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Abstract

Magnesium (Mg), also known as “the forgotten electrolyte”, is the
fourth most abundant cation overall and the second most abundant
intracellular cation in the body. Mg deficiency has been implicated in
the pathophysiology of many diseases. This article is a review of the
literature regarding Mg abnormalities with emphasis on the implica-
tions of hypomagnesemia in critical illness and on treatment options
for hypomagnesemia in critically ill patients with sepsis. Hypomagne-
semia is common in critically ill patients, and there is strong, consist-
ent clinical evidence, largely from observational studies, showing that
hypomagnesemia is significantly associated with increased need for
mechanical ventilation, prolonged ICU stay and increased mortality.
Although the mechanism linking hypomagnesemia with poor clinical
outcomes is not known, experimental data suggest mechanisms con-
tributing to such outcomes. However, at the present time, there is no
clear evidence that magnesium supplementation improves outcomes
in critically ill patients with hypomagnesemia. Large, well-designed
clinical trials are needed to evaluate the role of magnesium therapy
for improving outcomes in critically ill patients with sepsis.
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Introduction

Magnesium (Mg), the fourth most abundant cation overall
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and second most abundant intracellular cation in the human
body, is an essential element of life: Mg deficiency induces
a systemic stress response through activation of neuroendo-
crine pathways [1], has been implicated in the pathophysiol-
ogy of many diseases, and has been associated with increased
mortality in ICU patients [2]. Some authors have called Mg
“the forgotten electrolyte” [3, 4], because, although Mg al-
terations are common, hypomagnesemia is an important but
underdiagnosed electrolyte abnormality. This article is a re-
view of the literature regarding Mg abnormalities with em-
phasis on the implications of hypomagnesemia and on treat-
ment options for hypomagnesemia in critically ill patients
with sepsis.

Literature Search Methods

We conducted a literature search in MEDLINE database (Jan-
uary 1980 to March 2015), the Cochrane Central Register of
Controlled Trials (fourth quarter, 2014) and Embase (January
1980 to December 2014), using the terms “magnesium”, “sep-
sis”, “hypomagnesemia” and “critically ill”. All identified
manuscripts, including reviews, case series and case reports
were evaluated for relevance, and only articles deemed perti-
nent, current, and representative were included in this review.
Reference lists in all these manuscripts were also assessed,
in an attempt to identify additional relevant references. The
quality of the studies was assessed using the following crite-
ria. 1) Was the trial prospective? 2) Was the trial randomized?
3) Was the trial controlled? 4) Was the patient number ac-
ceptable, and was the role of Mg the primary outcome of the
study? 5) Does the study clearly define cutoff points for hy-
pomagnesemia, normomagnesemia and hypermagnesemia?
6) Are there clearly defined patient inclusion and exclusion
criteria? 7) Does the study describe basic patient characteri-
stics?

Two authors (DV and MK) assessed quality of the stud-
ies using the above criteria and differences of opinion were
resolved by discussion with participation of the other three
authors as well. Letters and case reports were not included in
the quality assessment. With regard to studies published in lan-
guages other than English, we chose to include studies in other
languages if they were accompanied by detailed abstract that
allowed us to understand the results.
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Literature Search Results

The literature search, as described above, yielded 383 articles
for initial consideration. All articles were entered into a Refer-
ence Manager v. 12 database. Of the 383 initially identified
articles, 181 articles were found to be relevant to this review.
The full text of these articles, case series, case reports, and let-
ters were retrieved and examined. Finally 20 clinical studies,
11 experimental or laboratory studies and seven reviews were
included in this manuscript.

Many studies show high prevalence of hypomagnesemia
in critically ill ICU patients, and hypomagnesemia has been
associated with sepsis and increased mortality in critically ill
sepsis patients.

An observational study on 102 medical ICU patients by
Reinhart et al showed that hypomagnesemia was present in
20% of patients, while hypermagnesemia was present in 9%
of patients, and, of all ions, Mg had the highest prevalence of
abnormal values [5]. Another prospective observational study
on 100 ICU patients by Limaye et al showed that, on ICU ad-
mission, 52% of patients had hypomagnesemia, 41% had nor-
mal serum Mg levels and 7% had hypermagnesemia. In this
study, patients with hypomagnesemia had more frequent need
for mechanical ventilator support (73% (38 of 52) vs. 53% (22
of 41), P < 0.05), longer duration of mechanical ventilation
(4.27 £ 5.01 days vs. 2.15 + 3.36 days, P < 0.05), increased
incidence of sepsis (38% (20 of 52 patients) vs. 19% (eight of
41 patients), P < 0.05) and higher mortality (57.7% (30 of 52
patients) vs. 31.7% (13 of 41 patients), P < 0.05) compared to
patients with normal Mg levels [6].

Another prospective observational study by Soliman et al
measured ionized Mg levels on 446 patients admitted to a uni-
versity hospital ICU over 3 months and showed that on admis-
sion to ICU, 18% of patients had ionized hypomagnesemia,
14% had ionized hypermagnesemia and 68% had normal ion-
ized Mg levels, but there was no association between ionized
Mg levels on admission and length of stay or mortality. How-
ever, patients who developed ionized hypomagnesemia during
ICU stay had significantly higher prevalence of septic shock
(57% vs. 11%, P<0.01), longer ICU stay (15.4 £+ 15.5 days vs.
2.8 £4.7 days, P < 0.01) and higher mortality (35% vs. 12%,
P <0.01). Development of ionized hypomagnesemia was as-
sociated with diuretic use, development of sepsis and worse
outcomes, and the authors concluded that monitoring of ion-
ized Mg levels may have prognostic and therapeutic implica-
tions [7].

Similarly, two more recent large studies from India and
China also showed association between hypomagnesemia and
outcome. A prospective observational study on 601 medical
ICU (MICU) patients showed that 25% of patients had hy-
pomagnesemia on admission. Hypomagnesemia was associ-
ated with longer MICU stay (5.46 + 5.75 days vs. 3.93 + 3.88
days, P = 0.0002), need for mechanical ventilation (56.86%
vs. 24.33% P<0.0001) and mortality (38.56% vs. 14.73% P
< 0.0001), but was not associated with duration of mechani-
cal ventilation [8]. Another prospective observational study on
374 critically ill patients showed that hypomagnesemia was
present in 102 patients (27.27%). Patients with hypomagne-

912 Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™

semia did not differ from patients with normomagnesemia or
hypermagnesemia with regard to APACHE scores, age, sex,
or other electrolyte abnormalities. However, hypomagnesemia
was associated with longer ICU stay (15.98 + 13.29 days vs.
12.43 + 7.14 days, P = 0.034), higher SOFA scores (6.86 +
3.12 vs. 5.46 £ 2.75, P =0.004), and higher mortality (54.90%
vs. 33.88%, P = 0.010). Logistic regression showed that, in
this study, serum Mg level was an independent risk factor for
mortality (odds ratio (OR): 2.163, 95% CI: 1.015 - 4.610, P =
0.046). Of note, this study was published in Chinese language,
but was accompanied by a detailed abstract in English, which
allowed us to understand the results [9].

Cojocaru et al assessed sepsis patients and found a signifi-
cant decrease of Mg serum concentrations (1.26 = 0.12 mEq/L
vs. 1.69 £ 0.14 mEqg/L, P < 0.001) in patients with acute bac-
terial infections (bronchopneumonia and urinary tract infec-
tions). These changes of Mg concentration occurred within
days, persisted for several weeks, were independent of the
bacteria causing the infection, and did not show correlation
with disease severity. The authors concluded that measurement
of serum Mg levels is useful in bacterial infections; therefore,
physicians should maintain a high index of suspicion for diag-
nosis and treatment of hypomagnesemia [10].

A retrospective study by Safavi evaluated serum Mg lev-
els on admission to the ICU in 100 patients, and showed that
patients who developed hypomagnesemia during ICU stay had
higher APACHE and SOFA scores on admission, higher maxi-
mum SOFA score during ICU stay, greater need for ventilator
support and higher mortality. The study concluded that moni-
toring of serum Mg levels may have therapeutic and prognos-
tic implications [11].

A prospective observational study by Santos et al in
2010 evaluated 54 AIDS patients who developed acute kid-
ney injury (AKI) during hospitalization. In this study, ICU
admission, sepsis, dialysis and hypomagnesemia were associ-
ated with non-recovery of renal function and with mortality.
Hypomagnesemia was the only factor associated with both
non-recovery of kidney function (OR: 6.945, 95% CI: 1.207
- 39.958, P =0.03) and with death (OR: 6.923, 95% CI: 1.174
- 40.807, P = 0.033) in multivariate logistic regression, but it
is not clear if hypomagnesemia is a determinant or simply a
marker of illness severity in AIDS patients [12]. Similarly, an
observational study by Alves et al evaluated 232 ICU patients
and showed that although the prevalence of hypomagnesemia
was similar in patients with or without AKI, hypomagnesemia
was an independent risk factor for non-recovery of renal func-
tion [13].

Chernow et al measured serum Mg levels in blood sam-
ples from 193 ICU patients and found that 117 of 193 (61%)
had hypomagnesemia on ICU admission. In this study, patients
with severe hypomagnesemia (defined as serum Mg < 1.0
mEq/dL) had more hypokalemia, received aminoglycosides
more often and had higher mortality compared to similarly ill
patients with normal Mg levels. Because severe hypomagne-
semia was associated with aminoglycoside therapy and with
increased mortality, these authors recommended measurement
of Mg levels in ICU patients receiving aminoglycosides, and
Mg replacement therapy in patients with serum Mg values <
1.0 mEq/dL [14].
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Dabbagh et al published in 2006 the results of a prospec-
tive observational study on 71 patients consecutively admitted
to the ICU, and showed that 41 of 71 patients (60%) had hy-
pomagnesemia. Univariate analyses showed that APACHE II
scores, arrhythmias, duration of mechanical ventilation, ICU
length of stay and mortality were significantly lower in pa-
tients who received Mg supplementation at dose > 1 g/day,
compared to patients who received less than 1 g/day. However,
because multivariate analysis showed that only APACHE 11
score was an independent risk factor for mortality, the authors
questioned whether the observed association between Mg sup-
plementation and mortality could be related to illness severity.
In addition, because daily Mg supplementation > 1 g/day is
potentially associated with lower mortality, the authors sug-
gested an aggressive ICU Mg supplementation protocol [15].

A prospective, cohort study on 144 ICU patients over a
6-month period by Escuela et al evaluated the association of
total serum magnesium (tsMg) and ionized serum magnesium
(Mg?") alterations with outcome. This study showed that Mg
alterations are frequently found in ICU patients, and the agree-
ment between tsMg and ionized Mg?" levels on admission and
on the second, third and last ICU day is very weak (k = 0.076,
-0.02, 0.16, and -0.17, respectively). lonized hypermagnesem-
ia was associated with higher mortality, but there was no as-
sociation between hypomagnesemia and mortality [16].

Guerin et al published in 1996 the findings of a prospective
study evaluating 179 consecutive ICU patients over a 4-month
period. tsMg and erythrocyte Mg (Mge) were measured by
atomic absorption spectrophotometry. This study showed
high prevalence of Mg abnormalities: 79 patients (44%) had
hypomagnesemia and 10 (6%) had hypermagnesemia on ICU
admission. High Mg levels were associated with increased
mortality, whereas there was no association between low Mgs
and Mge levels and mortality [17].

Huijgen et al published in 2000 a study evaluating the
relationship between ionized Mg, total Mg, and serum albu-
min levels, and the role of extracellular and intracellular Mg
in outcome prediction in 115 ICU patients. This study showed
significantly negative correlation between serum albumin and
ionized Mg. There was no correlation between low extracel-
lular or intracellular Mg and clinical outcome. The authors
pointed out that observation of hypomagnesemia in critically
ill patients depends on the Mg fraction measured, and reliable
serum ionized Mg concentrations can only be obtained by di-
rect measurement, rather than by calculation from serum total
Mg and albumin. They also suggested that the absence of cor-
relation with clinical outcome shows that hypomagnesemia is
merely an epiphenomenon [18].

A retrospective study by Moskowitz et al reviewed 8,922
patients admitted to a 77-bed ICU over 8 years and evaluated
the association between Mg deficiency and lactic acidosis. In
this study, hypomagnesemia was present in 22.6% of patients,
and was associated with lactic acidosis. The authors suggested
that low plasma Mg level is a correctable risk factor for lactic
acidosis in critical illness [19].

A prospective observational study by Rubeiz et al on 381
acutely ill patients showed that, although hypomagnesemic
and normomagnesemic patients had comparable APACHE II
scores and did not differ with regard to other clinically relevant
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variables, patients with hypomagnesemia in the ICU and in the
wards had mortality approximately twice as high compared to
patients with normal Mg levels (P <0.01) [20].

Zafar et al published in 2014 the results of a single-center
prospective observational study in 70 ICU patients with normal
vs. low plasma Mg levels, and showed that hypomagnesemia
was associated with significantly higher mortality (74.7% vs.
36%, P=0.004) [2].

With regard to Mg level measurement, as 99% of Mg is
located inside cells, intracellular ionized Mg concentration
(iMg) may be physiologically more relevant. Therefore, meas-
urement of iMg in erythrocytes (iMge) can provide relevant
information on Mg status. A study by Arnold et al used a Mg
loading test to diagnose Mg depletion in ICU patients, and
showed that Mg levels in plasma, red blood cells and mononu-
clear blood cells did not differ significantly between patients
with vs. patients without Mg depletion. This study concluded
that normal plasma, red blood cell and mononuclear blood cell
Mg concentration cannot exclude Mg depletion in critically ill
patients [21].

A study by Malon et al in critically ill postoperative pa-
tients used ion-selective electrode to measure erythrocyte and
serum iMg concentration, and atomic absorption spectrometry
to measure total magnesium concentration (tMg). The authors
concluded that measurement of intracellular Mg concentration
is the preferred method for evaluating Mg status, and iMge is
the most relevant parameter for diagnosing hypomagnesemia
or hypermagnesemia [22].

Similarly, a study by Johansson evaluated Mg serum
levels in blood from healthy volunteers and critically ill pa-
tients and showed weak correlation of free ionized magnesium
(iMg?") and total Mg in critically ill patients. This study con-
cluded that, in contrast to routine clinical practice, where most
clinical laboratories only measure total Mg, measurement of
free ionized magnesium (iMg?") is the most useful test for es-
timating Mg status [23].

Findings of all the above clinical studies are summarized
in Table 1 [2, 5-21, 24, 25]. Because these studies are hetero-
geneous with regard to patient population and study design, we
did not attempt quantitative synthesis of the data.

With regard to experimental data, studies in rats with en-
dotoxic shock showed that hepatic Mg?* content was signifi-
cantly lower in septic rats compared to non-septic controls.
Treatment of endotoxic rats with diltiazem, a calcium antago-
nist, restored hepatic cellular Mg?* to normal levels [26]. An-
other study by Lee in rats with endotoxemia showed that Mg
administration mitigates in a dose-dependent manner oxida-
tive stress, inflammatory response and acute lung injury, with
possible mechanisms being antagonism of the L-type calcium
channels and of the N-methyl-D-aspartate (NMDA) receptor
[27].

A randomized experimental study by Esen et al on a rat
model of intraperitoneal sepsis (126 male Sprague-Dawley
rats) showed that use of magnesium sulfate correlated with
protective effect on blood brain barrier integrity, as Mg at-
tenuated the increased permeability of the barrier, leading to
reduced formation of brain edema [28].

In another multi-experimental study on a total of 299 rats,
Salem et al showed that Mg deficiency was strongly associ-
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Table 1. Clinical Studies on Hypomagnesemia in Critically Il Patients

Author Origin/year Study design Findings
Alves et Criciuma, Cohort study, 232 ICU patients Hypomagnesemia is independent risk factor for non-recovery of renal
al [13] Brazil, 2013 function.
Arnold et Wales, UK, Magnesium loading test, 20 Normal Mg concentrations in plasma, red blood cell or mononuclear
al [21] 1995 ICU patients blood cell cannot exclude magnesium depletion.
Chenetal [9] Hangzhou, Single-center prospective Hypomagnesemia in 102 patients (27.27%), associated with higher
China, 2015 observational study, 374 ICU  SOFA scores, longer ICU stay and higher mortality 54.90% vs. 33.88%,
patients P=0.01. Serum magnesium level was independent risk factor for death.
Chernow Boston, MA. Observational study, 193 Sixty-one percent of patients had hypomagnesemia on ICU admission.
et al [14] USA, 1989 postoperative ICU patients Severe hypomagnesemia (serum Mg < 1.0 mEq/dL) associated
with aminoglycoside therapy, hypokalemia and higher mortality.
Cojocaru Bucharest, Observational study 53 Hypomagnesemia in patients with acute bacterial infections occurred
etal [10] Romania, 2009  patients with acute stroke and ~ within days, persisted for weeks, did not correlate with disease severity.
acute infection
Dabbagh Riyadh, Saudi Prospective observational Forty-one of 71 patients (60%) had hypomagnesemia. Daily Mg
etal [15] Arabia, 2006 study, 71 ICU patients supplementation > 1 g/day associated with lower mortality
Escuela et Zaragoza, Prospective observational Hypomagnesemia in 52.5% of patients on ICU admission ionized
al [16] Spain, 2005 study, 144 ICU patients hypermagnesemia associated with higher mortality. No association
between hypomagnesemia and mortality
Fiaccadori Parma, Italy, Prospective study, 32 ICU Three of 32 patients (9.4%) had low serum Mg (< 0.7 mmol/L) but
et al [24] 1988 patients normal muscle Mg. Fifteen of 32 patients (47%) had low muscle Mg but
normal serum Mg levels.
Guerin et Lyon, France, Prospective observational On ICU admission, hypomagnesemia in 79 (44%) patients,
al [17] 1996 study, 179 ICU patients hypermagnesemia in 10 (6%). High Mg level associated with higher
mortality, no association between low Mg and Mge and mortality.
Huijgen et Amsterdam, Prospective multicenter study, Negative correlation between serum albumin and ionized magnesium.
al [18] Netherlands, 115 ICU patients No correlation between low extracellular or intracellular magnesium and
2000 outcome.
Kumar et Maharashtra, Prospective observational Hypomagnesemia in 25% of patients, associated with greater need for
al [8] India, 2015 study over 1-year, 601 ICU mechanical ventilation, longer ICU stay and higher mortality (38.56%
patients vs. 14.73%).
Limaye et Mumbeai, Prospective observational Hypomagnesemia associated with mechanical ventilation need (P <
al [6] India, 2011 study, 100 ICU patients 0.05), and duration (P < 0.05), increased incidence of sepsis (38% vs.
19%, P < 0.05) and higher mortality (57.7% vs. 31.7%, P < 0.05).
Moskowitz Boston, MA, Retrospective study, 8,922 Hypomagnesemia present in 22.6% of ICU patients, associated with
etal [19] USA, 2014 ICU patients over 8 years lactic acidosis.
Reinhart Marshfield, WI,  Observational study, 102 Hypomagnesemia in 20% of patients, hypermagnesemia in 9% of
etal [5] USA, 1985 medical ICU patients patients. Of all ions, Mg had the highest prevalence of abnormal values.
Rubeiz et Detroit, MI, Prospective observational Patients with hypomagnesemia had comparable APACHE II scores but
al [20] USA, 1993 study, 381 consecutive acutely twice the mortality compared to patients with normal magnesium (P <
ill patients 0.01).
Ryzen et Los Angeles, Observational study, 94 65% of patients with normal creatinine had hypomagnesemia.
al [25] CA, USA, 1985 consecutive ICU patients
Safavi, Isfahan, Retrospective study, 100 ICU  Development of hypomagnesemia in ICU associated with higher SOFA
Honarmad Iran, 2007 patients scores, need for ventilator support and mortality.
[11]
Santos et al Sao Paulo, Fifty-four hospitalized AIDS Hypomagnesemia associated with non-recovery of renal function and

2010 [12]

Soliman
etal [7]

Zafar et al [2]

Brazil, 2010

Brussels,
Belgium, 2003

New Delhi,
India, 2014

patients with acute kidney
injury

Prospective observational
study, 446 patients
Prospective observational
study, 70 ICU patients

with mortality.

Patients who developed hypomagnesemia during ICU stay had higher
prevalence of sepsis, septic shock, longer ICU stay and higher mortality.

Hypomagnesemia present in 24.29% of ICU patients, associated with
higher mortality (74.7% vs. 36%, P = 0.004).
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Table 2. Experimental and Laboratory Studies Evaluating Magnesium in Critical lliness

Author Origin/year Study design

Findings

Esen et al [28] Istanbul,

Turkey, 2005

Randomized experimental
study, intraperitoneal sepsis
model, 126 male rats

James et Johannesburg, Experimental study in baboons
al [33] South Africa, receiving adrenaline infusion
1988
Johansson Jonkoping, Blood samples from 40
et al [23] Sweden, 2007 healthy volunteers and 46
patients

Leeetal [27]  Taipei, Taiwan, Ninety-six adult male rats

2011
Liuetal [31]  Shanghai, Murine macrophage cells in
China, 2013 normal or low magnesium
Malon et Warsaw, Sixty-nine ICU patients,
al [22] Poland, 2014 measured erythrocyte and
serum iMg, and total
magnesium (tMg)
Malpuech- Theix, France, = Male Wistar rat inflammatory
Brugere et 2000 model
al [34]
Pranskunas Leeuwarden, Single-center open label study,
et al [30] Netherlands, 14 ICU patients
2011
Salem et Washington, Randomized controlled studies
al [29] DC, USA, 1995 - endotoxin challenge on 299
rats
Sayeed et Maywood, IL, Endotoxic shock in
al [26] USA, 1989 hypovolemic rats
Watanabe Tokyo, Japan, Experiment on male ICR mice
etal [35] 2011

Magnesium attenuated the increased blood brain barrier permeability
and reduced brain edema

Mg infusion abolished arrhythmias, increased CO and SV and reduced
SVR. Mg has antiarrthythmic and alpha-adrenergic antagonist effects

Weak correlation between free ionized magnesium (iMg2") and total Mg
in critical illness. Free ionized magnesium (iMg?") is most useful for
estimating Mg status

In endotoxemia, MgSO, mitigates oxidative stress, acute lung injury,
likely via calcium channel and NMDA antagonism

Magnesium deficiency promotes HMGB1 nucleus to cytoplasm
translocation and HMGB1 mRNA expression and activates NF-kappaB
signaling

Intracellular Mg concentration preferred for Mg status evaluation. iMge
most relevant for diagnosing hypo- or hyper-magnesemia

Increased cytokine concentration experimental magnesium deficiency

Magnesium did not improve microcirculation in patients with septic
shock

Mg deficiency strongly associated with mortality. Mg replacement
protects from endotoxin challenge. Cellular injury associated with Mg
abnormalities

Hepatic Mg content lower in endotoxic rats. Diltiazem treatment before
endotoxin injection restored hepatic Mg levels

Significantly reduced cardiac tolerance to hypoxia in Mg deficiency

ated with increased mortality and that Mg replacement pro-
vided significant protection from endotoxin challenge. This
study also concluded that cellular injury in sepsis is associated
with circulating Mg concentration abnormalities [29]. Finally,
microvascular blood flow alterations are important in patients
with sepsis. Data from an open label experimental study on 14
ICU patients published by Pranskunas et al suggested that Mg
treatment did not improve microcirculation in sepsis [30].

A study by Liu showed that Mg deficiency in sepsis pa-
tients promoted the translocation of high mobility group box
1 (HMGBI1), an important inflammatory factor that is closely
related to mortality, from the nucleus to the cytoplasm and its
extracellular secretion in LPS-activated macrophages, while
enhancing the expression of HMGB1 mRNA. Furthermore,
Mg deficiency promoted the translocation of NF-kappaB from
the cytoplasm to the nucleus in LPS-activated macrophages.
Mg deficiency also activates the NF-kappaB signaling path-
way [31].

A review by Harkema published in 1992 evaluated the
benefits of adenosine triphosphate/magnesium chloride (ATP-
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MgCl,) as energy source and vasodilator in experimental is-
chemia, shock and sepsis, and concluded that ATP-MgCl, im-
proved cellular function, organ function and survival [32].

Results of the above laboratory or experimental studies
are summarized in Table 2 [22, 23, 26-31, 33-35].

Discussion

Mg, a very important intracellular cation which activates en-
zyme systems involved in energy metabolism, is required for
nucleic acid transcription, messenger RNA translation and
protein synthesis, and is responsible for regulation of mito-
chondrial function. In addition, Mg ions have important role
in immunological functions, including macrophage activa-
tion, adherence and bactericidal activity of granulocyte oxi-
dative burst, lymphocyte proliferation and endotoxin binding
to monocytes. In addition, increased cytokine concentration
has been recorded in experimental Mg deficiency inflamma-
tory models [34]. Therefore, the critical role of Mg in sepsis
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could be attributed to its immune system effects, which are
important in the pathogenesis of sepsis. Furthermore, Mg has a
fundamental role in regulation of cardiovascular homeostasis:
Experimental data on male ICR mice published by Watanabe
et al show significantly reduced cardiac tolerance to hypoxia in
animals with Mg deficiency [35], while small changes of free
Mg in cardiac and vascular muscle membranes can produce
significant effects on the mechanical and electrical activities
of these cells [36].

Of interest, Mg++ deficiency in the environment has been
implicated in development of toxic shock syndrome by strains
of Staphylococcus aureus. The hypothesis is that fibers in tam-
pons combine with Mg++, thereby producing Mg++ deficient
environment, where growth of staphylococci is slower com-
pared to ordinary culture media, and therefore maximal toxin
production is allowed to occur. As absorbency of tampons cor-
relates with capacity to absorb Mg++, it is possible to pro-
duce safer tampons, in which Mg content is regulated, so that
staphylococci do not grow in a Mg-deficient environment [37].

Fluid and electrolyte abnormalities are among the most
common abnormalities seen in ICU patients with sepsis. Usual
mechanisms involved in the pathogenesis of electrolyte disor-
ders, including altered magnesium levels, are reduced kidney
perfusion due to hypovolemia and hypotension, heart failure
due to sepsis-related fluid and electrolyte abnormalities, ac-
tivation of the vasopressin and renin-angiotensin-aldoster-
one system, inappropriate fluid administration and effects of
medications. Low serum Mg levels are frequently identified
in ICU patients with sepsis [38], and have been implicated in
development of systemic inflammatory response syndrome
(SIRS) and organ dysfunction. Mg depletion is also associ-
ated with electrolyte abnormalities, including hypocalcemia,
hypophosphatemia and hypokalemia [39], and correlates with
neuromuscular abnormalities, including hyperexcitability and
respiratory muscle weakness [40]. Hypomagnesemia predis-
poses the myocardium to reperfusion injury by depleting en-
dogenous antioxidants and recruiting inflammatory cells. Vita-
min E supplements could prevent this injury, possibly through
restoration of endogenous antioxidant defenses, as shown in a
study by Weglicki et al [41]. Mg also acts as natural calcium
antagonist by regulating calcium access into the cell. For all
these reasons, Mg deficit in critically ill sepsis patients is re-
lated to poor outcome, therefore recognition and treatment of
hypomagnesemia is of great importance, and critical care clini-
cians have great interest in hypomagnesemia assessment and
treatment [42].

Hypomagnesemia is frequently observed in critically ill
patients, with prevalence as high as 50% [16, 25]. Several ex-
perimental and clinical studies show that hypomagnesemia
correlates with sepsis, while sepsis is recognized as independ-
ent factor for development of hypomagnesemia [43]. Micro-
circulatory alterations have critical role in sepsis and persist
despite correction of systemic hemodynamic parameters. Mg
is involved in both endothelium-dependent and non-endothe-
lium-dependent vasodilatory pathways. Pranskunas et al de-
scribed sublingual microcirculatory alterations in patients with
severe sepsis and septic shock and showed that microcircula-
tory variables and perfusion did not improve after infusion of
a fixed, limited Mg sulfate dose [30]. As cell membrane cal-
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cium channels are Mg dependent and Mg seems to be a fac-
tor regulating sepsis-associated calcium entry, Mg is strongly
correlated with calcium ion entry in septic shock. Experimen-
tal data published by White suggest that when isolated myo-
cytes are exposed to different Mg concentrations, lower Mg
concentrations are associated with efflux of free calcium from
the sarcoplasmic reticulum into the cytosol. Similarly, experi-
ments in animal sepsis models show that intracellular calcium
is increased during hypomagnesemia. Finally, experiments in
a Mg deficient sepsis rat model have shown that intracellular
calcium may cause activation of calcium sensitive nitric oxide
synthase (NOS) in septic shock [44].

Mg level assessment is difficult, because Mg is mostly
intracellular and there is no simple method to measure total
body Mg. Because Mg is primarily a cofactor in intracellu-
lar biochemical reactions, and almost 99% of total body Mg
is intracellular, the practice of measuring Mg in blood serum
alone has been questioned, and methods for measurement of
total cellular Mg in erythrocytes (tMge) have been developed.
However, intracellular ionized Mg concentration is physiolog-
ically much more relevant [22], and the question of whether
ionized Mg should be measured in clinical practice has been
raised [45].

Different studies have shown that, depending on the popu-
lation studied and tMgs threshold value chosen, the incidence
of hypomagnesemia ranges from 9.4% in critically ill COPD
patients to 61% in postoperative ICU patients [14, 24]. The
high prevalence of hypomagnesemia, based on tMgs can prob-
ably be explained by Mg shift from extracellular to intracel-
lular compartments, whereby iMg?’s concentration can remain
unchanged, in contrast with tMgs. Because more than 99%
of body Mg is intracellular, intracellular Mg concentration
changes due to Mg shift from extracellular to intracellular fluid
may remain undetectable. A study by Huijgen et al confirms
that hypomagnesemia is common in critically ill patients when
tMgs is measured, but 70% of these patients no longer have
hypomagnesemia when ionized magnesium (iMg?") is meas-
ured. This finding suggests that in clinical conditions (like
sepsis) where abnormal albumin and protein concentrations
are expected, iMg?" measurement is preferred to tMgs meas-
urement. However, studies still report results based on serum
tMgs measurements. Chernow et al reported that postoperative
ICU patients with severe hypomagnesemia (< 1.2 mg/dL (<0.5
mmol/L)) had higher mortality compared to patients without
hypomagnesemia (P < 0.02), despite similar illness severity
scores in both populations. Similarly, in a study by Rubeiz et
al, although APACHE II scores were similar in ICU patients
with hypomagnesemia vs. patients without, mortality was sig-
nificantly higher in patients with hypomagnesemia [20].

Hypomagnesemia can be treated with parenteral Mg ad-
ministration, guided by serum Mg level, targeting Mg levels >
1.5 mg/dL. Mg infusion is generally well tolerated, as Mg has
antiarrhythmic effects and increases cardiac output and stroke
volume, while slightly reducing peripheral vascular resistance
[33]. However, because Mg inhibits platelet function, caution
is needed in patients with impaired platelet function or other
bleeding disorders [46]. Aim of Mg therapy is to resolve symp-
toms related to hypomagnesemia, while avoiding hyperma-
gnesemia. Parenteral Mg supplementation is indicated if Mg
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concentration is < 0.5 mmol/L (plasma (Mg?") < 1 mg/dL) or
in the presence of hypomagnesemia-related symptoms (elec-
trocardiographic changes, life-threatening arrhythmias includ-

JL. Development of ionized hypomagnesemia is as-
sociated with higher mortality rates. Crit Care Med.
2003;31(4):1082-1087.

ing torsades de pointes, seizures, and coma). Infusion time is 8. Kumar S, Honmode A, Jain S, Bhagat V. Does magne-

important, because Mg has slow distribution into the tissues sium matter in patients of Medical Intensive Care Unit:

and is rapidly eliminated by renal excretion, with up to 50% A study in rural Central India. Indian J Crit Care Med.
of infused Mg excreted in the urine. Severe hypomagnesemia 2015;19(7):379-383.

requires treatment with Mg doses up to 1.5 mEq/kg. Regard- 9. Chen M, Sun R, Hu B. [The influence of serum magnesi-

ing rate of administration, doses < 6 g magnesium sulfate are um 1eve1'on the prqgnosllsiof C.I'ItICaHy ill patients]. Zhon-

infused over § - 12 h, whereas higher doses are infused over 24 ghua Wei Zhong Bing Ji Jiu Yi Xue. 2015:27(3):213-217.

h. To prevent hypermagnesemia, Mg dosage should be reduced 10. Cojocaru IM, Cojocaru M, Tanasescu R, lacob SA, Ili-

in patients with renal impairment. In patients with deficient escu I. Changes of magnesium serum levels in patients

diet or malabsorption and Mg concentrations 0.5 - 0.7 mmol/L, with acute ischemic stroke and acute infections. Rom J

prolonged therapy with enteral or parenteral nutrition support Intern Med. 2009;47(2):169-171.

is sometimes necessary [38, 42, 47]. 11. Safavi M, Honarmand A. Admission hypomagnesemia-

-impact on mortality or morbidity in critically ill patients.
) Middle East J Anaesthesiol. 2007;19(3):645-660.

Conclusion 12. Santos MS, Seguro AC, Andrade L. Hypomagnesemia is

arisk factor for nonrecovery of renal function and mortal-

Hypomagnesemia is common in sepsis patients, both in the gy 1ln II{A IDZS oﬁ%}zgtz Vy31‘c1h6a§121‘§e kidney injury. Braz J Med

ICU and in the wards. In order to provide optimal care, ICU 101 RS ° .( ):316-323. . . .

L -1 - . - 13. Alves SC, Tomasi CD, Constantino L, Giombelli V, Can-

clinicians should be familiar with the principles and practice . .

. . . dal R, Bristot Mde L, Topanotti MF, et al. Hypomagne-

of fluid and electrolyte pathophysiology. Hypomagnesemia . .

. . S ) semia as a risk factor for the non-recovery of the renal

should be identified and corrected, because it is associated R . . . . L

A . LT function in critically ill patients with acute kidney injury.
with increased adverse events and higher mortality in critically . ) )

) . C . Nephrol Dial Transplant. 2013;28(4):910-916.

ill patients. Total or ionized serum Mg measurement is use- . . .

. : . . o . 14. Chernow B, Bamberger S, Stoiko M, Vadnais M, Mills S,

ful in sepsis patients, and physicians should maintain a high . o .

. L. . Hoellerich V, Warshaw AL. Hypomagnesemia in patients

index of suspicion for hypomagnesemia and the need for Mg . S . . .

in postoperative intensive care. Chest. 1989;95(2):391-
replacement therapy. 397
15. Dabbagh OC, Aldawood AS, Arabi YM, Lone NA, Brits
Competing Interests R, Pillay M. Magnesium supplementation and the poten-
tial association with mortality rates among critically ill
) non-cardiac patients. Saudi Med J. 2006;27(6):821-825.

This work was supported solely by department funds. All au- 16. Escuela MP, Guerra M, Anon JM, Martinez-Vizcaino V,

thors state that they do not have any financial or other compet- Zapatero MD, Garcia-Jalon A, Celaya S. Total and ion-

Ing 1nterests to report. ized serum magnesium in critically ill patients. Intensive

Care Med. 2005;31(1):151-156.
References 17. Guerin C, Cousin C, Mignot F, Manchon M, Fournier
G. Serum and erythrocyte magnesium in critically ill pa-
) ) tients. Intensive Care Med. 1996;22(8):724-727.

1. Mazur A, Maier JA, Rock E, Gueux E, Nowacki W, Ray- 18. Huijgen HJ, Soesan M, Sanders R, Mairuhu WM, Kes-
ssiguier Y. Mggnesmm gnd jche 1pﬂammat0ry response: ecioglu J, Sanders GT. Magnesium levels in critically ill
potential physiopathological implications. Arch Biochem patients. What should we measure? Am J Clin Pathol.
Biophys. 2007;‘}58(1)14'8-56. ‘ o 2000;114(5):688-695.

2. Zafar MS, Wani JI, Karim R, Mir MM, Koul PA. Signifi- 19. Moskowitz A, Lee J, Donnino MW, Mark R, Celi LA,
cance of serum magnesium levels in critically ill-patients. Danziger J. The Association Between Admission Magne-
Int J Appl Basic Med Res. 2014;4(1):34-37. sium Concentrations and Lactic Acidosis in Critical Ill-

3. Gonzalez W, Altieri PI, Alvarado S, Banchs HL, Esco- ness. J Intensive Care Med. 2014.
bales N, Crespo M, Borges W. Magnesium: the forgotten 20. Rubeiz GJ, Thill-Baharozian M, Hardie D, Carlson RW.
electrolyte. Bol Asoc Med P R. 2013;105(3):17-20. Association of hypomagnesemia and mortality in acutely

4. Elin RJ. Magnesium: the fifth but forgotten electrolyte. ill medical patients. Crit Care Med. 1993;21(2):203-209.
Am J Clin Pathol. 1994;102(5):616-622. 21. Arnold A, Tovey J, Mangat P, Penny W, Jacobs S. Mag-

5. Reinhart RA, Desbiens NA. Hypomagnesemia in patients nesium deficiency in critically ill patients. Anaesthesia.
entering the ICU. Crit Care Med. 1985;13(6):506-507. 1995;50(3):203-205.

6. Limaye CS, Londhey VA, Nadkart MY, Borges NE. Hy- 22. Malon A, Brockmann C, Fijalkowska-Morawska J, Rob
pomagnesemia in critically ill medical patients. J Assoc P, Maj-Zurawska M. Ionized magnesium in erythrocytes-
Physicians India. 2011;59:19-22. -the best magnesium parameter to observe hypo- or hy-

7.  Soliman HM, Mercan D, Lobo SS, Melot C, Vincent permagnesemia. Clin Chim Acta. 2004;349(1-2):67-73.

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™ www.jocmr.org 917



Hypomagnesemia in Critical lliness

J Clin Med Res.2015;7(12):911-918

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

918

Johansson M, Whiss PA. Weak relationship between ion-
ized and total magnesium in serum of patients requiring

sponse following acute magnesium deficiency in the rat.
Biochim Biophys Acta. 2000;1501(2-3):91-98.

magnesium status. Biol Trace Elem Res. 2007;115(1):13- 35. Watanabe M, Shinohara A, Matsukawa T, Chiba M, Wu
21. J, Tesaki T, Okada T. Chronic magnesium deficiency de-
Fiaccadori E, Del Canale S, Coffrini E, Melej R, Vitali P, creases tolerance to hypoxia/reoxygenation injury in
Guariglia A, Borghetti A. Muscle and serum magnesium mouse heart. Life Sci. 2011;88(15-16):658-663.
in pulmonary intensive care unit patients. Crit Care Med. 36. Altura BM, Altura BT. New perspectives on the role of
1988;16(8):751-760. magnesium in the pathophysiology of the cardiovascular
Ryzen E, Wagers PW, Singer FR, Rude RK. Magnesium system. II. Experimental aspects. Magnesium. 1985;4(5-
deficiency in a medical ICU population. Crit Care Med. 6):245-271.
1985;13(1):19-21. 37. Kass EH. Magnesium and the pathogenesis of toxic shock
Sayeed MM, Zhu M, Maitra SR. Alterations in cellular syndrome. Rev Infect Dis. 1989;11(Suppl 1):S167-173;
calcium and magnesium during circulatory/septic shock. discussion S173-165.
Magnesium. 1989;8(3-4):179-189. 38. Lee JW. Fluid and electrolyte disturbances in critically il
Lee CY, Jan WC, Tsai PS, Huang CJ. Magnesium sulfate patients. Electrolyte Blood Press. 2010;8(2):72-81.
mitigates acute lung injury in endotoxemia rats. J Trau- 39. Crook MA. Hypophosphataemia and hypokalaemia
ma. 2011;70(5):1177-1185; discussion 1185. in patients with hypomagnesaemia. Br J Biomed Sci.
Esen F, Erdem T, Aktan D, Orhan M, Kaya M, Eraksoy H, 1994;51(1):24-27.
Cakar N, et al. Effect of magnesium sulfate administra- 40. Olerich MA, Rude RK. Should we supplement magne-
tion on blood-brain barrier in a rat model of intraperito- sium in critically ill patients? New Horiz. 1994;2(2):186-
neal sepsis: a randomized controlled experimental study. 192.
Crit Care. 2005;9(1):R18-23. 41. Weglicki WB, Phillips TM, Mak IT, Cassidy MM, Dick-
Salem M, Kasinski N, Munoz R, Chernow B. Progressive ens BF, Stafford R, Kramer JH. Cytokines, neuropeptides,
magnesium deficiency increases mortality from endotox- and reperfusion injury during magnesium deficiency. Ann
in challenge: protective effects of acute magnesium re- NY Acad Sci. 1994;723:246-257.
placement therapy. Crit Care Med. 1995;23(1):108-118. 42. Besunder JB, Smith PG. Toxic effects of electrolyte and
Pranskunas A, Vellinga NA, Pilvinis V, Koopmans M, trace mineral administration in the intensive care unit.
Boerma EC. Microcirculatory changes during open label Crit Care Clin. 1991;7(3):659-693.
magnesium sulphate infusion in patients with severe sep- 43. Ryzen E, Rude RK. Magnesium deficiency in bacteremic
sis and septic shock. BMC Anesthesiol. 2011;11:12. patients. Arch Intern Med. 1988;148(1):249, 253.
Liu Z, Chang Y, Zhang J, Huang X, Jiang J, Li S, Wang Z. 44. White RE, Hartzell HC. Magnesium ions in cardiac func-
Magnesium deficiency promotes secretion of high-mobil- tion. Regulator of ion channels and second messengers.
ity group box 1 protein from lipopolysaccharide-activated Biochem Pharmacol. 1989;38(6):859-867.
macrophages in vitro. J Surg Res. 2013;180(2):310-316. 45. Foley C, Zaritsky A. Should we measure ionized magne-
Harkema JM, Chaudry IH. Magnesium-adenosine sium? Crit Care Med. 1998;26(12):1949-1950.
triphosphate in the treatment of shock, ischemia, and sep- 46. Gries A, Bode C, Gross S, Peter K, Bohrer H, Martin E.
sis. Crit Care Med. 1992;20(2):263-275. The effect of intravenously administered magnesium on
James MF, Cork RC, Harlen GM, White JF. Interactions platelet function in patients after cardiac surgery. Anesth
of adrenaline and magnesium on the cardiovascular sys- Analg. 1999:;88(6):1213-1219.
tem of the baboon. Magnesium. 1988;7(1):37-43. 47. Sedlacek M, Schoolwerth AC, Remillard BD. Electro-
Malpuech-Brugere C, Nowacki W, Daveau M, Gueux lyte disturbances in the intensive care unit. Semin Dial.
E, Linard C, Rock E, Lebreton J, et al. Inflammatory re- 2006;19(6):496-501.

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press Inc™ www.jocmr.org



