








MgSO4 reduces cytokine production in monocytes from preterm
neonates

MgSO4 has been demonstrated to have a neonatal neuroprotective
effect when given to women at risk for preterm delivery (3–7). We
observed that MgSO4 supplementation decreases baseline and
LPS-stimulated TNF-a and IL-6 production within CBMCs from
preterm neonates who were not exposed to MgSO4 intrapartum
(Fig. 3). These findings suggest that the effect of MgSO4 is not
gestational age-dependent, and more importantly that MgSO4

decreases cytokine production in the population at highest risk for
adverse neurologic outcomes. One limitation of this assay is that
MgSO4 supplementation was provided in vitro, as ethical and
technical constraints prevent obtaining human fetal blood samples
prior to antepartum MgSO4 treatment. Cumulatively, our results
demonstrate that both in vivo and in vitro MgSO4 exposure
downregulates the production of cytokines associated with adverse
neurologic outcomes under both constitutive and TLR ligand-
stimulated conditions; moreover, MgSO4 decreases cytokine pro-
duction in patients at risk for these outcomes.

Decreased cytokine production is mediated by intracellular
magnesium

To evaluate how MgSO4 reduces cytokine production, we mea-
sured total cellular magnesium levels following MgSO4 exposure,

observing a rapid rise in cellular magnesium content. Within 1 h
MgSO4 supplementation (final concentration, 6 mg/dl or 2.5 mM),
the cellular magnesium content increased and peaked at 88 nmol
Mg2+/106 cells, compared with a magnesium content of 24 nmol
Mg2+/106 in cells cultured in RPMI 1640/10% HAB (standard
conditions, control). Because the possibility exists that magnesium
functions extracellularly by decreasing LPS/TLR4 binding, we
performed experiments where CBMCs were challenged with LPS
for 15 min (to permit LPS/TLR4 binding) prior to MgSO4 sup-
plementation. Under these conditions cytokine production was
decreased, supporting the concept that magnesium exerts its effect
downstream of LPS/TLR binding (Fig. 4A; p , 0.05 for IL-6 and
p , 0.01 for TNF-a). Taken together, these findings support the
concept that magnesium rapidly influences cytokine production
via an intracellular mechanism.
The specificity of magnesium in downregulating inflammatory

cytokine production was assessed by exposing cells from a single
donor to equimolar concentrations of MgSO4, MgCl2, or Na2SO4

followed by LPS stimulation. Supplementation with either MgCl2
or MgSO4 comparably reduced IL-6 (60–70%) and TNF-a (40–
50%) production, whereas exposure to Na2SO4 did not decrease
cytokine production, indicating that the magnesium moiety in-
fluences cytokine production (Fig. 4B; p , 0.01). Furthermore,
these compounds served as osmotic controls. Hence, the ineffec-

FIGURE 2. MgSO4 decreases LPS-stimulated cytokine production in neonates. (A) MgSO4 supplementation decreases the percentage of stimulated

monocytes producing TNF-a and IL-6. CBMCs cultured in RPMI 1640 (CTRL) or RPMI 1640 at a MgSO4 concentration of 6 mg/dl (Mg Sup) were

stimulated with 50 pg/ml LPS for 6 h with brefeldin A. Cells were stained with mAb CD14-FITC, permeabilized, stained with mAbs IL-6-PE, and TNF-

a-allophycocyanin, followed by flow cytometric analysis. The percentage of monocytes (CD14+ cells) producing IL-6 or TNF-a is shown in the upper right

corner of each plot, with monocytes comprising most of the cytokine-producing cells (.95%). MgSO4 exposure significantly downregulates LPS-induced

(B) and basal (C) cytokine production. The percentage of monocytes producing IL-6 or TNF-a is shown (n = 12, unique shapes delineate each individual),

demonstrating that MgSO4 supplementation consistently decreases cytokine production in CBMCs. Data were analyzed using a Wilcoxon signed-rank test.

FIGURE 3. MgSO4 decreases

baseline and LPS-stimulated cyto-

kine production in preterm infants.

CBMCs from preterm infants (,34

wk gestation, not exposed to MgSO4

intrapartum) were cultured with (Mg

Sup) and without (CTRL) MgSO4

supplementation in the presence or

absence of 50 pg/ml LPS stimula-

tion. The results of ICS and flow

cytometric analysis are shown: (A)

TNF-a, (B) IL-6. Results are repre-

sentative of five individual experi-

ments.
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tiveness of Na2SO4 at reducing cytokine production rules out an
osmotic effect as a possible cause of altered cytokine production.
Cumulatively, these data indicate that the immunomodulatory
effect is mediated by magnesium and not the sulfate moiety of the
compound and that magnesium functions intracellularly.

Magnesium reversibly regulates cytokine production via
transcriptional regulation

To assess whether the effects of magnesium are reversible, cells
were exposed (or not) to MgSO4 for 2 h; cells were then washed
and immediately challenged with LPS in the presence of control
or magnesium-supplemented media. The effect of magnesium was
reversible, because exposure prior to LPS challenge had minimal
influence on the ability of cells to produce IL-6 and TNF-a (Fig.
5). These results are consistent with the swift rise and peak in

cellular magnesium concentrations observed following MgSO4

supplementation. By pursuing the mechanism of diminished cy-
tokine production, cytokine gene expression within TLR-ligand
stimulated cells exposed to MgSO4 was assessed using real-time
PCR (Fig. 6). At 2 and 4 h after LPS exposure there was a sta-
tistically significant decrease (p , 0.05) in TNF-a and IL-6
mRNA levels within cells receiving MgSO4 supplementation.
These results indicate that MgSO4 downregulates TNF-a and
IL-6 production prior to transcription.

Magnesium decreases cytokine production by reducing NF-kB
activation

The impact of MgSO4 on NF-kB activation was evaluated using
multiple independent methods. First, we assessed IkBa gene ex-
pression, as NF-kB activation leads to increased transcription of

FIGURE 4. MgSO4 decreases cytokine production when added following LPS exposure, and decreased cytokine production is mediated by magnesium.

(A) CBMCs were stimulated with LPS for 15 min prior to MgSO4 exposure (15 min Post LPS) to permit LPS/TLR binding. Inhibition of cytokine

production was observed (at levels similar to those seen when MgSO4 and LPS are added simultaneously; n = 4) and compared with cells from the same

donor not supplemented with magnesium (f). (B) CBMCs were stimulated with LPS alone, in the presence of MgSO4 supplementation (2.5 mM), or with

equimolar concentrations of related salts (MgCl2 or Na2SO4). The percentage change in cytokine production for each salt was calculated based on ICS

(n = 5, *p , 0.01); SEM is shown. Both MgCl2 and MgSO4, decrease TNF-a and IL-6 production compared with untreated cells, whereas Na2SO4 failed

to decrease cytokine production.

FIGURE 5. MgSO4 causes a reversible de-

crease in cytokine production. CBMCs were

exposed or not (CRTL) to magnesium supple-

mentation (Mg Sup) for 2 h. CBMCs were then

washed and immediately challenged with LPS

in the presence of control or magnesium sup-

plemented media. (A) Histogram overlays

show IL-6 and TNF-a production under each

of the four conditions; the condition in which

Mg2+ was supplemented prior to and during

LPS-stimulation is shaded gray. (B) Bar graph

shows the percentage of neonatal monocytes

producing either IL-6 (black) or TNF-a (gray)

in the above histogram under each condition,

illustrating that the effect of magnesium sup-

plementation is reversible. Results are repre-

sentative of three individual experiments.
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its repressor, IkBa. Magnesium supplementation decreased TLR-
induced IkBa mRNA levels 3-fold 1 h after stimulation, sug-
gesting that NF-kB activation is decreased in the presence of in-
creased cellular magnesium levels (Fig. 7A). We next determined
the impact of MgSO4 on NF-kB p65 phosphorylation. Activated
NF-kB p65 is phosphorylated at Ser536, regulating activation,
nuclear localization, and transcriptional activity. Exposure to
magnesium was correlated with diminished phosphorylated NF-
kB p65 levels following TLR stimulation (Fig. 7B), providing
further evidence that magnesium downregulates TLR-induced
inflammatory cytokine production in an NF-kB–dependent man-
ner. We next assessed nuclear NF-kB levels in purified neonatal
monocytes, whereby we demonstrate a 3- to 4-fold increase in
nuclear NF-kB levels following LPS stimulation (Fig. 7C; the NF-
kB p65/TFIID ratio is shown below each lane). In the presence of
magnesium supplementation, LPS-stimulated nuclear NF-kB levels
were reduced by half, confirming decreased NF-kB activation. The
mechanism of magnesium-reduced NF-kB activation leading to de-
creased cytokine production was confirmed using the NF-kB specific
inhibitors 6-amino-4-(4-phenoxyphenylethylamino)quinazoline and
4-methyl-N1-(3-phenylpropyl)benzene-1,2-diamine (JSH-23). These
inhibitors reduced TNF-a expression by 80 and 50%, respectively,
eliminating reduced cytokine production within magnesium-supple-
mented cells.

Magnesium decreases TLR-mediated cytokine production by
increasing IkBa levels

Pathogens associated with preterm parturition include group B
Streptococcus, Mycoplasma, and Ureaplasma. These clinically
relevant perinatal pathogens express molecules interacting with
TLR2 (28) leading to NF-kB activation, prompting us to investi-
gate whether MgSO4 supplementation also impacts cytokine pro-
duction following TLR2 ligand stimulation. Using MALP-2, a
synthetic TLR2/6 ligand (29), at a concentration determined to
induce IL-6 production in ∼50% of neonatal monocytes, we found
that MgSO4 supplementation significantly reduces the percentage
of monocytes producing TNF-a and IL-6 following TLR2/6
stimulation (Fig. 8A; p , 0.01). This strongly suggests that our
findings are applicable to pathogens likely to be encountered within
an obstetrical setting. We next investigated whether MgSO4 influ-
ences TLR3 signaling. TLR3 recognizes dsRNA and is present
within the lysosomal compartment, signaling via an MyD88-

independent pathway. MgSO4 supplementation resulted in di-
minished cytokine production following TLR3 signaling (Fig. 8B;
p , 0.01), providing additional evidence that intracellular mag-
nesium influences cytokine production.
Because IkBa is the first signaling molecule in the NF-kB

pathway used by all of the TLRs we assessed (TLRs 2, 3, 4, and
6), we measured monocyte IkBa levels. As shown in Fig. 9A,
IkBa levels were reduced following TLR stimulation, and mag-
nesium supplementation did appear to inhibit IkBa degradation.
However, quantitating IkBa by fluorochrome-labeled secondary
Abs and normalizing expression to tubulin levels we observed
that basal IkBa levels were increased ∼25% in magnesium-
supplemented cells. Moreover, following LPS stimulation, IkBa
levels in magnesium-supplemented cells remained slightly ele-
vated for our 1-h-long assessment. Magnesium did not influence
basal IkBa gene expression (data not shown), leading us to
question how magnesium modulates IkBa levels. We next quan-
titated IkBa in unstimulated THP-1 cells, some of which were
treated with cyclohexamide before and during magnesium expo-
sure to inhibit protein synthesis. We found that both treated and
untreated cells had increased IkBa levels in the presence of
magnesium supplementation, with enhanced preservation of IkBa
levels in the presence of cyclohexamide (Fig. 9B). These results
support the concept that magnesium supplementation increases
constitutive IkBa levels, leading to reduced NF-ĸB activation and
cytokine production.

Discussion
To our knowledge, this study shows for the first time that in vitro
and in vivo exposure to a clinically effective MgSO4 concentration
(6 mg/dl) decreases constitutive and TLR-stimulated TNF-a and
IL-6 production. Decreased cytokine production is observed in
both adults and neonates and is mediated via increased constitu-
tive IĸBa levels and reduced NF-kB activation and nuclear lo-
calization. Our results define a novel immunomodulatory func-
tion for MgSO4, whereby it regulates NF-kB activation, cytokine
production, and limits systemic inflammation.
By exploring the mechanism of action of MgSO4, we found that

cellular magnesium content rapidly increased following MgSO4

exposure, in accordance with clinical data indicating that MgSO4

rapidly crosses the placenta, resulting in equivalent maternal and
fetal concentrations. The anti-inflammatory effect was reversible,

FIGURE 6. MgSO4 decreases IL-6 and TNF-a gene expression following LPS stimulation. CBMCs in the presence (Mg Sup) or absence (CTRL) of

magnesium supplementation were stimulated with LPS; RNA was extracted and reverse transcribed at the time points shown. Analysis of real-time

PCR, showing the relative abundance of mRNAs encoding for IL-6 and TNF-a normalized relative to a stably expressed housekeeping gene (Gus), is

shown. To control for differences in RNA extraction and RT, PCR efficiency samples were run in triplicate; error bars (SEM) are shown. For IL-6 at 1, 2,

and 4 h time points and TNF-a at the 2 and 4 h time points, p , 0.05. Data shown are representative of three individual experiments using different

donors.
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mediated by magnesium and not the sulfate moiety of the com-
pound, and reduced cytokine production was unrelated to osmotic
changes. MgSO4 exposure also decreased cytokine and IkBa gene

expression, in addition to reducing phosphorylated NF-kB p65
levels and NF-kB nuclear localization following TLR4 stimula-

tion, and decreased cytokine production was abrogated in the

presence of NF-kB inhibitors, proving that MgSO4 downregulates

cytokine production in an NF-kB–dependent manner.
Using multiple TLR ligands, we further probed the breadth and

mechanism of magnesium’s action. MgSO4 supplementation re-

duced the percentage of monocytes producing TNF-a and IL-6

following TLR2/6 agonist exposure. Group B Streptococcus,

Mycoplasma, and Ureaplasma express molecules recognized by

TLRs 2 and 6 (28), demonstrating that our findings are applicable

to pathogens prevalent within the clinical obstetrical setting.

MgSO4 also decreased cytokine production following TLR3 li-

gand exposure. TLR3 is expressed intracellularly, signaling via

IKKε/IRF3, a MyD88-independent/Toll/IL-1R domain-containing

adapter inducing IFN-b–dependent pathway. This result, com-

bined with our observations that magnesium decreases cytokine

production when added after LPS exposure and that cellular

magnesium content increases following MgSO4 exposure, per-

suasively indicates that magnesium acts within the cell.
NF-kB is a central regulator of inflammation-induced cyto-

kine production and is linked to cancer, diabetes, autoimmune

diseases, and is critical to the development of the adaptive im-

mune response. TLR4 and TLR2/6 activate the classical NF-kB

pathway, whereas TLR3 (TLR4 also has this capacity) utilizes a

MyD88-independent/Toll/IL-1R domain-containing adapter induc-

ing IFN-b–dependent pathway. Molecules shared by both path-

ways include IkBa and NF-kB. By evaluating IkBa in monocytes,

we found that magnesium increases basal IkBa levels by ∼25%
without effecting IkBa gene expression. IkBa has a short half life

secondary to its proline, glutamic acid , serine, and threonine

domain, which is thought to be responsible for constitutive pro-

teolytic degradation and protein turnover (30–32). Based on these

findings, IkBa was quantitated in unstimulated cells treated with

an inhibitor of protein synthesis prior to and during magnesium

exposure. Magnesium enhanced preservation of IkBa levels in

the absence of protein synthesis, suggesting that magnesium in-

creases IkBa stability. This finding contrasts with observations in

Hs294T cells whereby constitutive CXCL1 expression was asso-

ciated with a shortened IkBa half life, without changes in IkBa

mRNA levels (33); however, the overall conclusions demonstrat-

ing an inverse correlation between IkBa half life and cytokine

production are analogous. Although these findings do not preclude

the possibility that magnesium influences other mediators within

the TLR signaling cascade, our results strongly suggest that

FIGURE 7. MgSO4 influences NF-kB activation. (A) LPS-induced

IkBa gene expression is decreased in the presence of magnesium sup-

plementation. CBMCs were stimulated with 50 pg/ml LPS, and relative

IkBa gene expression, normalized to a stably expressed housekeeping

gene, was assessed using real-time PCR at various time points. Gray cir-

cles/dashed line delineate magnesium-supplemented samples; black

squares/solid line delineate control samples; error bars indicate the SEM of

triplicate samples. (B) Magnesium exposure decreases phosphorylated NF-

kB p65 (S536) levels following TLR stimulation. CBMCs were stimulated

for 30 min, lysed, and proteins resolved by SDS-PAGE followed by

Western blotting. Proteins were identified with specific rabbit polyclonal

Abs and detected via HRP-conjugated secondary Abs and electrochemi-

luminescence. Detection of b-actin demonstrates comparable protein

loading; magnesium supplementation and LPS exposure are indicated

at the bottom. (C) Magnesium reduces NF-kB p65 nuclear localization.

Neonatal monocytes were stimulated with LPS for 30 min; nuclear extracts

were prepared and analyzed via Western blotting using labeled Abs and an

infrared imaging system (Odyssey; Li-Cor Biosciences). TFIID quantita-

tion was used as a protein loading control and the p65/TFIID ratio, rep-

resenting relative p65 abundance in the nucleus, is shown beneath the blot.

Results are representative of three experiments.

FIGURE 8. MgSO4 decreases cytokine

production induced by other TLR ligands.

CBMCs in the presence (Mg Sup) or ab-

sence (CTRL) of MgSO4 supplementation

were stimulated with (A) 1 ng/ml MALP-2

or (B) 1 mg/ml poly(I:C) and cytokine pro-

duction was assessed via ICS. Magnesium

decreased TNF-a and IL-6 production fol-

lowing either MALP-2 (Wilcoxon signed-

rank test, n = 7) or poly(I:C) (Student t test,

n = 3) stimulation; symbols identify paired

samples from the same individual.
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magnesium supplementation increases IkBa levels, leading to
reduced NF-kB activation and cytokine production.
These studies were initiated secondary to recent randomized,

controlled clinical trials establishing that antepartum MgSO4

treatment reduces the risk of cerebral palsy and major motor
dysfunction in preterm infants (3–8). Inflammatory cytokines are
found within periventricular leukomalacia lesions (14, 34, 35);
TNF-a and IL-1b exposure induce white matter glial cell death in
animals (11); and epidemiologic studies associate increased neo-
natal serum TNF-a, IL-6, IL-8, IL-9, and RANTES levels with
adverse neurologic outcomes (12–18). This knowledge led us to
hypothesize that MgSO4 exerts its neuroprotective effect by
downregulating inflammatory cytokine production. Our results
support our hypothesis and correlate with the findings of clinical
trials where MgSO4 treatment reduced the risk of cerebral palsy
and major motor dysfunction in preterm infants (3–8). Impor-
tantly, we confirm the efficacy of MgSO4 at reducing inflamma-
tion in preterm neonates, the population at highest risk for the
development of cerebral palsy.
MgSO4 has recently been shown to decrease maternal and fetal

inflammation following LPS injection (36), whereas magnesium
deficiency leads to cardiac dysfunction and inflammation, in-
cluding increased TNF-a, IL-6, and IL-1 production in rats (37–
39). MgSO4 also reduces inflammation-associated brain injury in
fetal mice (40), supporting a link between magnesium, inflam-
mation, and neurologic injury in rodents. In contrast, previous
studies in humans have not found a correlation between magne-
sium levels and secreted cytokines (41, 42). These studies were
limited by small samples sizes, measured serum cytokine levels in
nonrandomized patients, or exposed diluted blood to a high LPS
concentration. By using intracellular cytokine staining, we ob-
served decreased cytokine production at low TLR ligand con-
centrations, where not all cells were induced to produce cytokines.
In contrast, high TLR ligand concentrations abrogate the magne-
sium effect. These findings are consistent with clinical observa-
tions demonstrating that MgSO4 is not associated with increased

maternal or neonatal mortality, particularly that secondary to in-
fection (8).
In current obstetrical practice, MgSO4 is administered for sei-

zure prophylaxis in pregnancies complicated by preeclampsia and
as a tocolytic for preterm labor. The cytokines TNF-a and IL-6 are
linked to both preterm birth and preeclampsia, and a recent study
linked TLR4 signaling to seizure activity (23). In vivo MgSO4

exposure decreased inflammatory cytokine production, confirming
clinical significance and leading us to conclude that magnesium’s
functions include decreasing maternal and neonatal inflammation
associated with preterm labor, preeclampsia, and the development
of cerebral palsy. MgSO4 is safe and well tolerated, and our
findings suggest that magnesium could be used therapeutically
as a broad-spectrum anti-inflammatory agent.
Magnesium is the fourth most prevalent cation within the human

body. However, .90% of total body magnesium is intracellular,
compartmentalized within organelles, bound to protein, or com-
plexed to ATP (43). Extracellular ionized magnesium is readily
measurable, but intracellular magnesium, which is not measured
clinically and does not correlate with extracellular magnesium
levels (44), is the biologically relevant form. This limitation in our
ability to accurately evaluate magnesium status has been a critical
barrier to progress in understanding the prevalence and impact
of magnesium deficiency. Published work also suggests that the
“Western diet” contains inadequate magnesium (45), predisposing
individuals to deficiency that could be exacerbated by pregnancy.
Within the fetus magnesium accumulation occurs after 28 wk
gestation (46, 47), leading us to speculate that preterm infants are
magnesium deficient. Our observations that MgSO4 exposure in-
creased cellular magnesium levels within CBMCs and decreased
cytokine production within preterm neonatal monocytes supports
this concept. However, additional studies to determine magnesium
levels at birth and delineate cellular magnesium concentrations
limiting basal inflammation are needed.
Demonstrating that magnesium influences human innate im-

mune function challenges current paradigms regarding immuno-
regulation and the biologic function of magnesium. Likewise,
a very recent study showed that magnesium influx is critical for
appropriate TCR-mediated T cell activation (48). Our results
showing that MgSO4 decreases cytokine production are both novel
and clinically relevant, but not without precedent, as zinc defi-
ciency increases systemic inflammation and mortality in a sepsis
model, whereas zinc supplementation decreases the incidence
of age-related macular degeneration (49–51). Zinc mediates its
function, in part, by upregulating the zinc-finger protein A20
inhibiting TRAF-mediated NF-kB activation (51); we show that
MgSO4 also decreases NF-kB activation. These findings expand
our insight regarding micronutrients and molecular processes
influencing immune function, potentially elucidating the mecha-
nism by which MgSO4 mediates neuroprotection. Moreover, be-
cause maternal cytokine production is also reduced by MgSO4,
our results could have far-reaching implications relevant to a wide
range of inflammatory-mediated diseases, including the develop-
ment of interventions inhibiting pathologic inflammation while
leaving the immune system capable of responding appropriately.
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FIGURE 9. MgSO4 increases IkBa levels. (A) Neonatal monocytes

were stimulated with 50 pg/ml LPS, and IkBa levels, normalized to tu-

bulin, a stably expressed housekeeping protein, were assessed at the in-

dicated time points. Numbers below the blot indicate the IkBa/tubulin

ratio, as calculated via infrared imaging, representing normalized IkBa

levels. (B) Cyclohexamide (CHX) treatment maintains increased IkBa

levels. THP-1 cells were treated with CHX, and after 1 h magnesium was

added for an additional 2 h in the absence of stimulation. Cell lysates were

analyzed by Western blotting, and IkBa levels under each condition are

shown. Results are representative of three experiments.
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reactivity in cortical and subcortical neurons in periventricular leukomalacia: are
cytokines implicated in neuronal dysfunction in cerebral palsy? Acta Neuro-
pathol. 105: 209–216.

36. Tam Tam, H. B., O. Dowling, X. Xue, D. Lewis, B. Rochelson, and C. N. Metz.
2011. Magnesium sulfate ameliorates maternal and fetal inflammation in a rat
model of maternal infection. Am. J. Obstet. Gynecol. 204: 364.e1-8.

37. Malpuech-Brugère, C., W. Nowacki, E. Rock, E. Gueux, A. Mazur, and
Y. Rayssiguier. 1999. Enhanced tumor necrosis factor-alpha production follow-
ing endotoxin challenge in rats is an early event during magnesium deficiency.
Biochim. Biophys. Acta 1453: 35–40.

38. Shogi, T., H. Oono, M. Nakagawa, A. Miyamoto, S. Ishiguro, and A. Nishio.
2002. Effects of a low extracellular magnesium concentration and endotoxin on
IL-1b and TNF-a release from, and mRNA levels in, isolated rat alveolar
macrophages. Magnes. Res. 15: 147–152.

39. Weglicki, W. B., T. M. Phillips, A. M. Freedman, M. M. Cassidy, and
B. F. Dickens. 1992. Magnesium-deficiency elevates circulating levels of in-
flammatory cytokines and endothelin. Mol. Cell. Biochem. 110: 169–173.

40. Burd, I., K. Breen, A. Friedman, J. Chai, and M. A. Elovitz. 2010. Magnesium
sulfate reduces inflammation-associated brain injury in fetal mice. Am. J. Obstet.
Gynecol. 202: 292.e1-9.

41. Nowacki, W., C. Malpuech-Brugère, E. Rock, and Y. Rayssiguier. 2009. High-
magnesium concentration and cytokine production in human whole blood model.
Magnes. Res. 22: 93–96.

42. Mezad, D., M. Hallak, M. Huleihel, L. Gortzak-Uzan, A. Smolin, and M. Mazor.
2002. Intravenous magnesium sulphate effect on maternal serum and amniotic
fluid cytokines levels in preterm labour patients. Magnes. Res. 15: 247–252.

43. Romani, A. 2007. Regulation of magnesium homeostasis and transport in
mammalian cells. Arch. Biochem. Biophys. 458: 90–102.

44. Franz, K. B. 2004. A functional biological marker is needed for diagnosing
magnesium deficiency. J. Am. Coll. Nutr. 23: 738S–741S.

45. Shils, M. E. 1999. Magnesium. In Modern Nutrition in Health and Disease.
M. E. Shils, J. A. Olson, M. Shike, and A. C. Ross, eds. Lippincott Williams &
Wilkins, New York, p. 169–192.

46. Caddell, J. L. 1996. A review of evidence for a role of magnesium and possibly
copper deficiency in necrotizing enterocolitis. Magnes. Res. 9: 55–66.

47. CIBA-Geigy. 1981. Geigy Scientific Tables. CIBA-Geigy, Basel, Switzerland.
48. Li, F.-Y., B. Chaigne-Delalande, C. Kanellopoulou, J. C. Davis, H. F. Matthews,

D. C. Douek, J. I. Cohen, G. Uzel, H. C. Su, and M. J. Lenardo. 2011. Second
messenger role for Mg2+ revealed by human T-cell immunodeficiency. Nature
475: 471–476.

49. Bao, S., M. J. Liu, B. Lee, B. Besecker, J. P. Lai, D. C. Guttridge, and
D. L. Knoell. 2010. Zinc modulates the innate immune response in vivo to
polymicrobial sepsis through regulation of NF-kB. Am. J. Physiol. Lung Cell.
Mol. Physiol. 298: L744–L754.

50. Knoell, D. L., M. W. Julian, S. Bao, B. Besecker, J. E. Macre, G. D. Leikauf,
R. A. DiSilvestro, and E. D. Crouser. 2009. Zinc deficiency increases organ
damage and mortality in a murine model of polymicrobial sepsis. Crit. Care
Med. 37: 1380–1388.

51. Prasad, A. S. 2009. Zinc: role in immunity, oxidative stress and chronic in-
flammation. Curr. Opin. Clin. Nutr. Metab. Care 12: 646–652.

The Journal of Immunology 9

 by guest on M
ay 9, 2021

http://w
w

w
.jim

m
unol.org/

D
ow

nloaded from
 

http://www.jimmunol.org/

