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Abstract

We investigated effects of magnesium sulfate (MgSO,) on modulating lipopolysaccharide (LPS)-macrophage binding and
cluster of differentiation 14 (CD14) expression. Flow cytometry data revealed that the mean levels of LPS-macrophage bind-
ing and membrane-bound CD14 expression (mCD14) in differentiated THP-1 cells (a human monocytic cell line) treated
with LPS plus MgSO, (the LPS +M group) decreased by 28.2% and 25.3% compared with those THP-1 cells treated with
LPS only (the LPS group) (P <0.001 and P=0.037), indicating that MgSO, significantly inhibits LPS—macrophage binding
and mCD14 expression. Notably, these effects of MgSO, were counteracted by L-type calcium channel activation. Moreover,
the mean level of soluble CD14 (sCD14; proteolytic cleavage product of CD14) in the LPS +M group was 25.6% higher
than in the LPS group (P <0.001), indicating that MgSO, significantly enhances CD14 proteolytic cleavage. Of note, serine
protease inhibition mitigated effects of MgSO, on both decreasing mCD14 and increasing sCD14. In conclusion, MgSO,
inhibits LPS—macrophage binding through reducing CD14 expression. The mechanisms may involve antagonizing L-type

calcium channels and activating serine proteases.
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Introduction

Lipopolysaccharide (LPS) is a component of the outer mem-
brane of gram-negative bacterial cells. Binding of LPS to the
toll-like receptor 4 (TLR4) expressed in macrophages can
elicit inflammatory responses. LPS is introduced to cluster of
differentiation 14 (CD14) on the cell surface by LPS-binding
protein. Subsequently, CD14 transfers LPS to TLR4 and initi-
ates downstream inflammatory signaling cascades (Molteni
et al. 2016; Park and Lee 2013; Rosadini and Kagan 2017).
Alterations in CD14 levels regulate the capacity of endotoxin
recognition as well as responsive inflammatory reactions. In
clinical settings, elevated CD14 expression has been associated
with multiple diseases and conditions, including sepsis, coro-
nary artery disease, or hepatic ischemia—reperfusion injury
(Cai et al. 2013; Chen et al. 2018; Lee et al. 2015). CD14
inhibition has been demonstrated to be a promising therapeu-
tic strategy for some inflammatory diseases (Ma et al. 2013;
Wei et al. 2018). CD14 exists either as a membrane-associated
glycosylphosphatidylinositol-anchored protein on the surface
of the immune cells (i.e., membrane-bound CD14, mCD14)
or as a soluble protein (i.e., soluble CD14, sCD14) in the
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supernatants. sCD14 is known to be derived from proteolytic
cleavage of mCD14 (i.e., CD14 shedding) on the cell surface
(Pham 2008). The enzymes mediating the proteolytic cleavage
of mCD14 include some serine proteases and metalloprotein-
ases. A decrease in levels of mCD14 has been demonstrated
to cause reduced responsiveness to LPS and reduced cytokine
production (Le-Barillec et al. 1999, 2000; Senft et al. 2005;
Sugawara et al. 2000; Tada et al. 2002).

Magnesium sulfate (MgSO,), a natural calcium antago-
nist and a potent L-type calcium channel inhibitor (Sonna
et al. 1996), is used widely in clinical settings. For exam-
ple, MgSO, exerts therapeutic effects on patients with
asthma through bronchodilation (Kew et al. 2014). In addi-
tion, MgSO, exhibits potent anti-inflammatory effects and
prevents LPS-induced organ injuries (Ahmed 2012; El-
Tanbouly et al. 2015). MgSO, inhibits the upregulation of
proinflammatory cytokines, such as tumor necrosis factor-o
and interleukin-1p. The mechanisms underlying the inhibi-
tory effect of MgSO, on LPS-induced cytokine upregula-
tion include inhibition of the transcription factor nuclear
factor-kB (NF-kB) (Gao et al. 2013; Sugimoto et al. 2012).
Because the binding of LPS to TLR4 on the cell surface can
trigger NF-kB activation (Molteni et al. 2016; Park and Lee
2013; Rosadini and Kagan 2017), MgSO, is likely to act by
inhibiting LPS—macrophage binding, thus exerting potent
anti-inflammatory effects. To date, the effects of MgSO, on
regulating the binding of LPS to macrophages have not been
investigated.

In this study, we clarified whether MgSO, modulates
LPS—macrophage binding and CD14 expression. We used a
human monocytic leukemia cell line, THP-1 cells, for this
study. The binding of LPS to immune cells was reported
to be CD14-dependent (Troelstra et al. 1997). In addition,
enhanced expression of CD14 has been reported in rats with
magnesium-deficient diets (Chmielinska et al. 2005; Weg-
licki et al. 2010). On the basis of these data, we hypothesized
that MgSO, reduces LPS binding to macrophages through
the downregulation of CD14 expression. We also clarified
whether the effect of MgSO, on CD14 expression was medi-
ated through the proteolytic cleavage of CD14. Furthermore,
our previous study showed that MgSO, exerts anti-inflam-
matory effects by antagonizing L-type calcium channels (Lin
et al. 2010). Therefore, the involvement of the L-type cal-
cium channels in the effects of MgSO, on LPS—macrophage
binding and CD14 expression were investigated in this study.

Materials and methods
Cell culture

THP-1 cells (American Type Culture Collection, Manas-
sas, VA, USA) were cultured in Roswell Park Memorial
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Institute 1640 medium (Sigma-Aldrich, St. Louis, MO,
USA) supplemented with 10% fetal bovine serum and 1%
penicillin—streptomycin (Life Technologies, Carlsbad, CA,
USA); the cells were incubated in a humidified chamber
at 37 °C in a mixture of 95% air and 5% CO,. The THP-1
cells were differentiated into macrophages with phorbol
myristate acetate (50 nM; Invivogen, San Diego, CA,
USA) for 24 h, followed by overnight resting in fresh
culture medium. Then the adherent differentiated THP-1
cells were harvested and employed in this study. Cells that
had undergone fewer than 15 passages were used in this
experiment.

Cell activation and experimental protocols

According to previously published protocols using THP-1
cells, we chose LPS (1 pg/mL, Escherichia coli Serotype
0127:B8 endotoxin; Sigma-Aldrich) to induce cell activation
(Ma et al. 2017; Prestigiacomo et al. 2017). In this study, the
THP-1 cells were treated with LPS only or LPS plus MgSO,
(0.2 mM, 2 mM, 20 mM, or 200 mM, Sigma-Aldrich),
and were denoted as the LPS, LPS +MO0.2, LPS + M2,
LPS +M20, and LPS +M200 groups, respectively. THP-1
cells were treated with MgSO, 30 min before LPS treatment.
Another two sets of THP-1 cells were treated with phos-
phate-buffered saline (PBS, Sigma-Aldrich; denoted as the
PBS group) or MgSO, (0.2 mM, 2 mM, 20 mM, or 200 mM,
Sigma-Aldrich; denoted as the M0.2, M2, M20, and M200
groups, respectively) and served as the control for vehicle
and drug, respectively. In addition, an L-type calcium chan-
nel activator, Bay-K8644 (2 pM; Sigma-Aldrich), was used
to study the involvement of L-type calcium channels. The
cells were treated with Bay-K8644 10 min before the MgSO,
treatment. A mixed serine protease inhibitor (phenylmeth-
anesulfonyl fluoride, PMSF, 0.4 mM; Sigma-Aldrich) and
a metalloprotease inhibitor (ethylene glycol tetraacetic
acid, EGTA, 1 mM; Sigma-Aldrich) were used to study the
possible involvement of proteases and metalloproteinases,
respectively. PMSF or EGTA was added 30 min before the
administration of MgSO,.

MTT assay

The THP-1 cells were seeded in 96-well plates and incubated
with LPS (1 pg/mL) with or without MgSO,. Cell viability
was assayed using the MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) assay. A commercial kit
(Cell Proliferation Kit I, Sigma-Aldrich) was employed and
the MTT assay was performed according to the manufac-
turer’s protocols. Levels of cell viability were reported as
the ratio of each studied group to the PBS group.
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Flow cytometry

Flow cytometry protocols for assaying LPS binding to mac-
rophages and surface expression of mCD14 were adapted
from our previous report (Chen et al. 2012). To assay the
binding of LPS, the THP-1 cells were incubated with LPS
conjugated with fluorescein isothiocyanate (FITC-LPS,
1 pg/mL, Sigma-Aldrich) at 37 °C, which is the optimal
temperature for most enzymes. For assaying surface expres-
sion of mCD14, cells were stained using a CD14 antibody
(Alexa Fluor 488 Mouse Anti-human CD14, BD Sciences,
Franklin Lakes, NJ, USA). Samples were collected and
analyzed using a fluorescence-activated cell sorting flow
cytometer (Cytomic FC50 Flow Cytometer; Beckman Coul-
ter, Inc., Fullerton, CA, USA). The signal of the isotype
control (Alexa Fluor 488 Mouse IgG2b, BD) was used as the
background binding and was subtracted from the respective
antibody expression. The mean fluorescence intensity (MFI)
was measured to assay the binding of FITC-LPS to THP-1
cells and was reported as the ratio of each studied group to
the PBS group. The levels of mCD14 were measured using
the positively stained events, and the levels were expressed
as the ratio of CD14-positive events in each studied group
to those in the PBS group.

Immunofluorescence microscopy

Immunofluorescence microscopy was also performed to
assay the binding of FITC-LPS to the THP-1 cells. The
THP-1 cells were seeded onto glass coverslips placed at the
bottom of the wells of six-well plates and were incubated
with FITC-LPS (1 pg/mL) for 60 min. Then cells were fixed
with 4% paraformaldehyde without permeabilization. After
washing with PBS, the nuclei were counterstained using
diamidino-2-phenylindole (Pierce). The coverslips were
then mounted using mounting medium (Sigma-Aldrich) and
imaged through immunofluorescence microscopy (Nuance
FX, CRi, Woburn, MA, USA). The cellular fluorescence
strength was determined by drawing circles around 15 cells
representative from at least three different fields in each
group. Then the fluorescence intensity per cell was reported
according to the mean fluorescence value in the green his-
togram using ImagelJ software freely available at http://rsb.
info.nih.gov/ij/.

RNA extraction and real-time polymerase chain
reaction (PCR)

Transcriptional expression of CD14 was quantified by real-
time PCR according to a previously published protocol
(Zhu et al. 2014). In brief, total RNA of THP-1 cells were
extracted and purified (Trizol reagent, Invitrogen). After
reverse-transcription to cDNA, real-time PCR measurement

was then performed using iTaq Universal SYBR Green
Supermix (Bio-Rad Laboratories, Hercules, CA, USA) and
a CFX96 real-time PCR instrument (Bio-Rad). The follow-
ing primers were used: CD14 5-GGGACTTGGATTTGG
TGGCA-3'" and 3'-GCCCCCTTCCTTTCCTTATATCC-5'
(Shin et al. 2015); GAPDH 5-AGAAGGCTGGGGCTC
ATTTG-3" and 3" AGGGGCCATCCACAGTCTTC-5". Each
sample was run in triplicate. Transcriptional expression of
CD14 was normalized to GAPDH using the standard curve
method. Levels of CD14 mRNA were reported as the ratio
of each studied group to the PBS group.

Immunoblotting assay

The THP-1 cells were seeded in 10-cm dishes (cell density
approximately 10° cells/mL) and were treated as described
previously. After treatment, the cells were lysed in radioim-
munoprecipitation assay buffer containing 1:100 protease
inhibitors (both from Sigma-Aldrich). The protein levels in
the cell lysates were then determined by bicinchoninic acid
assay (protein assay kit, Pierce). The samples from the cell
lysates were loaded onto sodium dodecyl sulfate polyacryla-
mide gels and subjected to electrophoresis. Subsequently,
the separated proteins were transferred to nitrocellulose
membranes (Bio-Rad). After blocking with 5% non-fat
milk, the membranes were incubated with a primary anti-
body against CD14 (1:200 dilution, Santa Cruz, CA, USA)
or actin (as an internal standard; 1:5000 dilution; Millipore
Corporation, Burlington, MA, USA) and then with a sec-
ondary antibody (horseradish peroxidase-conjugated anti-
mouse IgG antibody, Amersham Pharmacia Biotech, Inc.,
Piscataway, NJ, USA). The protein bands were then visual-
ized through chemiluminescence (ECL plus kit; Amersham)
and quantified using ImageJ software.

Enzyme-linked immunosorbent assay (ELISA)

The cells were treated with LPS (1 pg/mL) with or without
MgSO,. Then, the supernatants of the cell cultures were har-
vested and the levels of IL-1p and sCD14 in the supernatants
were quantified using commercial ELISA kits (ELISA kits
for human IL-1p and human sCD14; R&D Systems, Min-
neapolis, MN, USA), as per the manufacturer’s protocols.

Measurement of intracellular calcium levels

The levels of intracellular calcium were measured using
a commercial kit according to the manufacturer’s proto-
col (FLUOFORTE calcium assay kit, Enzo Life Sciences
Inc., Farmindale, NY, USA). After treatment, as previ-
ously described, the THP-1 cells were harvested, pelleted,
mixed with the FLUOFORTE dye solution, and loaded for
analysis. The levels of intracellular calcium were measured
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every minute using a fluorometric imaging plate reader
(Ex=490 nm and Em =525 nm; Promega Corp., Madison,
WI, USA) for 60 min. The intracellular calcium levels in
each group before treatment were measured and used as the
baseline. The ratio of fluorescence to baseline (fluorescence)
in each group for each minute was calculated, and the ratios
of fluorescence in each group at 60 min after LPS stimula-
tion or at a compatible time point in groups without LPS
stimulation were compared.

Statistical methods

Data were analyzed through one-way analysis of vari-
ance with Tukey’s test, as the post hoc test, to determine
the between-group differences. Data were expressed as
mean =+ standard deviation, and P < 0.05 was considered sta-
tistically significant. A commercial software package (Sig-
maStat for Windows; SPSS Science, Chicago, IL, USA) was
used for data analysis.

Results
Cell viability

Cell viability was measured by MTT assay and shown in
Fig. la (n=5 in each group). The MTT assay data revealed
that the cell viabilities of the PBS, M0.2, M2, M20, LPS,
LPS +MO0.2, LPS + M2, and LPS +M?20 groups were not
significantly different. However, cell viabilities of the M200
and LPS +M200 groups were significantly lower than the
PBS group (both P <0.001). On the basis of these data, the
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200 mM dose of MgSO, was excluded from the following
experiments.

MgSO, reduced IL-1 release

THP-1 cells were allocated to the PBS, M20, LPS,
LPS+MO0.2, LPS + M2, or LPS + M20 group (n=5 in each
group). Levels of IL-1p were assayed by ELISA and illus-
trated in Fig. 1b. IL-1p concentrations in the PBS and M20
groups were low. In contrast, the IL-1p concentration in
the LPS group was significantly higher than those in the
PBS and the LPS + M20 groups (both P <0.001). Of note,
the differences in IL-1p concentrations between the LPS,
LPS +MO.2, and LPS + M2 groups were not statistically
significant.

MgSO, reduced LPS binding

Next, we chose to use 20 mM MgSO, to investigate the
effects of MgSO, on LPS recognition and CD14 expression.
Figure 2a illustrates the flow cytometry data of FITC-LPS
binding to the THP-1 cells. The THP-1 cells were harvested
at 30, 60, and 120 min after incubation with FITC-LPS or at
compatible time points in groups without FITC-LPS (n=6
in each group). Our data revealed that the MFI ratios at all
time points in the PBS and M20 groups did not differ sig-
nificantly. Notably, the 30-, 60-, and 120-min MFI ratios
in the LPS group were significantly higher than those in
the PBS group (all P<0.001). The 30-min MFI ratio in the
LPS +M20 group was not significantly different from that
in the LPS group, whereas the 60- and 120-min MFI ratios
in the LPS +M20 group were significantly lower than those
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Fig.1 Effects of magnesium sulfate (MgSO,) on cell viability and
interleukin-1p (IL-1P) release. a Cell viability was measured by
MTT assay and expressed as the ratio of each studied group to the
phosphate-buffered saline (PBS) group. b Concentrations of IL-1f
in the supernatants were assayed by enzyme-linked immunosorb-
ent assay. PBS, the phosphate-buffered saline group; MO0.2, the
MgSO, (0.2 mM) group; M2, the MgSO, (2 mM) group; M20, the

@ Springer

LPS

MgSO, (20 mM) group; M200, the MgSO, (200 mM) group; LPS,
the lipopolysaccharide (1 pg/mL) group; LPS+MO0.2, the LPS
plus MgSO, (0.2 mM) group; LPS+M2, the LPS plus MgSO,
(2 mM) group; LPS+M20, the LPS plus MgSO, (20 mM) group;
LPS+M200, the LPS plus MgSO, (200 mM) group. Data are pre-
sented as mean = standard deviation (n=35 in each group). *P <0.05
versus the PBS group, ¥P <0.05 versus the LPS group
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in the LPS group (both P <0.001). The mean 60-min MFI
ratio in the LPS group was 28.2% higher than that in the
LPS +M20 group. The histogram data paralleled the MFI
ratio data. A representative 60-min histogram is illustrated
in Fig. 2a.

The binding of FITC-LPS to the THP-1 cells at 60 min
after LPS stimulation or at the compatible time point in the
groups without LPS stimulation was imaged through immu-
nofluorescence microscopy (Fig. 2b). The immunofluores-
cence signals in the PBS and M20 groups were extremely
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Fig.2 Effect of magnesium sulfate (MgSO,) on lipopolysaccharide
(LPS)-macrophage binding. a Binding of LPS conjugated with flu-
orescein isothiocyanate (FITC-LPS) to the THP-1 cells at indicated
time points was quantified through flow cytometry. The mean fluores-
cence intensity (MFI) ratio in each group was compared with that in
the phosphate-buffered saline (PBS) group and expressed as ratio of
MFI. A representative 60-min histogram is also illustrated. b Bind-
ing of FITC-LPS to the THP-1 cells at 60 min after LPS stimulation
or at the comparable time point in groups without LPS stimulation
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was imaged through immunofluorescence microscopy. ¢ Quantitative
assay of the fluorescence intensity per cell at 60 min after LPS stimu-
lation or at the comparable time point in groups without LPS stimu-
lation. PBS, the phosphate-buffered saline group; M20, the MgSO,
(20 mM) group; LPS, the lipopolysaccharide (1 pg/mL) group;
LPS +M20, LPS plus MgSO, (20 mM); DAPI, 4’,6-diamidino-2-phe-
nylindole. Data are presented as mean +standard deviation (n=6
in each group). ¥*P <0.05 for the LPS group versus the PBS group,
#P <0.05 for the LPS +M20 group versus the LPS group
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low and almost undetectable (Fig. 2b). The immunofluores-
cence signals in the LPS group were evidently high. Most
cells in the LPS group were positively stained with FITC-
LPS (solid arrow in Fig. 2b), as evidently high fluorescence
intensity was observed. However, the immunofluorescence
signal in the LPS + M20 group was comparatively weak
(hollow arrow in Fig. 2b). The quantitative results showed
that the fluorescence intensity per cell in the LPS group
was significantly higher than in the PBS group (P <0.001;
Fig. 2¢) and that in the LPS +M20 group was significantly
lower than in the LPS group (P <0.001; Fig. 2c).

MgSO, reduced CD14 upregulation

On the basis of the data of FITC-LPS binding to the THP-1
cells, we used 60 min of LPS stimulation for the remaining
experiments. Levels of CD14 mRNA were measured by real-
time PCR (n=35 in each group) and illustrated in Fig. 3a.
Our data revealed that the CD14/GAPDH ratios in the PBS
and M20 group were not significantly different. Of note,
the CD14/GAPDH ratio in the LPS group was significantly
higher than that in the PBS group (P <0.001). MgSO, treat-
ment significantly reduced the CD14/GAPDH ratio induced
by LPS (P=0.049, the LPS + M20 group versus the LPS
group).

Levels of CD14 protein were measured using immuno-
blotting assay (Fig. 3b, n=4 in each group). Densitomet-
ric data revealed that the CD14 protein band densities in
the cell lysates of the PBS and M20 groups were compa-
rable (0.627 +0.0643 versus 0.533 £0.0577, P=0.428).
The CD14 protein band density in the LPS group
(0.847 +0.0874) was significantly higher than that in the
PBS group (P =0.022). Similarly, the CD14 protein band
density in the LPS +M20 group (0.520 +0.0721) was sig-
nificantly lower than that in the LPS group (P=0.002).

Expression of mCD14 was measured by flow cytometry
(Fig. 3¢, n=35 in each group). The ratios of CD14-positive
events in the PBS and M20 groups were not significantly
different. The ratio of CD14-positive events in the LPS
group was significantly higher than that in the PBS group
(P=0.024). In addition, MgSO, treatment reduced the mean
levels of LPS-upregulated mCD14 by 25.3% (P=0.037, the
LPS +M20 group versus the LPS group). The histogram
data paralleled the data of the ratios of CD14-positive events
(Fig. 3c¢).

MgSO, increased CD14 shedding

Levels of sCD14 in the supernatants were measured by
ELISA (Fig. 3d, n=6 in each group). We found that the
sCD14 level in the LPS group was significantly higher than
that in the PBS group (P <0.001). Contrasting the data of
mCD14 expression levels in response to MgSO, treatment,
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the mean sCD14 level in the LPS + M20 group was 25.6%
higher than in the LPS group (P <0.001). The sCD14 lev-
els in the PBS and M20 groups were comparable.

Activation of L-type calcium channels counteracted
the effects of MgSO, on LPS binding and CD14
upregulation but not CD14 shedding

Because MgSO, is an L-type calcium channel antago-
nist, we examined the possible roles of the L-type cal-
cium channels in mediating the aforementioned effects
of MgSO,. THP-1 cells were allocated to receive LPS
(1 pg/mL), LPS plus MgSO, (20 mM), or LPS plus
MgSO, (20 mM) plus Bay-K8644 (2 pM) and denoted
as the LPS, LPS + M20, and LPS + M20 + K8644 group,
respectively. The THP-1 cells were harvested at 60 min
after stimulation with LPS (n =4 in each group). Our data
revealed that the MFI ratio in the LPS + M20 + K8644
group was significantly higher than that in the LPS + M20
group (P <0.001, Fig. 4a). The ratio of CD14-positive
events in the LPS + M20 + K8644 group was also signifi-
cantly higher than that in the LPS +M20 group (Fig. 4b;
P <0.001). However, sCD14 levels in the supernatants
did not differ significantly between the LPS + M20 and
LPS +M20 + K8644 groups (Fig. 4c).

Changes in intracellular calcium levels

Levels of intracellular calcium were measured using a
FLUOFORTE calcium assay kit. Figure 5a shows the
ratios of fluorescence to the baseline in each group meas-
ured every minute over 60 min of LPS stimulation or com-
parable duration in groups without LPS stimulation (n=35
in each group). Our data revealed that the ratios of fluores-
cence in the PBS and M20 groups did not increase signifi-
cantly over 60 min. By contrast, in the LPS, LPS + M20,
and LPS +M20 + K8644 groups, significant increases were
observed in the ratios of fluorescence over 60 min of LPS
stimulation. Notably, the magnitude of increase in the
ratios of fluorescence in the LPS +M20 group was lower
than those in the LPS and LPS + M20 + K8644 groups. In
addition, the ratios of fluorescence in each group at 60-min
of LPS stimulation or at a comparable time point in groups
without LPS stimulation were compared (Fig. 5b, n=35
in each group). The ratios of fluorescence in the PBS and
M20 groups were low. The ratio of fluorescence in the LPS
group was significantly higher than that in the PBS group
(P<0.001). By contrast, the ratio of fluorescence in the
LPS +M20 group was significantly lower than the ratios in
the LPS and LPS +M20 + K8644 groups (both P <0.001).
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Fig.3 Effect of magnesium sulfate (MgSO,) on cluster of differentia-
tion 14 (CD14) expression. a CD14 mRNA levels in the cell lysates
of the THP-1 cells at 60 min after lipopolysaccharide (LPS) stimu-
lation or at a comparable time point in groups without LPS stimula-
tion were measured by real-time polymerase chain reaction. GAPDH
was used as the internal control (n=35 in each group). The levels of
CD14 mRNA were normalized to the levels of GAPDH in each stud-
ied group and reported as the ratio to the phosphate-buffered saline
(PBS) group. b CD14 protein levels in the cell lysates were measured
by immunoblotting assay (n=35 in each group). Representative gel
photography and relative densitometry data are shown. ¢ Expression

Inhibition of serine proteases

but not metalloproteinases mitigated the effect
of MgSO, on LPS-macrophage binding, CD14
upregulation, and CD14 shedding

We examined the role of serine protease or metallopro-
teinase in mediating the effects of MgSO, on LPS—mac-
rophage binding and CD14 expression. THP-1 cells were
allocated to receive LPS (1 pg/mL), LPS plus MgSO,
(20 mM), LPS plus MgSO, (20 mM) plus PMSF (0.4 mM),
or LPS plus MgSO, (20 mM) plus EGTA (1 mM) and
denoted as the LPS, LPS +M?20, LPS + M20 + PMSF, and
LPS +M20+ EGTA group, respectively (n=06 in each
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of membrane-bound CD14 was measured by flow cytometry. Data
from each group were compared with those of the PBS group and are
expressed as the ratio of CD14-positive events. d Levels of soluble
CD14 were measured by enzyme-linked immunosorbent assay (n=6
in each group). PBS, the phosphate-buffered saline group; M20, the
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group; LPS+M20, the LPS plus MgSO, (20 mM) group. Data are
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versus the PBS group, *P <0.05 for the LPS +M20 group versus the
LPS group

group). Our data revealed that the MFI ratio (Fig. 6a)
and the ratio of CD14-positive events (Fig. 6b) in the
LPS +M20 +PMSF group were significantly higher than
that in the LPS +M20 group (P=0.006 and=0.017),
whereas the sCD14 level in the LPS + M20 + PMSF
group was significantly lower than that in the LPS +M20
group (Fig. 6¢; P=0.015). In contrast, the ratio of MFI,
the ratio of CD14-positive events, or the sSCD14 levels
did not differ significantly between the LPS + M20 and
LPS +M20+EGTA groups (Fig. 6a—c). These results sug-
gested that serine protease, but not metalloproteinases, is
involved in mediating the effect of MgSO, on modulating
LPS—-macrophage binding and CD14 expression.
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Fig.4 L-type calcium channel activation counteracting effects of
magnesium sulfate (MgSO,) on modulating lipopolysaccharide
(LPS)-macrophage binding and cluster of differentiation 14 (CD14)
expression. a Binding of LPS to macrophages at 60 min after incuba-
tion with fluorescein isothiocyanate-conjugated LPS (FITC-LPS) was
measured by flow cytometry. Data from each group were compared
with that from the lipopolysaccharide (LPS) group and are expressed
as the ratio of mean fluorescence intensity (MFI). b Expression of
membrane-bound CD14 at 60 min after LPS stimulation was meas-
ured by flow cytometry. Data from each group were compared with
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that from the lipopolysaccharide (LPS) group and are expressed as
the ratio of CD14-positive events. ¢ Levels of soluble CD14 at 60 min
after LPS stimulation were measured by enzyme-linked immunosorb-
ent assay. LPS, the lipopolysaccharide (1 pg/mL) group; LPS +M?20,
the LPS plus MgSO, (20 mM) group; LPS +M20+K8644, the LPS
plus MgSO, (20 mM) plus Bay-K8644 (an L-type calcium channel
activator, 2 pM) group. Data are presented as mean =+ standard devia-
tion (n=4 in each group). *P <0.05 for the LPS +M20 group versus
the LPS group, TP <0.05 for the LPS+M20+K8644 group versus
the LPS +M20 group
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Fig.5 Changes in intracellular calcium levels. a Levels of intracellu-
lar calcium were measured using a FLUOFORTE calcium assay Kit.
The ratios of fluorescence to baseline in each group were measured
and plotted for every minute. b Ratios of fluorescence to baseline in
each group at 60 min of lipopolysaccharide (LPS) stimulation or at a
comparable time point in groups without LPS stimulation were com-
pared. PBS, the phosphate-buffered saline group; M20, the MgSO,
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(20 mM) group; LPS, the LPS (1 pg/mL) group; LPS+M20, the
LPS plus MgSO, (20 mM) group; LPS +M20+ K8644, the LPS plus
MgSO, (20 mM) plus Bay-K8644 (2 pM) group. Data are presented
as mean +standard deviation (n=35 in each group). *P <0.05 for the
LPS group versus the PBS group, *P <0.05 for the LPS +M20 group
versus the LPS group, 1P <0.05 for the LPS +M20+K8644 group
versus the LPS +M20 group
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Fig.6 Proteolysis inhibition counteracting effects of magnesium sul-
fate (MgSO,) on modulating lipopolysaccharide (LPS)-macrophage
binding and cluster of differentiation 14 (CD14) expression. a Bind-
ing of LPS to macrophages at 60 min after incubation with fluores-
cein isothiocyanate-conjugated LPS (FITC-LPS) was measured by
flow cytometry. Data from each group were compared with those
from the lipopolysaccharide (LPS) group and are expressed as ratios
of mean fluorescence intensity (MFI). b Expression of membrane-
bound CD14 at 60 min after LPS stimulation was measured by flow
cytometry. Data from each group were compared with those from the
lipopolysaccharide (LPS) group and are expressed as ratios of CD14-

Discussion

Findings from this study, in concert with those from pre-
vious studies (Gao et al. 2013; Sugimoto et al. 2012; Lin
et al. 2010), confirm the potent anti-inflammatory effects of
MgSO,. MgSO, decreased the level of IL-1f, which is the
key pro-inflammatory cytokine released in response to LPS
stimulation (Lopez-Castejon and Brough 2011). Moreover,
this study provides new insight into the mechanism mediat-
ing the anti-inflammatory effect of MgSO,, demonstrating
that MgSO, may decrease binding of LPS to macrophages.
We found that MgSO, may act through reducing CD14
expression via inhibiting CD14 upregulation (in both tran-
scriptional and translational levels) and enhancing CD14
shedding to decrease LPS—macrophage binding, followed
by decreased cytokine production. This concept is supported
by previous data that overexpression of mCD14 results in
hyper-responsiveness to LPS (Ferrero et al. 1993), whereas
reduced levels of mCD14 cause hypo-responsiveness to LPS
and an attenuation of proinflammatory cytokine release (Le-
Barillec et al. 1999, 2000; Sugawara et al. 2000; Tada et al.
2002). This study provides clear evidence to confirm the
effects of MgSO, on inhibiting LPS binding to inflammatory
cells. Endotoxin-bound immune cells are detected and play
important roles in patients of various inflammatory diseases,
such as gram-negative sepsis (Takeshita et al. 1999, 2000).
In line with this concept, we thus believe that incorporating

LPS LPS+M20 PMSF EGTA

LPS LPS+M20 PMSF EGTA

LPS+M20 LPS+M20

positive events. ¢ Levels of soluble CD14 at 60 min after LPS stimu-
lation were measured by enzyme-linked immunosorbent assay. LPS,
the lipopolysaccharide (1 pg/mL) group; LPS +M?20, the LPS plus
MgSO, (20 mM) group; LPS +M20+PMSF, the LPS plus MgSO,
(20 mM) plus phenylmethanesulfonyl fluoride (PMSF, a mixed serine
protease inhibitor, 0.4 mM) group. LPS + M20+EGTA, the LPS plus
MgSO, (20 mM) plus ethylene glycol tetraacetic acid (a metallopro-
teinase inhibitor, | mM) group. Data are presented as mean + stand-
ard deviation (n=6 in each group). *P<0.05 for the LPS+M20
group versus the LPS group, TP <0.05 for the LPS+M20+PMSF
group versus the LPS +M20 group

MgSO, in the clinical therapies against endotoxin-related
inflammatory diseases can be a novel therapeutic strategy.
Data from this study thus should have profound clinical
implications and warrant further investigation.
Furthermore, our previous study has demonstrated that
antagonism of the L-type calcium channels is one crucial
mechanism in mediating the anti-inflammatory effects
of MgSO, (Lin et al. 2010). Data from this study show
that the potent L-type calcium channel activator Bay-
K8644 may counteract the effects of MgSO, on inhibit-
ing LPS—-macrophage binding and decreasing mCD14
upregulation, confirming the involvement of the L-type
calcium channels in mediating the aforementioned effect
of MgS0O,. As MgSO, may act through antagonizing the
L-type calcium channels to decrease intracellular cal-
cium, we thus also investigated the changes in intracel-
lular calcium levels in this study. Our data showed that the
changes in intracellular calcium levels correlate well with
those changes in LPS—macrophage binding and mCD14
upregulation. These data indicate that MgSO, may act by
antagonizing the L-type calcium channels and decreas-
ing intracellular calcium levels to inhibit CD14 upregu-
lation. This concept is supported by previous data that
LPS-induced transcription of CD14 involves activation of
protein kinase C (PKC) and PKC activation is calcium-
dependent (Hopkins et al. 1995; Landmann et al. 1996;
Pedrinaci et al. 1990; Sun and Zemel 2008). Furthermore,
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Fig.7 Hypothesized mechanism underlying effects of magnesium
sulfate (MgSO,) on inhibiting lipopolysaccharide (LPS)-macrophage
binding and reducing cluster of differentiation 14 (CD14) expression.
MgSO, may reduce the level of intracellular calcium through antag-
onism of the L-type calcium channels and downregulate calcium-
dependent protein kinase C activation-induced CD14 expression.

some L-type calcium channel blockers are demonstrated
to downregulate CD14 expression in previous study (Sun
and Zemel 2008). More studies are needed before further
conclusions can be drawn.

Notably, the effect of MgSO, on enhancing CD14 shed-
ding was not counteracted by L-type calcium channel
activation. These data seem to suggest the involvement of
mechanism(s) other than the L-type calcium channels or
intracellular calcium in this regard. Previous studies have
indicated that sCD14 is the proteolytic cleavage product of
CD14, and proteolytic cleavage of CD14 is mediated by ser-
ine proteases or metalloproteinases (Le-Barillec et al. 1999,
2000; Pham 2008; Senft et al. 2005). Our data further dem-
onstrate that the enhancement of CD14 proteolytic cleavage
that was facilitated by MgSO, can be reversed by inhibition
of serine proteases, indicating that MgSO, may act by acti-
vating serine proteases to enhance the proteolytic cleavage of
CD14. This concept is supported by previous data that mag-
nesium is crucial for maintaining activity of some proteases
(Dong et al. 2008; Su et al. 2016). However, the question of
whether serine proteases related to CD14 shedding, such as
cathepsin G and human leukocyte elastase, are involved in
mediating the effect of MgSO, remains unstudied. Further-
more, our data seemed to indicate that metalloproteinase
are not involved in the effect of MgSO,. Nonetheless, since
only EGTA was used as the metalloprotease inhibitor in
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MgSO, may also enhance proteolytic cleavage of CD14 (i.e., CD14
shedding) by serine proteases to reduce membrane-bound CD14
(mCD14) expression. Both these mechanisms contribute to reducing
the levels of mCD14 and downregulating CD14-dependent binding of
LPS to macrophages

this study, employment of various metalloprotease inhibi-
tors (e.g., phosphoramidon) may provide more information.

Collectively, our results confirm that MgSO, inhibits
LPS-macrophage binding by reducing CD14 expression.
The mechanisms underlying the effects of MgSO, on reduc-
ing CD14 expression may involve blocking the L-type cal-
cium channels and decreasing intracellular calcium as well
as enhancing CD14 proteolytic cleavage via activating serine
proteases. Our hypothesized mechanisms are illustrated in
Fig. 7.

We acknowledge that although our results are clear, this
study has certain limitations. First, the incubation period
with LPS in most of the assays was limited to at most 60 min
and only one dose of LPS (1 pg/mL) was employed. The
effects of MgSO, on CD14 expression over long LPS incu-
bation periods or under different doses of LPS have not been
determined. Second, sCD14 can be generated through a
mechanism other than proteolytic cleavage of mCD14, such
as secretion of CD14 by the cells (Bufler et al. 1995). The
effect of MgSO, on CD14 secretion was not examined in this
study. In addition, reduced CD14 levels may result from an
overall reduction in inflammatory responses as Bay-K8644
did not completely reverse the effect of MgSO, on mCD14 in
our study. Third, CD14 is part of a receptor complex includ-
ing LPS-binding protein (LBP) and TLR4. The effects of
MgSO, on modulating LBP, TLR4, or other TLR4 complex
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proteins remain unstudied in this investigation. Finally, the
limited cell line employed in this study restricts the in vivo
relevance. Future studies employing other “relevant” mac-
rophage populations, such as primary macrophages, may
provide further information in this regard.

In summary, MgSO, inhibits binding of LPS to mac-
rophages by reducing CD14 expression. The mechanisms
may involve antagonism of the L-type calcium channels and
enhancing the activity of serine proteases.
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