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Abstract: Both the role and the importance of magnesium in clinical practice have grown considerably
in recent years. Emerging evidence suggests an association between loss of magnesium homeostasis
and increased mortality in the critical care setting. The underlying mechanism is still unclear, but an
increasing number of in vivo and in vitro studies on magnesium’s immunomodulating capabilities
may shed some light on the matter. This review aims to discuss the evidence behind magnesium
homeostasis in critically ill patients, and its link with intensive care unit mortality via a likely
magnesium-induced dysregulation of the immune response. The underlying pathogenetic mecha-
nisms, and their implications for clinical outcomes, are discussed. The available evidence strongly
supports the crucial role of magnesium in immune system regulation and inflammatory response.
The loss of magnesium homeostasis has been associated with an elevated risk of bacterial infections,
exacerbated sepsis progression, and detrimental effects on the cardiac, respiratory, neurological, and
renal systems, ultimately leading to increased mortality. However, magnesium supplementation has
been shown to be beneficial in these conditions, highlighting the importance of maintaining adequate
magnesium levels in the intensive care setting.

Keywords: magnesium; critical care; immunomodulation; infections

1. Introduction

Magnesium is an essential element within the human body, and takes part in many
biochemical reactions. The potential clinical importance of this ion began to emerge as
early as the 1960s [1]. This metal interacts with the human body both as an ion, and as
a fundamental cofactor in numerous enzymatic reactions that regulate metabolism and
protein synthesis, and maintain cellular integrity [2,3]. For years, the intricate relationship
between magnesium and the immune system has been studied. A substantial body of
evidence supports magnesium’s interaction with, and regulation of, the immune system,
encompassing both nonspecific and specific immune responses. These findings have
predominantly emerged from studies employing animal models, with a primary emphasis
on investigating the consequences of a magnesium-depleted diet on animals [4].

While there are still unanswered questions regarding the precise immunological and
molecular mechanisms by which magnesium acts, emerging evidence has shed light on its
impact within clinical settings.
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Both hypermagnesemia [5] and hypomagnesemia [6] are known to induce physio-
logical alterations that contribute to the development of various diseases [7]. Moreover,
the therapeutic potential of magnesium sulfate (MgSO4) has been explored in critical care
conditions, such as ischemic and hemorrhagic stroke [8,9], head trauma [10], arrhyth-
mias [11,12], asthmatic status [13,14], and preeclampsia [15]. A significant role is played
by MgSO4 as an adjunct in both general and regional anesthesia. It is a relatively safe
drug, with a fairly wide therapeutic range. Severe symptoms of intoxication appear when
serum concentrations exceed five times the normal value [16,17]. A preinduction dose of
60 mg/kg of MgSO4 results in the significant reduction in the nondepolarizing neuromus-
cular blocking agent necessary for orotracheal intubation, without any notable side effects
or increased need for reversal agents [18]. Guler et al. [19] demonstrated that pretreatment
with 2.48 mmol intravenous MgSO4 reduced the incidence and intensity of etomidate-
induced myoclonic movements during anesthesia induction, thereby dampening one of
etomidate’s side effects. Magnesium has also been incorporated into opioid-free and opioid-
sparing anesthesia protocols, to minimize or potentially eliminate the need for opioids. Di
Benedetto et al. [20] reported reduced postoperative pain within the first 24 h after surgery,
decreased use of rescue analgesic drugs, and a lower incidence of postoperative nausea
and vomiting, using an opioid-free approach based on the concomitant administration of
ketamine and magnesium. Additionally, MgSO4 is recognized as an important adjunct
in regional anesthesia, as it accelerates the onset time of perineurally administered local
anesthetics [21], prolongs the duration of the block, and decreases the numeric rating scale
(NRS) scores at 6 and 12 h, resulting in a reduced use of rescue analgesics [22].

Based on the literature available, it can be reasonably inferred that magnesium serves
as an essential adjunct in anesthesia practices, with potential implications for patient
outcomes in the intensive care unit (ICU), including overall clinical prognosis, and treatment
effectiveness. Surprisingly, to date, there are no reviews that thoroughly explain the
interplay between magnesium, its immunomodulatory activity, and the clinical implications
in the ICU setting. The aim of this review is to provide an overview of the available evidence
regarding the role of magnesium in immune-dysregulated pathologies in the critical care
setting, with specific attention given to its impact on mortality outcomes.

2. Materials and Methods

We performed a literature search using MEDLINE (accessed by Pubmed), the Cochrane
Central Register of Controlled Trials (CENTRAL), and the US National Institutes of Health
Clinical Trials Registry (http://www.clinicaltrials.gov (accessed on 16 March 2023)) from
inception to week three of March 2023. The search strategy included “Magnesium”, “Sep-
sis”, “Immunomodulation”, “Intensive Care”, “ICU” and “Critical Care” as keywords in
different combinations, using Boolean operators and Medical Subject Headings (MESH);
no filters were applied. A total of 1083 articles were screened. Then, we excluded the
following items: duplicates, papers different from original articles, non-English written
papers, and any other publications that did not comply with the goal of the present review.
Relevant articles were added through a search of the reference list. Overall, 109 articles
were included in the present review.

3. Discussion
3.1. Magnesium and the Immune System

Magnesium, the second most abundant intracellular cation, plays a vital role in main-
taining homeostasis within cells, and is crucial for the proper functioning of the immune
system, specifically in regulating various types of immune cells [23,24]. Studies on animals
have demonstrated that magnesium deficiency can lead to the activation of the innate
immune system, and the impairment of the adaptive immune system, resulting in a pro-
inflammatory state. In terms of the innate immune system, magnesium deficiency has been
shown to activate polymorphonuclear leukocytes, leading to increased phagocytosis and
oxidative stress [25]. Nonetheless, magnesium supplementation has been found to reduce

http://www.clinicaltrials.gov
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monocyte cytokine production through a toll-like receptor (TLR) pathway [26]. Further-
more, magnesium plays a pivotal role in regulating acquired immunity, by influencing the
development and proliferation of lymphocytes [27]. A reduced serum Mg2+ concentra-
tion in mice showed a marked reduction of CD8+ and CD4+ T-cell response against the
influenza A virus [28]. Additionally, magnesium deficiency in mice has been associated
with the early involution of the thymus, which negatively affects T-cell population [29].
The Mg2+ transporter TRPM7 is particularly important for T-cell development. When this
transporter is absent, and thus magnesium supply is inadequate, T-cell development is
inhibited, and cellular apoptosis is triggered. However, this effect can be partially reversed
by culturing the cells in a medium enriched with high levels of magnesium [30]. In a
mouse model with T-cell-specific deletion of the TRPM7 channel, the development of T
lymphocytes was hindered at the CD4− CD8− stage, leading to reduced levels of CD4+
and CD4+ CD8+ cells in the thymus [31]. Extracellular magnesium has also been shown
to regulate the effector function of CD8+ T-cells, via a co-stimulatory molecule LFA-1
mediated pathway [32]. In this context, multiple studies have demonstrated that even mod-
erate or subclinical magnesium deficiency contributes significantly to chronic low-grade
inflammation. The activation of leukocytes and macrophages, the release of inflammatory
cytokines and acute-phase proteins, and the excessive production of free radicals are part
of this inflammatory response [33]. A meta-analysis involving 32,198 individuals revealed
a significant inverse association between dietary magnesium and serum C-reactive protein
(CRP) levels, while magnesium supplementation seemed to reduce CRP levels [34]. The
relationship between magnesium, inflammation, and the immune response has significant
clinical implications, necessitating further investigation to enhance our understanding in
this area.

3.2. Sepsis and Septic Shock

The association between serum magnesium and the pathophysiology of sepsis remains
unclear. Animal studies have shown that hypomagnesemia is linked to elevated levels of
IL6 and TNF-α, as well as increased activation of macrophages, neutrophils, and endothelial
cells [4,35–38], while magnesium administration protects mice from lipopolysaccharide-
induced lethal septic shock, by blocking gasdermin-D N-terminal-induced pyroptosis [39].
Hypomagnesemia may also hinder nitric oxide (NO) synthesis, thus increasing the risk of
recurring infections, as NO plays a crucial role in preventing infections in body cavities,
such as sinusitis, pneumonia, and mucositis [23,40], although reports on this matter are
controversial [41]. Additionally, magnesium is a significant cofactor in the synthesis of
thiamine pyrophosphate, which serves as a coenzyme in numerous enzymatic reactions.
Inadequate levels of thiamine pyrophosphate can result in a reduced production of gastric
acid, thereby increasing the risk of gastrointestinal (GI) infections [23]. These immune
regulatory functions of magnesium may explain why hypomagnesemia has been linked
to an increased recurrence of bacterial infections, such as sepsis, urinary tract infections,
and bronchopneumonia [42].

Several studies have consistently reported a significant association between hypomag-
nesemia an increased incidence of sepsis or septic shock [43], prolonged ICU stay, and
mortality in sepsis [44,45] (Table 1). For instance, a study by Thongprayoon et al. [46] on a
group of 2589 patients with systemic inflammatory response syndrome (SIRS) without sep-
tic shock suggested that patients with SIRS and hypomagnesemia (defined as magnesium
levels < 1.5 mg/dL) at the time of admission had a 1.86-fold greater risk of developing
septic shock during their hospital stay.

In severe sepsis, serum lactate is an important indicator of tissue hypoperfusion, and
a predictor of the sepsis outcome. Magnesium and thiamine are crucial cofactors in the
Krebs cycle [47–49], and can impair adenosine triphosphate (ATP) production when they
are lacking, leading to an increase in anaerobic metabolism, and the development of lactic
acidosis [50]. This biological mechanism suggests that magnesium may play a role in
increasing the rate of lactate clearance, by reducing lactate production or enhancing its



Vaccines 2023, 11, 1122 4 of 16

elimination. To investigate the efficacy of magnesium supplementation in lactate clearance
for patients with severe sepsis, Noormandi et al. enrolled 58 patients, and administered
magnesium to maintain levels above 3 mg/dL The study demonstrated that magnesium
supplementation increased lactate clearance from 37% to 47% on day 3 (p < 0.05) and
reduced the time to lactate clearance (4.7 vs. 6.1 days). Patients in the magnesium group
also had a significantly longer survival time than those in the placebo group (26 days versus
22 days, p < 0.01) [51].

Another important aspect of sepsis is coagulation abnormalities. Magnesium defi-
ciency, as already underlined, promotes the secretion of inflammatory cytokines, and those
cytokines lead to immune response dysregulation, and promote tissue damage, activating
coagulation [52]. Tonai et al. analyzed the association between hypomagnesemia and
septic coagulopathy, in a retrospective observational study involving 753 patients [53].
They were able to see an independent association of hypomagnesemia with disseminated
intravascular coagulopathy (DIC) (OR 1.69, p = 0.048).

Considering the data mentioned above, it is not surprising that hypomagnesemia
has been identified as an independent risk factor associated with inpatient mortality in a
multivariable analysis [54]. This has been proven especially true in specific populations,
such as elderly patients, patients with varying degrees of chronic kidney disease, and
heart failure patients [55,56]. On the other hand, hypermagnesemia levels may have
adverse effects on the pediatric population. For instance, a study conducted by Wang and
colleagues investigated 974 critically ill children between 1 month and 18 years with sepsis.
The researchers assessed the risk of inpatient mortality based on serum magnesium levels
at admission, and found that the hypermagnesemia group had a 6-fold higher in-hospital
mortality rate than the normal group (14.5% vs. 2.4%, p < 0.001) [54].

In conclusion, hypomagnesemia is associated with an increased risk of infections,
worsened sepsis progression, and decreased survival rates in critically ill patients. There-
fore, it is advisable to consider the use of magnesium supplementation, aiming at serum
magnesium levels within the upper limit of the normal range (2.1–2.3 mg/dL). This ap-
proach can be employed both as a preventive and therapeutic measure, in conjunction
with standard medical practices, particularly in elderly patients, those with chronic kidney
disease, and individuals with heart failure. However, due to conflicting results in the
pediatric population, this recommendation is limited to critically ill adults.

Table 1. Summary of the main studies investigating the role of magnesium in sepsis and septic shock.

Study (Year),
Study Design Field of Study Population Intervention Findings

Tonai (2022) [53],
Observational
retrospective

Hypomagnesemia and
coagulopathy in
septic patients

753 patients No intervention
Hypomagnesemia

independently associated
with risk of DIC (OR 1.69)

Wang (2022) [54],
Observational
retrospective

Mg levels: mortality
predictor in critically ill

children with sepsis
974 patients No intervention

Hypermagnesemia
associated with a six-fold

increase in mortality;
AKI and liver dysfunction

higher in both
hypermagnesemia and

hypomagnesemia, compared
to normal concentrations

Noormandi
(2019) [51],

RCT
Mg on lactate clearance

58 patients
(30 Mg group;

28 placebo group)

Mg administration
aiming > 2 mg/dL

for 3 days

Mg supplementation
increased lactate clearance,

and reduced both the time to
lactate clearance and

the ICU LOS
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Table 1. Cont.

Study (Year),
Study Design Field of Study Population Intervention Findings

Thongprayoon (2015)
[46], Observational

retrospective

Mg levels and
septic shock

2589 patients
with SIRS No intervention

Hypomagnesemia associated
with increased risk of

developing septic
shock (OR 1.86).

Mg 2.1–2.3 mg/dL has the
lowest septic shock incidence

Huang (2015) [55],
Observational
retrospective

Association between
dietary or plasma Mg

and diabetes incidence,
and with mortality, in

the elderly

1400 patients
aged ≥ 65 years No intervention

Normal and high plasma Mg
in conjunction with high
DDS had relative risks of
0.58 and 0.46 in mortality,

compared to low plasma Mg
and lower DDS

Abbreviations: AKI, acute kidney injury; DIC, disseminated intravascular coagulation; DDS, dietary diversity
score; ICU, intensive care unit; LOS, length of stay; Mg, magnesium; RCT, randomized controlled trial; SIRS,
systemic inflammatory response syndrome.

3.3. Respiratory Diseases

Magnesium may induce bronchodilation and reduce inflammation [34,57], by influ-
encing calcium dynamics via a blockage of the voltage-dependent calcium channels [58–61].
Moreover, this ion plays a crucial role in reducing airway hyper-reactivity and wheez-
ing [57,62], and has the potential to prevent pulmonary fibrosis by reducing TGFb1 release,
and subsequent intrapulmonary collagen deposition [63].

It must be noted that hypermagnesemia can lead to severe symptoms, such as flaccid
muscle paralysis, hyporeflexia, bradycardia, respiratory depression, coma, and cardiac
arrest [64–66]. Conversely, hypomagnesemia has been associated with a number of clinical
manifestations, including respiratory muscle weakness and bronchospasm [67–70].

Several studies have investigated the importance of magnesium homeostasis in respi-
ratory diseases.

Thogprayoon et al. [71] analyzed a group of 9780 patients with acute respiratory
failure (ARF) not requiring mechanical ventilation on admission. They reported the lowest
incidence of ARF when the serum magnesium level on admission was within 1.7–1.9 mg/dL.
Moreover, the risk of developing in-hospital ARF requiring mechanical ventilation was
increased with both hypomagnesemia (<1.7 mg/dL) and hypermagnesemia (>1.9 mg/dL)
at the time of admission. However, the effects of the correction of magnesium levels, and
its impact on the risk of ARF requiring mechanical ventilation, were not available. A single-
center retrospective study [72] investigated the relationship between serum magnesium
levels in the first 48 h, and the 30-day mortality amongst patients admitted for community-
acquired pneumonia (CAP). Interestingly, the study showed a U-shaped relationship, with
the lowest incidence of 30-day mortality occurring when serum magnesium was within
the range of 1.35–2 mg/dL. The study also found that patients with borderline-elevated
magnesemia (2–2.4 mg/dL) had higher 30-day mortality, compared to those with borderline-
low magnesemia (1.35–2 mg/dL). Again, no data on the normalization of magnesium
levels were provided. Another study, by Broman et al. [73], rejected the hypothesis that
magnesium supplementation in patients with CAP could improve outcomes, as mild
hypermagnesemia was associated with markedly worse survival compared to normal
magnesemia. Cirik et al. [74] studied the effect of admission magnesium levels on the length
of stay in ICU, length of mechanical ventilation, and 28-day mortality in patients admitted
to the ICU for ARF. The study demonstrated that hypomagnesemia and normomagnesemia
did not affect these outcomes, while hypermagnesemia was associated with significantly
higher mortality rates. It is important to note that hypomagnesemia was routinely corrected
through magnesium supplementation upon diagnosis, but the investigators did not conduct
repeated measurements of serum magnesium levels.
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Based on these findings, it is worth noting that certain reports have highlighted a
correlation between severe COVID-19 symptoms and low serum levels of magnesium [75].
This observation has led some authors to hypothesize that magnesium deficiency could
potentially exacerbate the inflammation induced by SARS-CoV-2, and contribute to the
progression of the disease [76].

In a recent cohort observational study [77], it was found that magnesium, vitamin C,
and vitamin D supplementation in COVID-19 patients over 50 years old was associated
with a significant reduction in oxygen supplementation and intensive care support. The
study reported no deaths in either group during the follow-up period. However, this
paper reported several limitations, including a small sample size (43 patients, versus the
56 suggested by a post hoc estimation of the necessary sample size), a control group with
older patients afflicted by multiple comorbidities and, lastly, magnesium levels not being
measured at admission or during the follow-up process.

Although the exact role of magnesium in the treatment of asthmatic status is not
completely understood, its supplementation is part of current clinical practice as a last
resort for severe and persistent asthma [13,78–80]

In addition to its inhibitory effect on calcium-mediated smooth muscle contraction,
magnesium is involved in preventing mast cell degranulation, by inhibiting the production
of oxygen free radicals [81], and magnesium supplementation might downregulate neu-
trophil respiratory burst in asthmatic patients, by increasing the level of cyclic adenosine
monophosphate (cAMP) [82].

Despite several trials showing that magnesium plays a role in managing acute asth-
matic exacerbations, the protective effect of magnesium is controversial, as shown by
Bokhari and colleagues [83]. It should be noted that only two studies reported data on
mortality. A nationwide retrospective study in Japan found no significant association
between intravenous MgSO4 use and mortality in patients with severe acute asthma [84].
The study had limitations, including the rarity of asthma-related mortality, and the lack of
standardized magnesium supplementation doses.

In a double-blind, placebo-controlled trial by Goodacre et al. [85], IV or nebulized
magnesium sulfate did not significantly reduce hospital admission rates, or improve
breathlessness symptoms, in adults with severe acute asthma. However, the study was
underpowered to detect differences in mortality due to exclusion criteria.

In conclusion, there is insufficient evidence to determine the impact of magnesium on
mortality in acute asthmatic exacerbation. Analyzing the mortality in this population poses
a significant challenge, as it is an infrequent outcome, and thus can influence the reliability
and interpretation of study findings. A summary of the evidence is provided in Table 2.

Table 2. Summary of studies investigating the role of magnesium in respiratory diseases in critical
care settings.

Study (Year),
Study Design Field of Study Population Intervention Findings

Tan (2020) [77],
Observational

prospective

Effect of combination of
Mg, Vit D, and Vit B12

on progression to
severe COVID-19

43
(17 treatment group;

26 control group)

150 mg/d oral
Mg + 100 IU/d oral
Vit D3 + 500 mcg/d

oral Vit B12

No deaths in either group

Cirik (2020) [74],
Observational
retrospective

Effect of admission Mg
serum levels in ARF on
ICU LOS, length of MV,

and 28-day mortality

329 patients No intervention

ICU mortality significantly higher
in the hypermagnesemia group

than the other groups.
No significant effect on length of

hospital stays, ICU LOS, length of
MV, and 28-day mortality
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Table 2. Cont.

Study (Year),
Study Design Field of Study Population Intervention Findings

Nasser (2018) [72],
Observational
retrospective

Effect of Mg serum
levels in the first 48 h
on 30-day mortality in

hospitalized CAP

3851 patients
with CAP No intervention

Hypomagnesemia and
hypermagnesemia on admission
associated with an increased rate

of 30-day mortality

Thongprayoon
(2015) [71],

Observational
retrospective

Correlation of Mg
levels in the first 24 h
and in-hospital ARF
requiring mechanical

ventilation

9780 patients No intervention

Admission hypomagnesemia and
hypermagnesemia associated with

an increased risk of in-hospital
ARF requiring

mechanical ventilation

Hirashima
(2016) [84],

Observational
retrospective

Effect of IV Mg
supplementation in

severe asthma
exacerbations

599 pairs
matched with

propensity score

Any doses of IV
MgSO4 within

2 days of admission

No significant benefit of IV MgSO4
on 7-, 14- and 28-day mortalities

Goodacre
(2013) [85],

RCT

Effect of IV Mg
and NEB Mg

supplementation in
severe asthma
exacerbations

1087 patients
(396 IV Mg group;

333 NEB Mg group;
358 placebo group)

2 g IV MgSO4 or
1.5 g NEB MgSO4

or placebo over
conventional

therapy

Mg did not significantly reduce
hospital admission rates or

improve breathlessness symptoms;
not enough power to detect

mortality differences

Abbreviations: ARF, acute respiratory failure; CAP, community-acquired pneumonia; ICU, intensive care unit;
LOS, length of stay; Mg, magnesium; MgSO4, magnesium sulfate; MV, mechanical ventilation; IV, intravenous,
NEB, nebulized.

3.4. Cardiac Surgery

We have previously reported the relationship between magnesium deficiency and
the elevation of inflammatory mediators, specifically CRP [86]. After a heart attack, CRP
activates the complement system on ischemic myocytes, leading to their lysis. Hence,
serum magnesium levels are hypothesized to influence the development of heart dis-
ease [87]. Furthermore, it has been observed that a low serum magnesium concentration
induces endothelial dysfunction, through the NF-κB signaling pathway [88], and atheroscle-
rosis [35,56,89], and increases platelet aggregation [90]. Notably, a recent meta-analysis
showed a significant inverse association between dietary magnesium intake (resulting
in decreased serum concentration) and the overall risk of cardiovascular events [91]. It
is important to consider these findings in the context of cardiovascular health, and the
potential implications of magnesium deficiency.

Several studies have investigated the occurrence of hypomagnesemia after cardiac
surgery. Hypomagnesemia is a common complication after cardiac surgery, and has been
associated with an increased risk of major adverse cardiac events [92–98]. In addition, low
serum magnesium levels in ICU patients have been linked to prolonged mechanical ventila-
tory support, higher incidence of rhythm disorders, and increased mortality rates [99,100].
Several randomized controlled trials (RCTs) have investigated the effect of magnesium
supplementation on the acute phase of myocardial infarction, but the results have been
conflicting [101–103]. Likewise, the efficacy of magnesium supplementation in preventing
atrial fibrillation following coronary artery bypass grafting (CABG) remains controversial,
as reported in multiple trials and meta-analyses [104–117]. To further explore the potential
benefits of magnesium supplementation in CABG patients, Carrió et al. conducted an RCT.
However, consistent with previous studies, the results did not demonstrate a favorable
effect on clinical outcomes [118].

3.5. Neurological Intensive Care

Few studies have addressed serum magnesium levels and clinical outcomes in the
neurointensive care unit. Wang et al. [119] investigated the association between initial
serum magnesium levels and mortality in traumatic brain injury patients (TBI). The study
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included 2280 adult patients with an abbreviated injury score greater than 3. Serum
magnesium ranging from 1.7 to 2.4 mg/dL was considered normal. The authors reported
that both hyper- and hypomagnesemia were associated with higher mortality rates. After
adjusting for multiple possible confounders, including the Glasgow Coma Scale (GCS) score,
a higher serum magnesium level was still associated with 30-day mortality. Furthermore,
stepwise multivariate logistic regression also confirmed the positive association between
serum magnesium and mortality after including GCS. The Spearman correlation test
suggested that a higher GSC was associated with lower Mg (i.e., the higher mortality of
patients with lower serum magnesium levels might be mainly due to more severe brain
injury, rather than the independent effect of magnesium on the injured central nervous
system). The authors concluded that TBI induces an acute inflammatory state that increases
brain metabolism, which could consume the stored magnesium. Gastrointestinal loss,
kidney dysfunction, and diuretic use could all contribute to hypomagnesemia, while
acidosis and severe trauma promote hypermagnesemia. The limitations of this study were
the lack of cerebrospinal fluid magnesium dosing, the use of ionized magnesium that did
not represent the body’s total magnesium storage, and magnesium dosing being done only
one time, at admission.

Ardehali et al. [120] investigated the association of serum magnesium with neurosurgi-
cal ICU clinical outcomes. The study included 210 adult postoperative patients with normal
magnesium, ranging from 1.7 to 2.1 mg/dL. The authors found no correlation between
serum magnesium levels at admission and mortality, length of stay, duration of mechanical
ventilation, or sofa score (Table 3).

Table 3. Summary of studies investigating the role of magnesium in the neuro intensive care unit.

Study (year),
Study Design Field of Study Population Notes Findings

Wang (2022) [119],
Observational
retrospective

Effect of admission Mg
serum levels on
mortality in TBI

2280 patients with TBI Eumagnesemia defined
as: 1.7–2.4 mg/dL

TBI patients with lower
and higher serum Mg

levels had higher
mortality rates (lowest
mortality in patients

with Mg 1.7–2 mg/dL)

Ardehali (2017) [120],
Observational

prospective

Effect of admission Mg
serum levels in

neurosurgical ICU
210 patients Eumagnesemia defined

as: 1.7–2.1 mg/dL

No relation between
admission serum Mg
level and mortality

Abbreviations: ICU, intensive care unit; Mg, magnesium; TBI, traumatic brain injury.

Overall, these studies suggest that the relationship between serum magnesium levels
and clinical outcomes in the neuro ICU is complex, and warrants further investigation.

3.6. Kidney Injury and Electrolyte Disorders

Magnesium is a crucial element in maintaining renal function, as it preserves kidney
function when administered during nephrotoxic acute kidney injury (AKI) [121]. Mag-
nesium enhances kidney blood flow via an endothelium-dependent release of NO [122],
counteracting the vasoconstriction induced by endogenous catecholamines, and favoring
vasodilation [123]. Therefore, hypomagnesemia may increase the risk of AKI, by disrupting
the kidneys’ vascular autoregulation.

A prospective multicenter observational study by Ribeiro et al. [124], involving
7042 critically ill patients, demonstrated that both hypomagnesemia and hypermagnesemia
were associated with higher mortality and renal dysfunction (65% vs. 52%, respectively).
Specifically, hypomagnesemic patients were 25% more likely to develop AKI, and require
dialysis and a longer hospital stay, strongly supporting the belief in the protective role of
magnesium on kidney function. In contrast, hypermagnesemia did not show a significant
association with AKI onset or lower non-recovery rates, defined as maintenance of the
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same or a higher AKI stage [125]. These outcomes have been consistently demonstrated
by Koh et al. [126], in a retrospective observational cohort study on 9766 patients after
cardiac surgery. The study showed a progressively increased prevalence of AKI with
lower magnesium levels. Furthermore, it confirmed the association between preoperative
hypomagnesemia and an elevated risk of developing AKI and AKI requiring dialysis (OR
1.39 and 1.67, respectively). It has also been suggested that magnesium supplementation
may play a protective role in AKI induced by vancomycin plus piperacillin-tazobactam,
reducing the incidence of AKI by 20% [127].

Detrimental effects of hypomagnesemia have also been reported in kidney transplant
patients, linking low serum magnesium levels to a decline in kidney allograft function, and
an increased rate of loss of kidney graft [128].

In contrast to these findings, Isakov et al. [129] reported a beneficial effect of hypo-
magnesemia in kidney transplant patients. Their study found that for every 0.1 mg/dL
increase in serum magnesium, the risk of death or graft loss increased by 10%. As a re-
sult, hypomagnesemia was associated with better patient and allograft survival for up to
10 years post-transplant. In addition, a double-blind randomized study that included
54 hemodialysis patients showed that magnesium supplementation did not improve en-
dothelial function [130]. A possible explanation for this result is that the impact of endotoxin
accumulation in chronic kidney disease may outweigh the potential benefits of magnesium
supplementation on endothelial function.

Contradictory findings have also been observed when studying the impact of abnor-
mal magnesium levels on mortality and AKI onset in critically ill children. A retrospective
study [130] involving 3669 children found that both hypermagnesemia and hypomagne-
semia were independently associated with 28-day mortality. However, in the multivariable
analysis, only hypermagnesemia was associated with AKI onset, and no association was
reported between serum magnesium levels and AKI stages.

In conclusion, conflicting data exist regarding the protective role of magnesium in
kidney function. Most of the evidence supports a strong protective role of magnesium in the
prevention of AKI and AKI requiring dialysis in critically ill adults, with a potential role in
promoting recovery after AKI. However, the data regarding kidney transplant patients and
the pediatric population are currently unclear, and warrant further research. Additionally,
no study has found an association between the trend of magnesium concentration and
kidney injury in critically ill patients, except in the context of kidney transplantation, as
mentioned above. A summary of the evidence is provided in Table 4.

Table 4. Summary of studies investigating the relationship between magnesium, kidney injury, and
electrolyte disorders in critical care.

Study (Year),
Study Design Field of Study Population Intervention Findings

Isakov (2022) [128],
Observational
retrospective

Effects of
hypomagnesemia on
post-transplantation

survival and
graft loss

726 patients

Serum levels
measured from one
month to one year

post-transplant

Post-transplant
hypomagnesemia

(<1.7 mg/dL) independently
associated with better patient

and allograft survival

Koh (2022) [126],
Observational
retrospective

Preoperative ionized
Mg serum levels and

risk of AKI
(cardiac surgery)

9766 patients Mg levels measured
before surgery

OR for postoperative AKI
progressively larger with

progressively lower serum
Mg concentration.

Serum Mg level < 1.09 mg/dL
associated with AKI and AKI

requiring dialysis
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Table 4. Cont.

Study (Year),
Study Design Field of Study Population Intervention Findings

Ribeiro (2022) [124],
Observational

prospective

Effect of admission
Mg serum levels on

kidney and
mortality outcomes

7042 patients:
Mg serum levels

measured at
ICU admission

Hypomagnesemia associated
with 25% increased risk of AKI,
65% increased mortality, and

longer hospital stay.
Hypermagnesemia associated

with lower kidney non
recovery rates and 52%
increased mortality risk

Morooka (2021) [131],
Observational
retrospective

Impact of Mg serum
levels on death and

AKI onset
3669 children No intervention

Both hypo and
hypermagnesemia associated

with 28-day mortality (OR 2.99
and 2.80, respectively).

Hypermagnesemia associated
with AKI (OR 1.52). No

association with AKI stage.

Khalili (2021) [127],
RCT

IV Mg for prevention
of VPT-induced AKI

in critically
ill patients

30 patients No intervention

Administration of Mg with
target serum level around
3 mg/dL associated with

reduced incidence of AKI in
critically ill patients

receiving VPT

Mortazavi
(2013) [130],

RCT

Effect of Mg
supplementation on
endothelial function

54 hemodialysis
patients

Oral Mg
supplementation

(440 mg 3 times per
week for 6 months)

No association between Mg
supplementation and
endothelial function

Abbreviations: AKI, acute kidney injury; ICU, intensive care unit; IV, intravenous; Mg, magnesium; OR, odds
ratio; VPT, vancomycin plus piperacillin-tazobactam.

4. Conclusions

The overall evidence provided in this review emphasizes the importance of maintain-
ing magnesium homeostasis in critical care. The interplay between magnesium and the
immune system has significant clinical implications. Hypomagnesemia has been associated
with an increased risk of infections and sepsis, and decreased survival rates, in critically ill
patients. In respiratory diseases, it has been linked to respiratory muscle weakness and
bronchospasm. On the other hand, hypermagnesemia can cause flaccid muscle paralysis,
hyporeflexia, bradycardia, respiratory depression, coma, and cardiac arrest. The impact of
correcting magnesium levels on the risk of developing acute respiratory failure requiring
mechanical ventilation remains unknown, and warrants further investigation. Furthermore,
magnesium plays an important role in protecting the kidney from AKI, and reducing the
risk of progression to AKI requiring dialysis. The current literature suggests there are
benefits of maintaining normal magnesemia in critically ill patients, such as reducing over-
all mortality, modulating the inflammatory response, and protecting the kidney. Overall,
the findings emphasize the importance of implementing strategies for monitoring and
managing magnesium levels in critical care, to optimize patient outcomes.
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97. Pasternak, K.; Dabrowski, W.; Wrońska, J.; Rzecki, Z.; Biernacka, J.; Jurko, C.; Stazka, J. Changes of blood magnesium concentration

in patients undergoing surgical myocardial revascularisation. Magnes. Res. 2006, 19, 107–112.
98. Booth, J.V.; Phillips-Bute, B.; McCants, C.B.; Podgoreanu, M.V.; Smith, P.K.; Mathew, J.P.; Newman, M.F. Low serum magnesium

level predicts major adverse cardiac events after coronary artery bypass graft surgery. Am. Heart J. 2003, 145, 1108–1113.
[CrossRef]

99. England, M.R.; Gordon, G.; Salem, M.; Chernow, B. Magnesium administration and dysrhythmias after cardiac surgery. A
placebo-controlled, double-blind, randomized trial. JAMA 1992, 268, 2395–2402. [CrossRef]

100. Rubeiz, G.J.; Thill-Baharozian, M.; Hardie, D.; Carlson, R.W. Association of hypomagnesemia and mortality in acutely ill medical
patients. Crit. Care Med. 1993, 21, 203–209. [CrossRef]

101. Woods, K.L.; Fletcher, S. Long-term outcome after intravenous magnesium sulphate in suspected acute myocardial infarction:
The second Leicester Intravenous Magnesium Intervention Trial (LIMIT-2). Lancet 1994, 343, 816–819. [CrossRef]

102. Woods, K.L.; Fletcher, S.; Roffe, C.; Haider, Y. Intravenous magnesium sulphate in suspected acute myocardial infarction: Results
of the second Leicester Intravenous Magnesium Intervention Trial (LIMIT-2). Lancet 1992, 339, 1553–1558. [CrossRef]

103. ISIS-4 (Fourth International Study of Infarct Survival) Collaborative Group. ISIS-4: A randomised factorial trial assessing early
oral captopril, oral mononitrate, and intravenous magnesium sulphate in 58,050 patients with suspected acute myocardial
infarction. Lancet 1995, 345, 669–685. [CrossRef]

104. Early Administration of Intravenous Magnesium to High-Risk Patients with Acute Myocardial Infarction in the Magnesium in
Coronaries (MAGIC) Trial: A Randomised Controlled Trial—PubMed. Available online: https://pubmed.ncbi.nlm.nih.gov/1240
1244/ (accessed on 11 May 2023).

105. Parikka, H.; Toivonen, L.; Pellinen, T.; Verkkala, K.; Järvinen, A.; Nieminen, M.S. The influence of intravenous magnesium
sulphate on the occurrence of atrial fibrillation after coronary artery by-pass operation. Eur. Heart J. 1993, 14, 251–258. [CrossRef]

https://doi.org/10.1016/j.pupt.2010.04.006
https://doi.org/10.1111/j.1553-2712.1996.tb03366.x
https://doi.org/10.7759/cureus.28892
https://doi.org/10.1111/resp.12733
https://doi.org/10.1016/S2213-2600(13)70070-5
https://www.ncbi.nlm.nih.gov/pubmed/24429154
https://doi.org/10.1038/ejcn.2014.7
https://www.ncbi.nlm.nih.gov/pubmed/24518747
https://doi.org/10.1007/s00394-007-0655-x
https://www.ncbi.nlm.nih.gov/pubmed/17479208
https://doi.org/10.1016/j.bbadis.2010.06.016
https://doi.org/10.1093/ajcn/nqz256
https://doi.org/10.1046/j.1365-2141.2002.03967.x
https://doi.org/10.1371/journal.pone.0057720
https://doi.org/10.1016/1053-0770(91)90274-W
https://doi.org/10.1093/bja/83.2.302
https://doi.org/10.1055/s-2000-12141
https://doi.org/10.1007/s00540-004-0235-7
https://doi.org/10.1016/S0002-8703(03)00077-2
https://doi.org/10.1001/jama.1992.03490170067027
https://doi.org/10.1097/00003246-199302000-00010
https://doi.org/10.1016/S0140-6736(94)92024-9
https://doi.org/10.1016/0140-6736(92)91828-V
https://doi.org/10.1016/S0140-6736(95)90865-X
https://pubmed.ncbi.nlm.nih.gov/12401244/
https://pubmed.ncbi.nlm.nih.gov/12401244/
https://doi.org/10.1093/eurheartj/14.2.251


Vaccines 2023, 11, 1122 15 of 16

106. Bert, A.A.; Reinert, S.E.; Singh, A.K. A beta-blocker, not magnesium, is effective prophylaxis for atrial tachyarrhythmias after
coronary artery bypass graft surgery. J. Cardiothorac. Vasc. Anesth. 2001, 15, 204–209. [CrossRef] [PubMed]

107. Kaplan, M.; Kut, M.S.; Icer, U.A.; Demirtas, M.M. Intravenous magnesium sulfate prophylaxis for atrial fibrillation after coronary
artery bypass surgery. J. Thorac. Cardiovasc. Surg. 2003, 125, 344–352. [CrossRef] [PubMed]

108. Fanning, W.J.; Thomas, C.S.; Roach, A.; Tomichek, R.; Alford, W.C.; Stoney, W.S. Prophylaxis of atrial fibrillation with magnesium
sulfate after coronary artery bypass grafting. Ann. Thorac. Surg. 1991, 52, 529–533. [CrossRef] [PubMed]

109. Colquhoun, I.W.; Berg, G.A.; El-Fiky, M.; Hurle, A.; Fell, G.S.; Wheatley, D.J. Arrhythmia prophylaxis after coronary artery surgery.
A randomised controlled trial of intravenous magnesium chloride. Eur. J. Cardio-Thorac. Surg. Off. J. Eur. Assoc. Cardio-Thorac.
Surg. 1993, 7, 520–523. [CrossRef] [PubMed]

110. Toraman, F.; Karabulut, E.H.; Alhan, H.C.; Dagdelen, S.; Tarcan, S. Magnesium infusion dramatically decreases the incidence of
atrial fibrillation after coronary artery bypass grafting. Ann. Thorac. Surg. 2001, 72, 1256–1261; discussion 1261–1262. [CrossRef]

111. Kohno, H.; Koyanagi, T.; Kasegawa, H.; Miyazaki, M. Three-day magnesium administration prevents atrial fibrillation after
coronary artery bypass grafting. Ann. Thorac. Surg. 2005, 79, 117–126. [CrossRef]

112. Rostron, A.; Sanni, A.; Dunning, J. Does magnesium prophylaxis reduce the incidence of atrial fibrillation following coronary
bypass surgery? Interact. Cardiovasc. Thorac. Surg. 2005, 4, 52–58. [CrossRef]

113. Shiga, T.; Wajima, Z.; Inoue, T.; Ogawa, R. Magnesium prophylaxis for arrhythmias after cardiac surgery: A meta-analysis of
randomized controlled trials. Am. J. Med. 2004, 117, 325–333. [CrossRef]

114. Alghamdi, A.A.; Al-Radi, O.O.; Latter, D.A. Intravenous magnesium for prevention of atrial fibrillation after coronary artery
bypass surgery: A systematic review and meta-analysis. J. Card. Surg. 2005, 20, 293–299. [CrossRef]

115. Miller, S.; Crystal, E.; Garfinkle, M.; Lau, C.; Lashevsky, I.; Connolly, S.J. Effects of magnesium on atrial fibrillation after cardiac
surgery: A meta-analysis. Heart 2005, 91, 618–623. [CrossRef]

116. Henyan, N.N.; Gillespie, E.L.; White, C.M.; Kluger, J.; Coleman, C.I. Impact of intravenous magnesium on post-cardiothoracic
surgery atrial fibrillation and length of hospital stay: A meta-analysis. Ann. Thorac. Surg. 2005, 80, 2402–2406. [CrossRef]

117. Burgess, D.C.; Kilborn, M.J.; Keech, A.C. Interventions for prevention of post-operative atrial fibrillation and its complications
after cardiac surgery: A meta-analysis. Eur. Heart J. 2006, 27, 2846–2857. [CrossRef]

118. Cook, R.C.; Humphries, K.H.; Gin, K.; Janusz, M.T.; Slavik, R.S.; Bernstein, V.; Tholin, M.; Lee, M.K. Prophylactic intravenous
magnesium sulphate in addition to oral {beta}-blockade does not prevent atrial arrhythmias after coronary artery or valvular
heart surgery: A randomized, controlled trial. Circulation 2009, 120, S163–S169. [CrossRef]

119. Wang, R.; He, M.; Xu, J. Initial Serum Magnesium Level Is Associated with Mortality Risk in Traumatic Brain Injury Patients.
Nutrients 2022, 14, 4174. [CrossRef]

120. Ardehali, S.H.; Dehghan, S.; Baghestani, A.R.; Velayati, A.; Vahdat Shariatpanahi, Z. Association of admission serum levels of
vitamin D, calcium, Phosphate, magnesium and parathormone with clinical outcomes in neurosurgical ICU patients. Sci. Rep.
2018, 8, 2965. [CrossRef]

121. Asai, T.; Nakatani, T.; Tamada, S.; Kuwabara, N.; Yamanaka, S.; Tashiro, K.; Nakao, T.; Komiya, T.; Okamura, M.; Kim, S.; et al.
Activation of transcription factors AP-1 and NF-kappaB in chronic cyclosporine A nephrotoxicity: Role in beneficial effects of
magnesium supplementation. Transplantation 2003, 75, 1040–1044. [CrossRef]

122. Nadler, J.L.; Goodson, S.; Rude, R.K. Evidence that prostacyclin mediates the vascular action of magnesium in humans. Hyperten-
sion 1987, 9, 379–383. [CrossRef]

123. Bäcklund, M.; Pere, P.; Lepäntalo, M.; Lehtola, A.; Lindgren, L. Effect of intra-aortic magnesium on renal function during and
after abdominal aortic surgery: A pilot study. Acta Anaesthesiol. Scand. 2000, 44, 605–611. [CrossRef]

124. Ribeiro, H.S.; Burdmann, E.A.; Vieira, E.A.; Ferreira, M.L.; Ferreira, A.P.; Inda-Filho, A.J. Association of magnesium abnormalities
at intensive care unit admission with kidney outcomes and mortality: A prospective cohort study. Clin. Exp. Nephrol. 2022, 26,
997–1004. [CrossRef]

125. Forni, L.G.; Darmon, M.; Ostermann, M.; Oudemans-van Straaten, H.M.; Pettilä, V.; Prowle, J.R.; Schetz, M.; Joannidis, M. Renal
recovery after acute kidney injury. Intensive Care Med. 2017, 43, 855–866. [CrossRef]

126. Koh, H.B.; Jung, C.Y.; Kim, H.W.; Kwon, J.Y.; Kim, N.H.; Kim, H.J.; Jhee, J.H.; Han, S.H.; Yoo, T.H.; Kang, S.W.; et al. Preoperative
Ionized Magnesium Levels and Risk of Acute Kidney Injury After Cardiac Surgery. Am J Kidney Dis. 2022, 80, 629–637. [CrossRef]
[PubMed]

127. Khalili, H.; Rahmani, H.; Mohammadi, M.; Salehi, M.; Mostafavi, Z. Intravenous magnesium sulfate for prevention of vancomycin
plus piperacillin-tazobactam induced acute kidney injury in critically ill patients: An open-label, placebo-controlled, randomized
clinical trial. DARU J. Pharm. Sci. 2021, 29, 341–351. [CrossRef] [PubMed]

128. Holzmacher, R.; Kendziorski, C.; Michael Hofman, R.; Jaffery, J.; Becker, B.; Djamali, A. Low serum magnesium is associated with
decreased graft survival in patients with chronic cyclosporin nephrotoxicity. Nephrol. Dial. Transplant. Off. Publ. Eur. Dial. Transpl.
Assoc.-Eur. Ren. Assoc. 2005, 20, 1456–1462. [CrossRef] [PubMed]

129. Isakov, O.; Patibandla, B.K.; Christopher, K.B.; Chandraker, A.; Hod, T. Impact of Post-Transplantation Hypomagnesemia on
Long-Term Graft and Patient Survival after Transplantation. Kidney Blood Press. Res. 2022, 47, 341–353. [CrossRef]

https://doi.org/10.1053/jcan.2001.21959
https://www.ncbi.nlm.nih.gov/pubmed/11312480
https://doi.org/10.1067/mtc.2003.108
https://www.ncbi.nlm.nih.gov/pubmed/12579104
https://doi.org/10.1016/0003-4975(91)90918-G
https://www.ncbi.nlm.nih.gov/pubmed/1898142
https://doi.org/10.1016/1010-7940(93)90049-H
https://www.ncbi.nlm.nih.gov/pubmed/8267992
https://doi.org/10.1016/S0003-4975(01)02898-3
https://doi.org/10.1016/j.athoracsur.2004.06.062
https://doi.org/10.1510/icvts.2004.100339
https://doi.org/10.1016/j.amjmed.2004.03.030
https://doi.org/10.1111/j.1540-8191.2005.200447.x
https://doi.org/10.1136/hrt.2004.033811
https://doi.org/10.1016/j.athoracsur.2005.03.036
https://doi.org/10.1093/eurheartj/ehl272
https://doi.org/10.1161/CIRCULATIONAHA.108.841221
https://doi.org/10.3390/nu14194174
https://doi.org/10.1038/s41598-018-21177-4
https://doi.org/10.1097/01.TP.0000057242.96219.AF
https://doi.org/10.1161/01.HYP.9.4.379
https://doi.org/10.1034/j.1399-6576.2000.00520.x
https://doi.org/10.1007/s10157-022-02245-6
https://doi.org/10.1007/s00134-017-4809-x
https://doi.org/10.1053/j.ajkd.2022.03.004
https://www.ncbi.nlm.nih.gov/pubmed/35469966
https://doi.org/10.1007/s40199-021-00411-x
https://www.ncbi.nlm.nih.gov/pubmed/34463929
https://doi.org/10.1093/ndt/gfh831
https://www.ncbi.nlm.nih.gov/pubmed/15840674
https://doi.org/10.1159/000522233


Vaccines 2023, 11, 1122 16 of 16

130. Mortazavi, M.; Moeinzadeh, F.; Saadatnia, M.; Shahidi, S.; McGee, J.C.; Minagar, A. Effect of magnesium supplementation
on carotid intima-media thickness and flow-mediated dilatation among hemodialysis patients: A double-blind, randomized,
placebo-controlled trial. Eur. Neurol. 2013, 69, 309–316. [CrossRef]

131. Morooka, H.; Tanaka, A.; Kasugai, D.; Ozaki, M.; Numaguchi, A.; Maruyama, S. Abnormal magnesium levels and their impact on
death and acute kidney injury in critically ill children. Pediatr. Nephrol. 2022, 37, 1157–1165. [CrossRef]

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

https://doi.org/10.1159/000346427
https://doi.org/10.1007/s00467-021-05331-1

	Introduction 
	Materials and Methods 
	Discussion 
	Magnesium and the Immune System 
	Sepsis and Septic Shock 
	Respiratory Diseases 
	Cardiac Surgery 
	Neurological Intensive Care 
	Kidney Injury and Electrolyte Disorders 

	Conclusions 
	References

