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Magnesium (Mg) is a crucial mineral that is required for maintaining many of the physiological processes, including immune
regulation. The immune system is a protective strategy against pathogenic infection, allergic reaction and tumour development.
Dysregulation of immune functions results in different pathological conditions, including autoimmune disease, allergic diseases
and infectious diseases. Mg plays a role in the modulation of immune responses through the regulation of the activation,
proliferation and differentiation of immune cells. Moreover, research has shown that Mg participates in the treatment and
prevention of different diseases, so it may serve as a therapeutic drug. Mg immunoregulatory activity and its applications in
prevention and treatment of immune-related disorders are discussed herein. Immunosuppression, reduced phagocytosis and
suppressed natural killer cell function were associated with low concentrations of Mg, and these are critical for protection against
viruses. Mg further affects inflammatory cytokine release and modulation of NF-xB, a key immune signalling cascade. Evidence
corroborates that supplementation with Mg might alleviate symptoms of immune diseases like SLE, bronchial asthma, in-
flammatory bowel disease and microbial infection. However, it is critical to conduct trials for establishing optimum dosing
paradigms as well as the long-term impact of Mg supplementation in the frame of immune disease.
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1. Introduction

The immune system of the body is a complex network of
organs, tissues, cells and molecules that cooperate in order to
fight against pathogens and foreign substances [1]. It is an
integral part of physiological function and has a funda-
mental role in maintaining a healthy body. The immune
system can be generally divided into two categories: native
immunity and adaptive immunity. Innate immunity is the
body’s initial defence and includes physical barriers, like the
skin and mucous membranes, as well as certain cells, such as

macrophages and neutrophils, which can swallow and de-
stroy invading pathogens [2]. The adaptive immunity,
however, is more specific and designed for a particular
pathogen. This is a process whereby antibodies are produced
and T and B lymphocytes, which are the immune cells that
can identify and target specific pathogens, are activated. The
process guarantees a more effective and precise treatment of
various kinds of illnesses [3].

The immune response begins when the body encounters
an antigen, which is a foreign substance that triggers an
immune response [4]. Antigens can be part of pathogens,
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such as bacteria and viruses, or be derived from foreign
materials, such as pollen or chemicals. When an antigen is
detected, it triggers a series of events that activate the im-
mune system. One of the key players in the immune re-
sponse is the white blood cells (WBCs), also known as
leukocytes [5]. These cells are responsible for recognizing
and eliminating pathogens and foreign substances. There are
several types of leukocytes, including neutrophils, mono-
cytes and lymphocytes [6]. Neutrophils are the most
abundant type of WBCs and are often among the first re-
sponders to an infection. They can quickly migrate to the site
of infection and release powerful chemicals to destroy in-
vading pathogens. Monocytes, on the other hand, are re-
sponsible for engulfing and digesting pathogens and play
a critical role in the immune response [7]. Lymphocytes are
specialized immune cells that are involved in adaptive im-
munity. They are further divided into two main types—T
lymphocytes and B lymphocytes [8]. T lymphocytes, also
known as T cells, help coordinate the immune response and
directly attack infected cells. They can recognize specific
antigens and activating other immune cells, such as B cells. B
lymphocytes, on the other hand, produce antibodies, which
are proteins that can bind to specific antigens and neutralize
them or mark them for destruction by other cells [9].

Nevertheless, immunity is not mediated by the immune
cells alone. Cytokines and chemokines are key molecular
components that regulate immune responses [10]. These
molecules are synthesized by immune cells and function as
both proinflammatory and anti-inflammatory mediators
[11]. Understanding this system is crucial for developing
strategies to address various diseases. From this perspective,
magnesium (Mg), a micromineral, is thought to regulate
immune function and to play essential roles in various
physiological processes [12]. Therefore, the review highlights
the various roles of Mg in modulating immune function,
with a particular focus on T cells, immunoglobulins (Igs),
neutrophils and macrophages. It also explores the re-
lationship between magnesium and antioxidant mecha-
nisms. Furthermore, the review addresses ongoing
controversies in magnesium-related immune studies,
highlighting current research challenges and proposing
directions for future investigation.

2. Mg as a Versatile Element for Human Health

Mg is categorized as an alkaline earth metal and among the
most significant mineral nutrients that are involved in
several physiological activities within the human body [13].
This compound is one of the most commonly found ele-
ments which may be consumed by people in relatively large
amounts with various types of food being required for stable
and healthy functioning [14]. It is established that Mg plays
a significant role in more than 300 metabolic processes in the
human body. It plays an important role in the creation of
DNA and RNA and participating in the production of
energy and muscle and nerve function, and the development
and maintenance of bones and teeth [15-17]. Moreover, Mg
is required for the enzymes participate in a variety of bio-
chemical processes, including carbohydrate, protein
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synthesis, the regulation of blood pressure and other ac-
tivities [18]. The foods that are rich in Mg are green vege-
tables, nuts, seeds, whole grain cereals, processed legumes
and fish. It becomes necessary to include these foods in the
diet given to the body for adequate Mg intake. Nevertheless,
a shortage of Mg frequently occurs in elderly people and
those having gastrointestinal pathologies or alcohol
dependence [19].

Mg has the capability to be therapeutically useful in various
disorders. However, the important issue is the complexity on
how Mg reacts in cardiovascular, bone, energy metabolic and
mental activities and processes. It functions as a cofactor of
enzymes involved in several aspects of energy metabolism in
tissues of the body. It is involved in the production of adenosine
triphosphate (ATP) the energy source in cells. Mg helps in the
synthesis of ATP by enhancing the ATP synthase, which is
responsible in synthesizing ATP [20]. Also, Mg plays an im-
portant role in glucose homeostasis and regulation of insulin
release helping to maintain normal blood glucose levels [21, 22].
In turn, a lack of Mg in the body can result in energy depletion
and cause fatigue and weakness. Besides that, Mg contributes to
the cardiac health. A review of scientific studies discovered that
the intake of Mg is directly related to a decrease in the oc-
currence of cardiovascular diseases including hypertension and
stroke [23]. Interestingly, Mg is a natural calcium channel
blocker which helps to dilate blood vessels and therefore reduce
blood pressure [24]. It has positive impact in regulating the
cardiac rhythm and managing arrhythmias [25, 26]. Conse-
quently, sufficient dietary intakes in Mg could improve car-
diovascular health.

Mg is also used for maintaining healthy bones. It forms
a defence mechanism with calcium and vitamin D to
contribute positively to bone health and reduce osteoporosis.
Different analyses have demonstrated that the dietary Mg
consumption is also significant and related directly with the
bone mineral density [27, 28]. Moreover, Mg plays role in
formation of collagen, a necessary protein for bone and
tissue construction [29]. Hence, Mg intake together with
calcium and vitamin D might have beneficial effects on bone
structure decreasing the risk of fractures.

Recent evidence has also found positive correlation
between Mg and mental health. A finding showed that Mg
plays a role in effective prevention and treatment of de-
pression and anxiety disorders. Some past researchers have
found that low levels of Mg are also linked with anxiety and
depression symptoms [30]. Based on their properties as
a calcium channel blocker, Mg also influences the HPA
stress response system [31]. In addition, Mg competes for the
N-methyl-D-aspartate (NMDA) receptor causing the release
of neurotransmitters involved with mood modification [31].
As a result of its numerous effects on neuromodulation and
signal transmission, Mg could be considered for human trial
as an adjunct to treatment of certain mental ailments.

3. Role of Mg in Immune Regulation

3.1. Mg and T-Cell Activation. Substantial evidence dem-
onstrates that Mg plays an important role in the overall
immune system activity and T-cell stimulation [32]. This
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indicates that Mg is involved in the adaptive immunity and
helps body to fight infections and diseases. Among the
multiple biochemical pathways, Mg affects that the activa-
tion process of T cells is through cytokine regulation. Cy-
tokines are immunological signalling factors and have been
considered as chemical mediators of intercellular commu-
nication between immune cells. It is clear that restrictive
intake of Mg slows down cytokine synthesis, which in turn
affects T-cell function and subsequently compromises the
immune system [33]. Mg is required for the active transport
of ions like calcium across T-cell membranes. As calcium
signalling is critical for T-cell activation, this Mg-dependent
regulation ultimately influences cytokine production [34].

Mg also plays a role as a cofactor of enzymes that are
involved in the T-cell activation pathways. Mg is needed in
the activation of kinases which play an essential role for T-
cell receptor signalling and thus for T-cell activation [35]. It
is hypothesized that inactivation of kinases may result in T-
cell dysfunction and immunosuppression, while Mg plays
a crucial role in this process. Apart from its specific function
in T-cell activation, Mg is involved in immunomodulation in
the body. Research shows that Mg deficiency modulates the
T-helper 1 (Th1) and T-helper 2 (Th2) cells or subgroups of
T cells with distinct immunity roles [36]. It has also discussed
on Mg deficiency leads to increased numbers of Th2 cells and
suppressed Thl cells, which are dangerous for individuals
with immunosuppression, allergic diseases and autoimmune
disorders [32]. Furthermore, it has also been seen that Mg
plays immunomodulatory role in the activity of regulatory
T cells (Tregs). Tregs are involved in preserving immune
tolerance and avoiding self-reactivity of the immune system
formation. Some studies have identified a shortage in Mg
will decrease Tregs level, making the immune system to be
impaired [37]. Other study also revealed that Mg intake
increases Treg functionality, thereby preventing autoim-
mune illnesses [38].

3.2. Mg and Ig Production. Igs, or antibodies, are molecules
of adaptive immunity and are crucial for protection against
invasive agents. This is synthesized by B lymphocytes, also
known as B cells, part of the human immune system. The
synthesis of Ig is called B-cell activation, and it is charac-
terized by multiple signalling pathways. Some of the cell
signalling pathways include the B-cell receptors (BCRs)
cross-linking and antigen binding. Mg is involved in the
BCR signalling as a cofactor in the activation of B cells on the
recognition of the antigen [39]. It is important for the later
synthesis of Igs. In addition to this, the study has discovered
that Mg is not only involved in B-cell activation but also in
its maturation. Some investigations observed that in-
adequate supply of Mg lead to the poor differentiation and
proliferation of B cell and reduced Ig [40].

It is also required in the proper functioning of those
enzymes which are associated with DNA synthesis and
repair. These processes are necessary for the formation of
new B cells and Ig [41]. DNA polymerase and DNA ligase
utilize Mg as a cofactor to perform the reactions effectively.
Thus, Mg deficit may prevent the replication of B cells and

consequently reduce Ig synthesis [42]. Additionally, it
contributes to regulation of signal transduction, the process
of converting extracellular stimuli into intracellular signal to
which causes variety of cellular responses [43]. Mg interacts
as a cofactor with enzymes involved with signal trans-
duction, such as protein kinase and G-protein enzymes [44].
These enzymes are essential for the activation and differ-
entiation of B cells into Ig-producing plasma cells [45].

Class switching is a process whereby B cells produce
different Ig subclasses in some stage of an immune response
(e.g., IgM to IgG). This process is very crucial for proper
immune responses. There is evidence that Mg plays a role in
class switch, and different research types have established
that the absence of Mg affects class switching capability
synthesis. While Klinken et al. [46] established that Mg
deficiency impairs B lymphocyte activation and Ig synthesis,
likely due to B-cell pathophysiological changes, Dominguez
et al. [47] found that increased Mg intake in the elderly
improves Ig class switching, suggesting enhanced immunity.

Numerous cross-sectional research investigations have
suggested evidence of relationship of Mg with various dis-
eases including upper respiratory tract infections (URTIs)
and asthma. The study by Gilliland et al. [48] also showed
that children with higher intake of Mg were less likely to get
URTI. Another qualitative study conducted by Britton et al.
[49] showed that increased Mg levels enhances lung function
and subsequently decrease the symptoms of asthma among
patients.

Mg affects cytokines that are related to the immune
response by regulating their production and activity. Tu-
mour necrosis factor-alpha (TNF-alpha) is viewed as the
most prominent inducer of apoptosis and regulator of
immune response in healthy as well as in disease organisms.
The physiological antithetic action of TNFRs occurs via TNF
receptor I (TNFR1) and TNF receptor II (TNFR2) [50].
TNF-alpha and interleukin 2 (IL-2) are regulated by Mg. IL-
2 is important in the production and development of B cells,
while TNF-alpha is part in the maturation of the B cells
[51, 52]. Thus, deficiency of Mg affects the balance of cy-
tokines necessary for the synthesis of Ig. Moreover, Mg
seems to have an indirect effect on Ig because it stimulates
the immunocompetence. Lack of Mg results in chronic
inflammation and oxidative stress that reduces immuno-
competence as noted by Mazur et al. [53]. Chronic in-
flammation affects B cell’s mitotic activity and its ability to
mature into Ig cells. Oxidative stress, in contrast, causes B-
cell injury, which shortens their life span and interferes with
the constant secretion of Ig [54].

3.3. Mg and Neutrophil Function. Neutrophils form part of
the immune system and are formed in the bone marrow;
their functions include the protection of the body against
bacteria and fungi. It was noted as unique cells containing
capability to engulf pathogens through a procedure known
as phagocytosis. This process utilizes formation of reactive
oxygen species (ROS) inside neutrophils and given that these
cells are toxic to bacterial cells. However, ROS generation
also has a deleterious impact on host tissues and can cause



tissue inflammation and injury. It is believed that Mg is
involved with neutrophil regulation particularly on ROS
generation. Studies performed by Bussiere et al. [55] have
adapted rat model to show that Mg deficiency rats displayed
reduced neutrophil function and overproduction of in-
flammatory mediators. The authors identified rats with Mg
deficiency leads to higher levels of ROS, which causes more
tissue damage and inflammation during an infection.

Another enzyme that contributes to ROS formation is
NADPH oxidase that produce superoxide radicals. Research
revealed that Mg ions are needed for the production of
NADPH oxidase and thereby ROS generation by neutrophils
[56]. Moreover, it has been established that Mg deficiency
decreases the NADPH oxidase in neutrophils, therefore
decreasing ROS production [57]. Other than that, a study by
Lerman and Kim [58] clearly showed that when the subjects
were deficient in Mg, their neutrophil migration and che-
motaxis were compromised. The same way, treatment with
low Mg led to decreased expression of adhesion molecules
and decreased ability to attract neutrophils to the site of
infection.

Mg has also been documented to influence the secretion
of several cytokines and inflaimmatory mediators from
neutrophils. Mg deficiency has been shown to increase levels
of proinflammatory cytokines, such as IL-1p and TNF-aq, in
neutrophils; conversely, Mg supplementation suppresses the
release of these cytokines, suggesting its anti-inflammatory
effects [59, 60]. This suggests that deficiency of Mg not only
slow down the immediate role of neutrophils in the de-
struction of microbes but also leads to an overproduction of
the inflammatory proteins, which is clearly threatening. This
mineral is also vital in neutrophil extracellular trap (NET)
released which help in pathogens trapping and inflammation
modulating [61]. However, it should be noted that Mg not
only impacts the neutrophils but also other elements of the
immune system.

3.4. Mg and Macrophage Function. Macrophages are part of
the immune system that is responsible for various immune
responses and tissue remodelling. These immune cells are
involved in phagocytosis, antigen presentation and cytokine
secretion that controls the immune response. On the other
hand, phagocytosis is an essential function of macrophages
through which they surround and remove intruding path-
ogens. Study confirmed that macrophages isolated from Mg-
deficient rats had decreased values for ROS and reduced
phagocytic capabilities as compared to control macrophages
[62]. This suggests Mg has a primary role on the macrophage
phagocytic activity by boosting ROS production while
performing as a cofactor for enolase [40].

It has also been demonstrated that Mg controls cytokine
production in macrophage cells. A study by Qiao et al. [63]
demonstrated that Mg loss limited the synthesis of impor-
tant inflammatory signalling molecules by macrophages. The
authors established Mg deficiency resulted in low pro-
duction of cytokines like the IL-6 and IL-10 by macrophages
profoundly demonstrating a weak immune response. Fur-
thermore, Hu et al. [64] reported that Mg supplementation
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could increase the synthesis of such cytokines as the TNF-
alpha, the IL-6 and the IL-1 beta in Mg-deficient macro-
phage. On the other hand, reduced cytokine production in
macrophages has been reported where Mg is deficient [65].
Such results indicate that an adequate Mg level is required
for macrophage activity in controlling inflammation.
Macrophages are also involved in antigen presentation,
which is essential in the activation and regulation of im-
munity. Libako et al. [66] suggested that deficiency of Mg in
the diet affected function and cytokine production of
macrophages a reduced macrophage antigen presentation
through downregulation of major histocompatibility com-
plex (MHC) Class II molecules. MHC Class II molecules
present antigens to helper T cells making the body initiate an
adaptive immunity response. Thus, Mg is necessary in
macrophage antigen presentation, therefore boosting im-
mune reaction. In another study by Appelberg [67], it was
shown that Mg deficiency chronically affected the antimi-
crobial effects of macrophages through a decrease in the
antimicrobial peptide synthesis. These results indicate that
Mg deficiency impairs the capability of macrophages to kill
pathogens and trigger effective immune responses.

3.5. Mg and Antioxidant Defence. Antioxidants function as
protective agents against destructive oxidative stress con-
ditions that result from an unbalanced relationship between
ROS production and natural antioxidant defences [68]. ROS
emerge during natural metabolic activities including both
energy production and immune system processes [69]. The
antioxidant defence mechanism of the body normally
controls and eliminates dangerous ROS [69]. The body
increases ROS production in specific situations such as
chronic disease presence and toxin exposure together with
environmental pollution which creates oxidative stress be-
cause the antioxidant defence system becomes
overwhelmed.

Mg plays complex roles in antioxidant defence through
its dual enzymatic and nonenzymatic protective functions.
Through enzymatic actions, Mg facilitates the synthesis
along with activation of glutathione which functions as
a strong endogenous antioxidant. Glutathione functions as
a free radical scavenger while simultaneously regenerating
vitamins C and E through its antioxidant activities. More-
over, superoxide dismutase (SOD) requires Mg to perform
its enzyme activity converting the superoxide radical into
harmless molecules. As part of its biological functions, Mg
participates in metallothionein production which results in
proteins that bind to heavy metals to prevent their toxic
effects. The antioxidant properties of metallothioneins in-
clude free radical scavenging and protection against lipid
peroxidation. The calcium antagonist effect of Mg blocks
high calcium entry into cells, thus preventing ROS gener-
ation during oxidative damage.

Several studies have investigated the relationship be-
tween Mg intake and oxidative stress markers in different
populations. A study conducted by Morais et al. [57] found
an inverse association between dietary Mg intake and oxi-
dative stress markers in individuals with metabolic
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syndrome. Another study by Ma et al. [70] demonstrated
that Mg supplementation resulted in a decrease in oxidative
stress markers and an improvement in antioxidant status in
patients with Type 2 diabetes. Furthermore, studies have
shown that Mg supplementation can improve antioxidant
defence in specific populations. In individuals with chronic
kidney disease, Mg supplementation has been shown to
reduce oxidative stress markers and improve antioxidant
enzyme activity [71]. Similarly, Mg supplementation in
patients with acute myocardial infarction has been found to
enhance antioxidant enzyme activity and reduce oxidative
stress [56]. Table 1 summarizes the various roles of Mg in
modulating immune responses.

4. Mg-Mediated Immune
Regulation in Diseases

4.1. Allergic Diseases. Mg deficiency has been associated with
numerous allergic disorders. This occurs when the immune
system overreacts to common environmental substances,
such as pollen, dust mites, pet dander, and certain food
items. As their prevalence continues to grow, there is an
urgent need for new preventive and therapeutic strategies.
Research highlights the potential of Mg as an essential
mineral in modulating allergic diseases and supporting
immune balance.

Mg functions through multiple pathways to modulate
allergic disease manifestations. By regulating inflammatory
mediator production including cytokines and histamine, Mg
influences immune responses in allergic conditions, in-
ducing functional changes in immune cells central to these
diseases. As demonstrated by Drenthen et al. [72], Mg
suppresses proinflaimmatory cytokines like interleukin-4
(IL-4) and IL-13, which drive key allergic processes. Im-
portantly, IL-4 and IL-13 amplify allergic inflammation via
the STAT6/GATA3 axis: STAT6 activation induces the
master transcription factor GATA3, which in turn enhances
IL-4/IL-13 gene expression and stabilizes Th2 cell com-
mitment [73]. Although no study has directly documented
Mg inhibiting STAT6/GATA3 to suppress IL-4/IL-13 se-
cretion, preclinical evidence suggests Mg disrupts this cas-
cade upstream [74]. However, clinical evidence confirming
these cytokine-specific effects in humans remains limited.

In addition, Mg regulates T-helper cell (Th) activity by
promoting a Thl-biased immune response while sup-
pressing Th2 cell differentiation, thereby reducing immu-
noglobulin E (IgE) production and mitigating allergic
sensitivity [75]. The immune system minimizes allergic
responses through changes in IgE production when this shift
occurs. Importantly, Mg blocks histamine release from mast
cells and maintains its inhibitory behaviour against allergens
[76, 77], suggesting that Mg acts as an endogenous calcium
channel blocker. This ascertains the involvement of Mg in
antiallergic effects via inhibition of mast cell degranulation,
which plays a central role in histamine release and the early
phases of allergic responses. Mast cell degranulation is
a calcium-dependent process. Upon activation, mast cells
require a rapid influx of extracellular calcium (Ca®") to
trigger the release of histamine. Mg competes with calcium

at these channels, reducing Ca®" influx and thereby inhib-
iting the activation of intracellular enzymes such as protein
kinase C and phospholipase C, both crucial for
degranulation [78].

Mg deficiency is associated with multiple factors, in-
cluding poor dietary intake, alcoholism, medications (e.g.,
diuretic agents and proton pump inhibitors) and gastro-
enteritis, is epidemiologically linked to higher prevalence of
allergic disorders such as bronchial asthma and allergic
rhinitis [79]. This deficiency elevates both risk and severity of
allergic diseases by dysregulating immune and inflammatory
pathways critical for controlling allergic response initiation
[79]. Clinical evidence robustly supports the therapeutic
potential of Mg across diverse allergic conditions. In asthma,
a paediatric RCT demonstrated improved lung function and
reduced symptoms with 300 mg/day oral Mg supplemen-
tation [80], while an adult RCT using 340 mg/day Mg citrate
significantly enhanced bronchial reactivity and quality of life
versus placebo [81]. For allergic rhinitis, Mg-rich salt cave
therapy reduced antihistamine use and improved nasal
airflow in children [82]. In dermatological conditions,
a clinical trial in paediatric diaper dermatitis demonstrated
that Mg cream accelerated healing while significantly im-
proving erythema, scaling and skin tension after 7 days [83].
Nevertheless, clinical evidence directly documenting the
impact of Mg on cytokine modulation like IL-4/IL-13
suppression remains underexplored.

Taken together, this evidence positions magnesium as
a multifunctional modulator in allergic diseases. Its ability to
regulate cytokine production, shift the Th1/Th2 balance and
directly inhibit calcium-dependent mast cell degranulation
highlight its therapeutic relevance in managing allergic
inflammation and preventing excessive histamine-driven
responses.

4.2. Autoimmune Diseases. Mg influences cytokine syn-
thesis, which is a key mediator in immune communication.
Various studies have reported that Mg deficiency impairs the
immune system and predisposes people to infections and
inflammatory disease [47, 53, 84]. In autoimmune disease,
inflammation is a hallmark feature. Increased production of
proinflammatory cytokines such as TNF-a and IL-6 is
commonly observed. Mg has been reported to suppress the
release of these cytokines, thus possessing anti-inflammatory
effects [59, 60, 85]. Mg deficiency has also been linked to the
development and progression of autoimmune diseases. For
example, Mg deficiency is associated with disease severity
and activity in patients of systemic lupus erythematosus
(SLE) [86]. Supporting this, Verlato et al. demonstrated that
oral Mg supplementation protects against lupus progression
in murine models by expanding Tregs and intestinal
microbiome [87]. The high-Mg diets increased
CD4*"FOXP3" Tregs expansion, which directly reduced
pathogenic anti-dsDNA autoantibodies promote immune
tolerance. This resulted in Mg supplementation as a prom-
ising strategy to correct Treg deficits in SLE, warranting
clinical validation in patients. Similarly, rheumatoid arthritis
(RA) patients exhibit lower Mg concentrations compared to
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healthy controls [88, 89]. In line with the findings in SLE,
Laragione et al. demonstrated that increased dietary Mg
intake expands FOXP3™ Treg populations, elevates IL-10
levels, suppresses pathogenic cytokine expression and ulti-
mately reduces arthritis severity and joint damage in
a murine model [38]. This study provides the first experi-
mental evidence of the immunomodulatory efficacy of Mg in
RA. Taken together, these findings establish magnesium as
a protective modulator against autoimmune pathology
through Treg-mediated immune regulation and IL-10-de-
pendent inflammation control.

Multiple sclerosis is an autoimmune disease with
characteristics of demyelination within the central
nervous system’s nerve fibres. Decreased Mg levels have
been recognized in MS patients compared to control subjects
[90-92]. Clinical results and quenching of disease activity
have been well documented upon supplementation with Mg
[93-95].

The gut microbiota plays a critical role in regulating
immune responses and maintaining gut barrier integrity.
Interestingly, Mg deficiency has been associated with al-
terations in gut microbial composition, leading to dysbiosis
that can trigger immune dysregulation and drive autoim-
mune pathogenesis [96, 97]. Mg enhances immune tolerance
by modulating microbiome-derived metabolites, particu-
larly short-chain fatty acids (SCFAs). It promotes the growth
of SCFA-producing bacteria such as Bacteroides and Rose-
buria, and acts as a cofactor for bacterial enzymes like
butyryl-CoA transferase, directly supporting SCFA syn-
thesis. As such, Mg helps stabilize colonic pH and reinforces
gut barrier integrity, thereby preventing inflammation-
induced dysbiosis. SCFAs activate host receptors (GPR43
and GPR109a), leading to epigenetic modifications that
expand Tregs and increase IL-10 secretion. In experimental
arthritis models, Mg supplementation reduced joint damage
via microbiome-dependent IL-10 pathways [38]. Collec-
tively, these findings suggest that Mg orchestrates a tolero-
genic microenvironment, suppresses inflammation and
offers a microbiome-targeted strategy to restore immune
tolerance in autoimmune diseases. For a comprehensive
review on the effects of dietary Mg restriction on peritoneal
immune cells and the intestinal microbiome, readers are
encouraged to read the recent work by Lima et al. [98].

Other than that, autoimmune thyroid diseases such as
Hashimoto’s thyroiditis and Graves’ disease are common
autoimmune disorders. Mg insufficiency is associated with
an increased risk of thyroid autoimmunity and the two
diseases [99-101].

4.3. Inflammatory Bowel Disease (IBD). IBD is a chronic
inflammatory disease of the gastrointestinal tract, led by
Crohn’s disease (CD) and ulcerative colitis (UC) [102, 103].
They are characterized by an abnormal immune response
against the gut microbiota and the resultant release of
proinflammatory cytokines [104]. Consequently, the in-
testinal barrier is disrupted, and there is infiltration with
damaging pathogens and antigens, leading to tissue injury
and inflammation [105, 106]. The conventional therapies for

IBD are biological agents, corticosteroids and immuno-
suppressive drugs [107, 108]. However, such drugs typically
have several side effects and are not highly effective in
causing long-term remission.

Mg has come under the spotlight as a novel comple-
mentary treatment option for IBD due to its anti-
inflammatory action. Various research studies have shown
that supplementation with Mg decreased the concentration
of proinflammatory cytokines such as IL-6 and TNF-a in
animal models of colitis [109]. Mg has been reported to
suppress the release of proinflammatory cytokines like
TNFa and IL-1p, thereby exerting anti-inflammatory effects
as evidenced by a study where Mg supplementation reduced
gastrointestinal tract inflammation in rats through modu-
lation of these cytokines [110].

Beyond its immunomodulatory effects, Mg also plays
a crucial role in maintaining intestinal barrier integrity by
regulating tight junction proteins. These junctions, com-
prising claudins, occludins and zonula occludens (ZO)
proteins, are vital for controlling paracellular permeability
[111]. Mg deficiency has been shown to downregulate these
proteins, claudin-1 and occluding, in particular, leading to
increased intestinal permeability or ‘leaky gut’. For instance,
in grass carp (Ctenopharyngodon idella), Mg deficiency
impaired intestinal growth and structural integrity, as evi-
denced by reduced expression of occludin, ZO-1 and various
claudins [112]. This was accompanied by upregulation of
myosin light-chain kinase (MLCK), an enzyme that disrupts
tight junctions via cytoskeletal contraction.

Similarly, in a murine model, Mg-deficient mice showed
significantly lower mRNA levels of occludin and ZO-1 in the
ileum, along with elevated TNF-a and IL-6 [113]. These
changes coincided with a transient reduction in Bifido-
bacterium spp. beneficial microbes involved in mucosal
homeostasis. Although partial recovery in microbiota
composition and tight junction expression occurred over
time, the initial disruption highlights the sensitivity of gut
barrier function to Mg availability. Conversely, Mg sup-
plementation has been shown to upregulate tight junction
proteins, reinforcing barrier function and preventing the
translocation of microbial antigens, a key trigger in IBD
pathogenesis. This dual capacity to suppress inflammation
and fortify epithelial integrity positions Mg as a promising
adjunctive strategy in IBD management.

Furthermore, Mg can modulate the synthesis and ac-
tivity of nuclear factor-kappa B (NF-xB), a key transcription
factor involved in the regulation of inflammatory processes
[114]. Under inflammatory stimuli, NF-kB is activated via
the phosphorylation and subsequent degradation of its in-
hibitor, IxB, allowing NF-«kB subunits such as p65 (RelA) to
translocate into the nucleus and initiate transcription of
proinflammatory genes, including adhesion molecules, cy-
tokines and chemokines [115-117]. Mg supplementation
was shown to inhibit NF-kB activation and thus reduce
inflammatory gene expression in different cell culture and
animal models [118-120]. Specifically, Mg treatment was
reported to suppress NF-«kB activation by preventing IkB
phosphorylation and inhibiting the nuclear translocation of
the p65 subunit, thereby blocking downstream gene



transcription. In the study by Chen et al. [121], Mg sup-
plementation attenuated NF-xB signalling and significantly
decreased levels of proinflammatory mediators in intestinal
epithelial cells. This suppression of NF-kB activity was as-
sociated with a protective effect against intestinal epithelial
barrier dysfunction, further supporting the role of Mg in
maintaining gut homeostasis.

In addition, Mg can affect the diversity and structure of
the gut microbiota, which is a key element in IBD patho-
genesis [122-124]. As mentioned previously in Section 4.2,
such dysbiosis may compromise SCFA production, reduce
Treg activation, and promote mucosal inflammation, factors
that collectively worsen IBD progression. Mg has also been
found to promote the growth of beneficial bacteria such as
Bifidobacterium spp. and Lactobacillus spp., while inhibiting
the growth of harmful bacteria such as Escherichia coli and
Clostridia [125, 126]. Importantly, these commensal bacteria
produce the SCFAs like butyrate and acetate, which play
essential roles in maintaining epithelial barrier integrity and
regulating immune tolerance [127]. Mg supplementation has
been associated with enhanced butyrate and acetate pro-
duction, likely through its ability to support SCFA-
producing microbial populations. Butyrate, in particular,
is a major energy source for colonocytes and exerts anti-
inflammatory effects by promoting Treg differentiation
[128]. In vivo models have demonstrated that Mg supple-
mentation improves gut microbiota structure and increases
SCFA levels, thereby alleviating gut inflammation in ex-
perimental colitis models [129, 130].

Beyond experimental models, the clinical significance of
magnesium is emphasized by findings of Mg deficiency in
IBD patients that possibly due to malabsorption, increased
urinary excretion or poor dietary intake [131]. In the study
by Hussien et al. [132], Mg was significantly lower in UC
patients, which was associated with disease severity and
active inflammation. Therefore, Mg supplementation can be
beneficial for IBD patients by alleviating these deficiencies
and improving disease outcomes.

4.4. Infectious Diseases. Viruses pose a significant threat to
public health worldwide, with infections such as influenza, HIV
and hepatitis being major causes of morbidity and mortality. It
is particularly noteworthy that Mg possesses antiviral activity
against various viral pathogens. Tang et al. [133] and Nabi-
Afjadi et al. [134] have established in their studies that Mg**
inhibit the viral replication of viruses such as coronavirus
disease 2019 (COVID-19) and severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), respectively.

While the exact mechanisms of Mg associated with the
infections are still being elucidate, several possible actions
have been proposed. Notably, COVID-19 patients have been
reported to exhibit significantly reduced serum Mg levels,
particularly during the early stages of SARS-CoV-2 in-
fection, suggesting a possible role for Mg in the patho-
physiology and progression of the disease [135]. SARS-CoV-
2 relies on host proteolytic enzymes such as TMPRSS2,
cathepsin L and furin for spike protein activation and cell
entry [136]. Indeed, Mg has been shown to suppress

Scientifica

TMPRSS2 expression through promoter DNA methylation,
as observed in colorectal cancer patients, indicating its
potential to limit viral entry and progression in early or mild
COVID-19 [137]. Mg may inhibit furin, a calcium-
dependent protease, due to its calcium antagonist proper-
ties, further reducing viral infectivity [138]. Altogether, Mg
supports antiviral defence by blocking viral RNA poly-
merases and disrupt viral attachment to host cells, high-
lighting its potential as a supportive micronutrient in early
infection.

Bacterial infections such as pneumonia and sepsis pose
a major public health issue globally. Interestingly, Mg has
also shown to possess antimicrobial properties against
certain bacterial pathogens. Das et al. [139] in their research
set up that Mg enhances the efficacy of standard antibiotics
against antibiotic-resistant bacteria such as diarrhoea-
causing MDR bacteria E. coli and S. flexneri. At elevated
concentration, Mg has been found to disrupt bacterial
biofilm formation by downregulating the expression of
extracellular matrix genes, such as epsA-O and tapA, in
Bacillus spp., thereby impairing a key resistance strategy
without affecting bacterial growth [140]. Additionally, Mg
alters bacterial membrane lipid composition in Vibrio
alginolyticus, which destabilizes the membrane, increases
fluidity and disrupts the proton motive force [141]. These
changes enhance antibiotic uptake and sensitize bacteria to
agents like fluoroquinolones. Furthermore, while more data
are needed in bacterial systems, evidence from fungal models
such as Candida albicans suggests that Mg levels may in-
fluence the activity of multidrug efflux pumps, reducing
drug expulsion and increasing intracellular antibiotic con-
centration [142]. Collectively, these actions highlight Mg’s
potential as a supportive agent in enhancing antibiotic ef-
ficacy, especially against resistant bacterial pathogens.

Yet, another study established that Mg regulates the
production of bacterial toxins, which is behind the patho-
genesis of enteropathogenic Escherichia coli (EPEC) [143],
whereas fungal infections, largely caused by Candida spp.,
infect millions of individuals worldwide, especially those
with compromised immune systems. Studies have estab-
lished that a deficiency in Mg predisposes individuals to
fungal infections. Other than that, study also demonstrated
that Mg inhibits the growth of Candida albicans, which is the
most common Candida spp. to cause infections in human
beings [144].

4.5. Cancers. Cancer is a multistage condition that arises
from the uncontrolled growth and proliferation of abnormal
cells. The immune response is a crucial element utilized in
the identification and destruction of the cancer cells [145].
The cancer cells have, however, developed multiple mech-
anisms by which they evade being detected by the immune
system and hijack the immune response. It is increasingly
evident that the trace element Mg, which possesses diverse
biological functions, also has a function to contribute to
cancer modulating immune responses. The tumour mi-
croenvironment (TME) is an active system of cancer cells,
immune cells and stromal cells [146].
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Importantly, Mg has been shown to enhance T cell-
mediated  immune  responses.  Research  reveals
that Mg functions as a regulatory cofactor for several key
kinases in the TCR signalling pathway, including
lymphocyte-specific protein tyrosine kinase (Lck) and IL-
2-inducible T-cell kinase (ITK) [35]. While ITK is highly
sensitive to physiological levels of Mg, Lck also exhibits Mg-
dependent activity at higher intracellular concentrations,
indicating that sufficient Mg®" availability is crucial for
optimal kinase activation. Mg promotes TCR signalling by
facilitating Lck phosphorylation and enhancing calcium
influx, both essential steps for full T-cell activation [147].
Additionally, Mg supports T-cell proliferation, survival and
cytokine production and enhances cytotoxic activity by
increasing the release of perforin and granzyme B [39].
Beyond its intracellular effects, Mg also helps stabilize the
tumour immune microenvironment, improve T-cell in-
filtration and reduce T-cell exhaustion, thereby augmenting
antitumour immunity. These multifaceted actions suggest
that Mg is not only a vital micronutrient but also a promising
adjuvant in cancer immunotherapy.

Beyond T cells, Mg influences the function of NK cells in
TME. Mg deficiency compromises NK cell cytotoxicity by
disrupting signalling pathways essential for activation, de-
granulation and target recognition, thereby weakening in-
nate immune defence against tumours [148]. Macrophages,
which may either promote or suppress tumour progression
depending on their polarization, are similarly modulated by
Mg [149]. Deficiency favours the proinflammatory M1
phenotype associated with antitumour effects, while Mg
supplementation further supports macrophage-mediated
tumour regression [150, 151]. Supporting this finding,
Sun et al. [152] found that human monocytic leukaemia cell
line (THP-1)-derived macrophages treated with Mg, con-
sistently downregulated proinflammatory M1 phenotype
including TNF-a and IL-1P, while upregulating anti-
inflammatory M2 markers and cytokines such as IL-10.
Moreover, Mg** drives macrophage transition towards M2
polarization in a time- and dose-dependent manner. This
trend is possibly driven by the blocked of NF-«B activation,
including reduced nuclear translocation of phosphorylated
p65 and enhanced IkB-a levels, effectively suppressing M1-
associated cytokine production.

Immune checkpoints such as PD-1/PD-L1 are often
upregulated in the TME, hindering effective antitumour im-
mune responses [153]. The binding of PD-L1 to PD-1 exerts
inhibitory effects that promote self-tolerance by modulating T-
cell activity, particularly through inducing apoptosis in
antigen-specific T cells, while preventing Tregs apoptosis and
enhancing their cytokine secretion [154]. Hence, blocking PD-
1/PD-L1 axis is strongly associated with improved control over
tumour progression. In immunotherapy, Mg appears to en-
hance the efficacy of immune checkpoint inhibitors by im-
proving the immune cell responsiveness and maintaining
a robust tumour-fighting microenvironment [155]. For ex-
ample, the eddy thermal effect (ETE) from Mg rods increased
PD-1 expression on immune cells in osteosarcoma (OS)
models, potentially enhancing their sensitivity to PD-1 in-
hibitors [156]. It was demonstrated that thermal therapies such

as ETE can upregulate PD-L1 expression in OS, particularly in
K7M2 cells, contributing to immune evasion and drug re-
sistance [157]. High serum Mg levels in patients receiving
immune checkpoint inhibitors in a multicentre study have
shown significant improve effects compared to those with low
Mg level [158], highlighting the importance of combining Mg-
based therapies with immune checkpoint blockade to improve
therapeutic outcomes. An interesting review by Sambataro
and group on the role of Mg in cancer therapy further
highlights the essential role of Mg in clinical settings [159].
Collectively, these findings (Table 2) suggest that Mg signalling
could offer a novel strategy to potentiate immune-based
cancer therapies.

5. Challenges

Based on accumulated studies investigating Mg and immune
responses, the element plays a significant role in modulating
the immune system. Mg deficiency impairs host defence
mechanisms, while adequate levels help maintain immune
homeostasis and may alleviate symptoms of immune-related
diseases, as discussed above. Consequently, Mg has been
proposed as a potential immunotherapeutic agent. However,
despite promising findings, several limitations and un-
resolved questions remain regarding its clinical application.
A major challenge lies in the inconsistency of clinical
outcomes. For example, while Mg supplementation shows
some measurable benefits such as improved asthma control
and lung function, the overall evidence is not uniformly
strong. A recent systematic review and meta-analysis of eight
randomized controlled trials in patients with mild-to-
moderate asthma reported a modest, short-term increase in
forced expiratory volume (FEV,), but no significant im-
provements at later follow-up points, nor consistent benefits
in forced vital capacity (FVC), bronchodilator use or
symptom scores [160]. The overall certainty of evidence was
rated low due to heterogeneity in dosage, treatment duration
and study quality. Similarly, findings regarding the effect of
dietary Mg on RA are mixed. Some trials suggest potential
benefits in metabolic or inflammatory markers, but results
remain highly variable. For instance, a randomized con-
trolled trial involving patients with Type 2 diabetes found
that oral Mg supplementation significantly lowered rheu-
matoid factor levels and improved quality-of-life scores over
60 days compared to placebo [161]. In contrast, an un-
controlled before-and-after study administering 300 mg/day
of oral Mg sulphate over 6 months in RA patients showed
significant reductions in fasting blood glucose and insulin
levels, indicating improved insulin resistance [162]. How-
ever, these metabolic changes do not consistently correlate
with improvements in joint inflammation or RA disease
activity scores. Such inconsistencies may result from dif-
ferences in comorbidities, concurrent medications, genetic
variation in Mg absorption and variability in study design
[81, 163]. Likewise, while some studies suggest Mg sup-
plementation may improve allergic conditions such as atopic
dermatitis, others show no significant benefits for allergic
rhinitis, possibly due to differences in sample size, in-
tervention duration or patient demographics [80].
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Moreover, much of the current evidence for Mg’s im-
munomodulatory role is based on animal models and
in vitro studies such as Mg-deficient macrophage cultures,
which do not accurately replicate human immune physi-
ology or Mg homeostasis [164]. Most human clinical trials
remain underpowered, typically involving small sample sizes
and short durations (often under 12 weeks), thus limiting the
evaluation of long-term immune outcomes [165]. Addi-
tionally, serum Mg is commonly used as a biomarker of Mg
status, despite accounting for less than 1% of total body
stores and poorly reflecting intracellular Mg levels [165].
While Mg has been shown to influence the gut microbiota
promoting beneficial species like Bifidobacterium in animal
studies, human data remain inconclusive and lack causal
validation [166].

6. Conclusion and Future Perspectives

Mg plays a crucial role in immune regulation and the
maintenance of immune homeostasis. This review has
highlighted multifaceted impacts of Mg on immune cell
development, activation and function, including T and B
lymphocytes, NK cells and macrophages. Mg deficiency has
been associated with heightened inflammatory responses,
largely mediated by the activation of NF-kB and increased
production of proinflammatory cytokines. These disruptions
contribute to the pathogenesis of autoimmune diseases,
allergic responses and chronic inflammatory disorders.
Conversely, optimal Mg levels enhance immune surveil-
lance, improve macrophage phagocytic activity and promote
immune tolerance.

Clinical and epidemiological studies suggest associations
between Mg deficiency and a range of immune-related
conditions, including RA, SLE, asthma, eczema and in-
flammatory bowel diseases. Infections of the respiratory and
urinary tracts also appear more prevalent in individuals with
suboptimal Mg levels. Therefore, ensuring adequate dietary
intake of Mg is essential. While Mg supplementation holds
therapeutic promise, it should be approached cautiously and
under professional supervision due to potential interactions
with comorbidities and medications.

Despite encouraging findings, current evidence is lim-
ited by variability in trial design, small sample sizes, short
follow-up durations and reliance on serum Mg measure-
ments, which poorly reflect intracellular stores. As such,
further research is warranted to unravel the precise mo-
lecular mechanisms by which Mg modulates immunity and
inflammation. Large-scale, well-designed randomized con-
trolled trials are needed to assess the long-term outcomes
[117] and identify patient subgroups most likely to benefit
from Mg supplementation. These studies should stratify
participants by baseline Mg status, immune profile and
disease severity.

Additionally, future directions should include mecha-
nistic studies exploring nutrient-nutrient interactions, such
as those between Mg and vitamin D, and the use of advanced
technologies like single-cell sequencing to uncover cell
type-specific effects. Innovations in targeted delivery, for
example, liposomes [167] and nanoparticle-based systems
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[168], may enhance bioavailability and enable more precise
modulation [169, 170] Complementary to these are advances
in quantitative platforms, such as Fiji ImageJ, which have
been applied in disease models for precise structural mea-
surements [171], and could be repurposed to monitor tissue
level and vascular changes in nutrient intervention studies.
Finally, the emerging interplay between Mg, the gut
microbiome and immune function warrants validation in
human studies using genomic and metabolomic approaches.
Together, these efforts will help establish Mg not only as
a fundamental nutrient but also as a potential adjunct in the
management and prevention of immune-related diseases.
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