the underlying pathophysiological
mechanism of this disease remains incompletely.''®

A study has shown that patients with RLS/WED have lower magnesium levels compared to healthy control groups.''’
Several research investigations have similarly indicated that both oral and intravenous magnesium supplementation can
be advantageous for these patients.”'® Sinniah et al reported that a patient with RLS/WED made a full recovery after
receiving an intravenous injection of magnesium sulfate.'”"'*® Additionally, another study suggests that oral magnesium
supplementation may alleviate symptoms in individuals with moderate RLS.'*' For patients with mild to moderate RLS
or insomnia associated with periodic limb movements during sleep, magnesium could serve as a viable alternative
therapeutic option.'*' In the study of pregnant women, Yildirim found that the concentrations of zinc and magnesium in
pregnant women afflicted with this disease were significantly lower compared to those observed in other women.
Furthermore, the study also established a correlation between these levels and the severity of the syndrome symptoms.
Specifically, there was an inverse relationship such that patients with lower serum magnesium and zinc levels presented
with more severe symptoms.'® This suggests that magnesium may be regarded as a suitable alternative treatment for
patients with RLS/WED. More recently, the study by Honiak et al also reached the same conclusion, indicating that
magnesium supplementation has the potential to serve as a beneficial alternative therapeutic approach for patients
diagnosed with RLS."!

Magnesium may potentially participate in the pathophysiology of RLS/WED. A number of studies have demonstrated
that magnesium assumes a pivotal role in hundreds of metabolic reactions and is crucial for proper muscle function.'?*'??
Magnesium deficiency has the potential to induce neuronal excitability and augment neuromuscular transmission.*® This
may be attributed to magnesium’s ability to block calcium, a mechanism that aids in regulating nerves and muscles,
thereby facilitating muscle relaxation.*’ When magnesium levels are low, calcium is not adequately blocked, leading to
neural overactivity. This overactivity triggers muscle contractions, which in turn result in abnormal sensations in the leg
muscles. The serotonergic system represents another potential pathway that may be modulated by magnesium.*

Conversely, in a prospective case—control study encompassing 600 pregnant women diagnosed with RLS/WED, the
investigators discovered that a reduction in iron intake and an elevation in magnesium consumption were correlated with
an exacerbation of the syndrome’s symptoms.'** In a systematic review, Nathaniel et al posited that reliable conclusions
regarding the efficacy of magnesium in the treatment of RLS/WED cannot be drawn. They asserted that, at present, it
remains uncertain whether magnesium can alleviate the symptoms of RLS/WED.’ In a thorough and all-encompassing
assessment of both pharmacological and non-pharmacological treatment modalities for RLS/WED, Anguelova et al
expressed the view that magnesium does not constitute a valuable therapeutic agent for alleviating the symptoms of this
disease.'®

The pathophysiology of the disease in pregnant women may diverge from that in non-pregnant women, which serves
as one of the contributing factors to the aforementioned difference. In Nathaniel’s study, only 22 men and 78 women
were included.” The sample size was insufficient and biased towards women. Estrogen may have a potential impact on
melatonin,'?’ thereby affecting sleep. For patients with multiple sleep disorders, magnesium therapeutic agents may have
a positive effect on the main type of sleep disorders, but their improvement effect on the secondary types of sleep
disorders is not obvious or is masked. In addition, placebos can also affect the subjective results of sleep tests. More
research is still needed in the future to rule out biases related to age, gender and disease type. Higher-quality,
comprehensive, and systematic studies may be needed to clarify the pharmacological effect of magnesium on RLS/WED.

Limitations and Future Directions

While current research has established a strong link between magnesium and sleep disorders, the specific mechanisms
underlying magnesium’s role in sleep regulation still contain numerous unanswered questions. Firstly, the fragmented
nature of mechanistic explanations is striking: existing studies tend to concentrate on isolated pathways (eg, activation of
the GABAergic system, modulation of melatonin synthesis, or suppression of oxidative stress), yet the overarching
mechanism through which magnesium influences sleep architecture via cross-system crosstalk—such as the synergistic
interplay of neurotransmitter balance, circadian rhythm control, and inflammatory responses—has yet to be clarified.
Secondly, research design is marked by notable limitations: most investigations depend on clinical regression analyses,
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which are susceptible to bias. Furthermore, these studies merely show a strong correlation between magnesium and sleep
disorders without establishing a definitive causal relationship or determining whether bidirectional causality exists
between the two. Additionally, the role of population heterogeneity remains poorly understood: patients with distinct
types of sleep disorders (including insomnia and sleep apnea syndrome) exhibit differential responses to magnesium-
based interventions. Moreover, there is insufficient stratified analysis data regarding how factors like age, gender, and
genetic background influence magnesium’s sleep-regulating effects.

Moving forward, efforts should be made to develop a molecular network landscape of magnesium-mediated sleep
regulation using multi-omics approaches (eg, transcriptomics and metabolomics), aiming to elucidate the interactive
mechanisms across neurotransmitter, endocrine, and immune pathways. Secondly, more high-quality clinical translational
research is needed, integrating wearable devices for real-time monitoring of sleep parameters and magnesium ion levels,
to define the magnesium intervention thresholds and optimal supplementation protocols for different sleep disorder
subtypes. In sleep studies, magnesium oxide, magnesium citrate or magnesium L-aspartate were used as interventions.
And magnesium glycinate and magnesium threonate are widely used and not very expensive in clinical practice. In the
future, more drugs combining magnesium with other trace elements or vitamins can be developed (Figure 3).

Sleep disorders

Low No
magnesium

l Yes

Assessment of sleep status

!

Magnesium supplementation
therapy

l

No Improvement
of sleep status

Stop magnesium
treatment

Figure 3 A decision-making flowchart of magnesium therapy in sleep disorders.
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Conclusion

As sleep disorders have emerged as a prevalent concern in daily life, research on sleep and sleep-related diseases has
perhaps become more crucial than ever before. In recent years, the role of magnesium in sleep disorders has garnered
substantial attention. Further exploration of magnesium’s function in sleep health may help elucidate the physiological
mechanisms underlying sleep health and the pathophysiology of sleep disorders. Magnesium is involved in sleep
disorders through various mechanisms. An increasing body of evidence suggests a bidirectional relationship between
magnesium deficiency and sleep disorders. In specific sleep disorders, magnesium deficiency can contribute via two or
more mechanisms, which may exhibit a synergistic effect. Magnesium deficiency may elevate neural excitability,
increase muscle tension or exacerbate oxidative stress responses, thereby impairing the synthesis of sleep-inducing
hormones, altering normal circadian rhythms and sleep architecture. Conversely, sleep disorders can disrupt dietary
magnesium intake and its absorption in the gastrointestinal tract, thereby contributing to magnesium deficiency in the
body. However, high-quality, comprehensive, and systematic investigations are still required to clarify the mechanisms
underlying the association between magnesium and sleep disorders, laying a solid foundation for the clinical application
of bidirectional interventions. Magnesium supplementation can be integrated with traditional pharmacological and non-
pharmacological interventions to implement comprehensive management strategies, offering new entry points for the
diagnosis and treatment of these diseases.

Highlights

1. Magnesium regulates sleep health through multiple physiological mechanisms.

2. Magnesium intervention has improving effects on certain sleep disorder diseases.

3. There is a bidirectional association between magnesium deficiency and sleep disorders.
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