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Abstract

The precise correlation between magnesium and cardiovascular disease remains to be established. Matrix metalloproteinases
(MMPs) are expressed in coronary arterial atherosclerotic lesions. MMP production in vascular smooth muscle cells (VSMCs) is
stimulated by growth factors such as platelet-derived growth factor (PDGF). To assess the association between magnesium and
MMPs, we examined the effects of different extracellular magnesium concentrations (0-3.0 mmol/l) on MMPs production in
cultured rat VSMCs under basal and PDGF-stimulated conditions using gelatin zymography and western blotting. As magnesium is
called a natural calcium antagonist, we further compared the effects of magnesium with some calcium antagonists. Magnesium
reduced MMP-2 production dose-dependently at basal and PDGF-stimulated conditions in VSMCs. However, neither verapamil
nor nifedipine influenced MMP-2 production under any conditions examined. The effect of magnesium on the production of MMP-
2 was inhibited by two tyrosine kinase inhibitors-genistein and herbimycin A. The results of this study indicate that extracellularly

added magnesium decreased MMPs secretion, which appears to be associated with protein tyrosine kinase.

© 2002 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Magnesium has been implicated in the negative
correlation between cardiovascular disease and hardness
of drinking water [1]. Dietary deficiency of magnesium
augments atherogenesis markedly in experimental ani-
mals fed a high cholesterol diet, while oral supplementa-
tion of magnesium to similar animals lowers serum
lipids and attenuates the atherosclerotic process [2]. The
magnesium status of men with variant angina has been
proven to be closely related to disease activity [3].
However, Liao et al. indicated that the association of
low serum and dietary magnesium with the incidence of
coronary heart disease should not yet to be causal,
because results of this prospective study differed be-
tween men and women [4]. Thus, the precise role of low

serum magnesium in the progression of cardiovascular
disease remains to be established.

The extracellular matrix metalloproteinases (MMPs)
are a family of distinct proteases with differing specifi-
cities of cleavaging toward various extracellular matrix
components [5]. It has been reported that the processes
of migration and proliferation of vascular smooth
muscle cells (VSMCs) that contribute to the morpho-
genesis of atherosclerotic plaques require the extracel-
lular matrix remodeling caused by MMPs [6]. The
production of MMPs in VSMCs is known to be
regulated by a number of cytokines and growth factors
such as platelet-derived growth factor (PDGF) secreted
by platelets and vascular cells [7-9]. Among the MMPs,
MMP-2 has the widest distribution, and plays an
important role in the turnover of basement membrane
type IV collagen and in controlling cell proliferation
[10]. The proliferation and migration of VSMCs was
demonstrated to be closely related to the stimulation of
MMP-2 production [9]. An increased expression of
MMP-2 has been revealed in atherosclerotic plaques



[11]. All these studies suggested that MMP-2 plays an
important role in the formation and progression of
atherosclerotic lesion.

Numerous signal transduction pathways utilize io-
nized calcium as a second messenger. A calcium-
regulated pathway has been shown to regulate MMP-2
production [12]. However, the effect of magnesium,
which is a natural calcium antagonist [13], on MMPs in
cultured VSMCs has not been studied up to now to our
knowledge. The aim of this study is to test whether
extracellularly added magnesium alters MMPs secre-
tion. We investigated the effects of magnesium on
production of MMP-2 at the basal and in PDGF
stimulated conditions in VSMCs and further compared
these effects with those of calcium antagonists-verapa-
mil and nifedipine.

2. Methods
2.1. Materials

The chemicals used in this study were obtained from
the following sources: Dulbecco’s modified Eagle’s
medium (DMEM) without magnesium was obtained
from GIBCO (Grand Island, NY), PDGF-BB was
purchased from Biomedical Technologies (Stoughton,
MA). Methyl-[*H] thymidine was obtained from Daiichi
Radioisotopes (Tokyo, Japan), nifedipine was kindly
supplied by Bayer Japan (Osaka, Japan). Anti-MMP-2
antibody was obtained from Fuji Chemical Industries
(Toyama, Japan). Genistein and herbimycin A were
purchased from Wako (Osaka, Japan). All other che-
micals were of reagent grade or were of the highest grade
commercially available.

2.2. Preparation of smooth muscle cells

VSMC strains were established from rat thoracic
aorta (8-week-old male Sprague—Dawley rats) by the
modified explant method as described previously [9].
Cultures were maintained in DMEM supplemented with
10% fetal calf serum. At confluence, cells displayed a
‘hill and valley’ growth pattern and abundant myofila-
ments in their cytoplasm. They were identified as
VSMCs by immunocytochemistry using HHF35, a
monoclonal antibody that recognizes muscle-specific
actin [14]. All VSMC cultures used in this study were
between passages 4 and 7. At the subconfluent stage, the
culture medium was replaced with serum-free medium
and then cells were exposed to various treatments.

2.3. Preparation of culture medium

Magnesium sulfate (MgSO,4) or magnesium chloride
was added to DMEM without magnesium to the final

magnesium concentrations of 0—3.0 mmol/l before use.
The level of 0—-0.5 mmol/l magnesium corresponds to
the lowest physiological level of this ion that can be
measured in human serum, 1.0 mmol/l to the physiolo-
gical level, and 3.0 mmol/l to the highest level reached by
therapeutic supplementation of magnesium in patients
with arrhythmia or preeclampsia. Cells were treated
with calcium antagonists of final concentrations be-
tween 10 ® mol/l and 10~ ® mol/l in the presence or
absence of PDGF in 1.0 mmol/l magnesium DMEM.
All treatments were sustained in the upper media for 24
h.

2.4. DNA synthesis

VSMCs were plated in 6-well plates (1 x 10° cells per
well), incubated at 37 °C in a humidified atmosphere of
95% air—5% CO,, and maintained in DMEM with 10%
fetal calf serum until subconfluent (50—70% confluent).
After incubation with PDGF (10 ng/ml), verapamil
(10 8-10 ¢ mol/l), nifedipine (10 -10 ° mol/l),
magnesium (0—3.0 mmol/l) or various combinations,
[PH] thymidine (1 pCi/ml) was added followed by
incubation for 24 h. DNA synthesis was determined
by measuring the trichloroacetic acid-insoluble radio-
activity [15]. After incubation, the trypsinized VSMCs
were suspended in ice-cold 10% trichloroacetic acid. The
lysates were placed on ice for 10 min, followed by a
passage through paper filters (Whatman, Maidstone,
UK). The filters were washed with cold 10% trichlor-
oacetic acid and dried. Incorporated [*H] thymidine was
measured in an Aloka LSC-3500 scintillation counter
(Aloka, Tokyo, Japan).

2.5. Analysis of gelatinase production

After various treatments for 24 h, medium samples
were harvested, centrifuged at 2000 x g for 10 min and
normalized for cell protein content using Bio-Rad assay
[9]. The samples were applied without reduction to a
7.5% polyacrylamide slab gel impregnated with 1 mg/ml
gelatin [16]. After electrophoresis, the gel was washed at
room temperature for 30 min in washing buffer (50
mmol/l Tris—Cl, pH 7.5, 15 mmol/l CaCl,, 1 pmol/l
ZnCl,, and 2.5% Triton X-100), then incubated over-
night at 37 °C with shaking in the same buffer but
containing 1% rather than 2.5% Triton X-100. The gel
was stained with a solution of 0.1% Coomassie brilliant
blue R-250. Clear zones against the blue background
indicated the presence of gelatinase. To quantify the
amount of gelatinase production, the stained zymo-
grams were scanned on a densitograph (ATTO, Tokyo,
Japan).



2.6. Western blotting analysis

After various treatments for 24 h, medium samples
were harvested with the protease inhibitors phenyl-
methane sulfonyl fluoride (0.1 mmol/l) and leupeptin
(10 pg/ml) from cells, centrifuged at 2000 x g for 10 min
and separated by electrophoresis on 7.5% sodium
dodecyl sulfate polyacrylamide gels followed by transfer
onto polyvinylidene difluoride membranes (Immobilon
P, Millipore, 0.22 um pore size). The membranes were
blocked in 5% skim milk in phosphate-buffered saline
containing 0.1% Tween 20 at room temperature for 1 h,
and probed with anti-MMP-2 monoclonal antibody
overnight. After washing three times with phosphate-
buffered saline containing 0.1% Tween 20, the mem-
branes were incubated with secondary antibody con-
jugated with horseradish peroxidase for 1 h as described
previously [17]. Finally, the blots were washed and
scanned on a densitograph.

2.7. Statistical analysis

Results were presented as percentages of the control
and represent the mean +standard errors (S.E.) for four
separate experiments performed in duplicate. Differ-
ences among all data were analyzed for statistical
significance by one-way analysis of variance (ANOVA)
followed by unpaired Student’s ¢-test. Differences of
P < 0.05 were considered statistically significant.

3. Results

3.1. Effects of magnesium on [H] thymidine
incorporation in VSMCs

Magnesium did not influence [°H] thymidine incor-
poration under basal condition. The addition of PDGF
to VSMCs caused a significant increase in [°H] thymi-
dine incorporation. However, under this stimulated
condition, magnesium did not affect [’H] thymidine
incorporation (data not shown). These observations
indicated that magnesium did not influence the DNA
synthesis of VSMCs.

3.2. Effects of magnesium on the production of MMP-2
in VSMCs

Gelatin zymograms of VSMC-conditioned media
showed that the major MMP expressed under these
conditions was MMP-2. Magnesium reduced the pro-
duction of MMP-2 significantly in a dose-dependent
manner (Fig. 1A).

MMP-2 protein was shown to be expressed by
western blotting of culture medium, probed using an
anti-MMP-2 antibody. Magnesium induced a significant
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Fig. 1. Effects of magnesium on production of MMP-2 in cultured
vascular smooth muscle cells. MgSO, significantly reduced the
production of MMP-2 as determined by zymography (A) and western
blotting (B) in a dose-dependent manner. Clear zones against the blue
background indicated the presence of MMP-2. Columns indicate data
of gelatinolytic activity as percentages of the amount of control (1.0
mmol/l MgSO,), and represent the mean+S.E. for four separate
experiments performed in duplicate. *, P <0.05 vs. MgSO4 0 mmol/l;
*¥* P <0.01 vs. MgSO4 0 mmol/l; 11, P <0.01 vs. MgSO4 0.5 mmol/l;
i, P < 0.05 vs. MgSO4 1.0 mmol/l.

and dose-dependent reduction in MMP-2 production
(Fig. 1B).

3.3. Effects of magnesium on production of MMP-2
stimulated by PDGF in VSMCs

As PDGF is known to be secreted by vascular cells
and to regulate MMP-2 synthesis in VSMCs, we next
examined the effects of magnesium on cells stimulated
with PDGF. Magnesium decreased the MMP-2 produc-
tion significantly under these conditions in a dose-
dependent manner (Fig. 2A). MMP-2 protein was
shown to be expressed by western blotting of culture
medium probed using anti-MMP-2 antibody. Magne-
sium induced a significant and dose-dependent reduc-
tion of MMP-2 production by cells stimulated with
PDGF (Fig. 2B). These effects were not toxic as
determined by trypan blue exclusion.
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Fig. 2. Effects of magnesium on production of MMP-2 stimulated by
PDGF in cultured vascular smooth muscle cells. MgSO, significantly
and dose-dependently decreased the production of MMP-2 as deter-
mined by zymography (A) and western blotting (B) under conditions
of stimulation by PDGF. Clear zones against the blue background
indicate the presence of MMP-2. Columns are as described in Fig. 1.
Treatment with 1.0 mmol/l MgSO, together with PDGF was regarded
as control. *, P <0.05 vs. MgSO4 0 mmol/l; **, P <0.01 vs. MgSO, 0
mmol/l; ¥, P <0.05 vs. MgSO,4 0.5 mmol/l; T+, P < 0.01 vs. MgSO, 0.5
mmol/l; I, P <0.05 vs. MgSO, 1.0 mmol/l.

3.4. Effects of anions and ions on production of MM Ps

To verify that the altered MMP production by
MgSO, was due to magnesium ions and not a non-
specific effect of sulfate anions, the effects of magnesium
chloride on the production of MMP-2 were compared
with those of MgSO,. No significant differences were
seen in the degree of decrease in MMP-2 production
between MgSO, and magnesium chloride (data not
shown), indicating that the effect on MMP-2 production
was due to neither sulfate nor chloride anions but to
magnesium ions. To examine whether other divalent
cations, such as zinc and copper, have any effects on
MMP-2 production, VSMCs were treated with zinc
sulfate or copper sulfate culture medium, which were
made in the same way as the MgSQ, treatments, to the
final concentrations of 0-100 pmol/l for 24 h. No
influences were found in MMP-2 production by VSMCs
treated with either zinc sulfate or copper sulfate (data
not shown), indicating that the effect of magnesium on
MMP-2 production in VSMCs was specific but not a
common character of divalent cations.

3.5. Effects of magnesium on the zymography system

To detect the effects of magnesium on the zymogra-
phy system, subconfluent VSMCs were treated with 0O
mmol/l magnesium for 24 h, then the 0 mmol/l culture
medium was adjusted to different magnesium concen-
trations (0—3.0 mmol/l) before zymography. Magnesium
did not influence MMP detection under these condi-
tions. The lack of an inhibitory effect of magnesium on
MMP expression after removal of cells demonstrated
the feasibility of studying the effects of magnesium on
MMP detection by the zymography system (data not
shown).

3.6. Effects of protein tyrosine kinase inhibitors on
magnesium-induced MMP-2 production

To evaluate whether the effects of magnesium on
production of MMP-2 were related to protein tyrosine
kinase, subconfluent VSMCs were treated with two
protein tyrosine kinase inhibitors, genistein and herbi-
mycin A for 10 min before treatment with magnesium in
culture media at concentrations 0-3.0 mmol/l. A pre-
treatment with either genistein (10 umol/l) or herbimycin
A (0. 5 pg/ml) with magnesium resulted in an inhibition
of the alterations on MMP-2 production induced by
magnesium (Fig. 3A and B).

3.7. Effects of calcium channel blockers on the production
of MMP-2 in VSMCs under basal and PDGF-stimulated
conditions

As magnesium is called a natural calcium antagonist,
we compared the effects of magnesium with those of
calcium antagonists, verapamil and nifedipine, under
basal and PDGF-stimulated conditions. Neither of the
calcium antagonists affected the [*H] thymidine incor-
poration under either the basal or PDGF-stimulated
conditions in VSMCs (data not shown). Verapamil and
nifedipine had no influence on the production of MMP-
2 under basal or PDGF-stimulated conditions at any
concentrations tested (10~ -10® mol/I; Fig. 4).

4. Discussion

The major finding of this study was that extracellular
magnesium supplementation reduced the production of
MMP-2 under basal and PDGF-stimulated conditions
in rat VSMCs. To our knowledge, this is the first report
of the effects of magnesium on the production of MMP-
2 in cultured rat VSMCs, and these effects appears to be
associated with the protein tyrosine kinase pathway.
Clinically, Shibata et al. [18] reported that intravenous
administration of magnesium decreased serum levels of
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Fig. 3. Effects of protein tyrosine kinase inhibitors on magnesium-induced MMP-2 production in cultured vascular smooth muscle cells. MgSO,-
induced alterations of MMP-2 production (at concentrations of 0, 0.5 and 3.0 mmol/l) were significantly inhibited by two protein tyrosine kinase
inhibitors, genistein and herbimycin A. Clear zones against the blue background indicate the presence of MMP-2. Lane 1-5 represent MgSO, groups
with concentrations of 0—3.0 mmol/l, lane 610 represent combined treatment groups of herbimycin A (a) and genistein (b) with MgSO, of 0-3.0
mmol/l, separately shown by zymography (A). The statistical data are shown in B. Columns are as described in Fig. 1. **, P <0.01 vs. MgSO,4 0
mmol/l; ¥, P <0.05 vs. MgSO,4 0.5 mmol/l; I, P <0.05 vs. MgSQO,4 3.0 mmol/l.

MMP-1 in patients with acute myocardial infarction,
which supports our investigation.

It is clear that MMPs are important in any process in
which matrix turnover and repair take place. The roles
of MMPs in the processes of atherosclerosis are mainly
related to VSMCs migration and proliferation, resulting
in the formation of a plaque, and a weakening of plaque
caps before fissuring [8]. MMPs are known to be
expressed in human atherosclerotic plaques by both
SMCs and macrophages in vivo [19,20]. The major
MMP expressed in vitro in VSMCs has been shown to
be MMP-2 [21], which is consistent with the present
study.

Magnesium, a natural calcium antagonist, can act on
potential-operated channels, receptor-operated chan-
nels, and leak-operated channels in the cardiovascular
system [22]. Recently, magnesium has been shown to
inhibit capacitative Ca?* entry in VSMCs [23]. Using
CALI (carboxy amino-triazole), a receptor-operated cal-
cium influx inhibitor, Kohn et al. found a marked

reduction in MMP-2 activity and suggested a role for
calcium-mediated signal transduction in the expression
of metalloproteinases [12]. In our study, two potential-
operated calcium channel blockers, nifedipine and
verapamil, had no influence on MMP-2 production
while magnesium reduced MMP-2 production. There-
fore, it’s possible that magnesium affected MMP-2
production in VSMCs through a calcium-mediated
signal transduction pathway like CAI

Protein phosphorylation on tyrosine residues by
protein tyrosine kinases is an important regulator of
cell function [24]. Li et al. [25] and our laboratory [9]
have demonstrated that MMP-2 production or activa-
tion was induced through protein tyrosine phosphoryla-
tion. Recently, protein tyrosine phosphorylation has
been shown to play important roles in Mg> ™ deficiency-
induced contraction of isolated rat smooth muscle [26].
Furthermore, activation of several cellular signaling
pathways, such as protein tyrosine kinases and mito-
gen-activated protein kinase, appears to play important
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Fig. 4. Effects of verapamil and nifedipine on the production of
MMP-2 under basal and PDGF-stimulated conditions in cultured
vascular smooth muscle cells. Neither verapamil nor nifedipine
influenced the production of MMP-2 under either basal or PDGF-
stimulated conditions. Clear zones against the blue background
indicate the presence of MMP-2. Columns are as described in Fig. 1.

roles in low [Mg?*],-induced contraction and the

elevation of [Ca’*]; in smooth muscle cells from canine
basilar arteries [27]. Therefore, it is likely that there is a
close relationship among magnesium, MMP-2 and
protein tyrosine phosphorylation. In the present study,
we observed that in agreement with above studies, a
hypomagnesium (magnesium concentrations of 0.5-0
mmol/l)-induced increase in MMP-2 production was
blocked by either genistein or herbimycin A. We further
observed that a hypermagnesium (magnesium concen-
trations of 3.0 mmol/l)-induced decrease in MMP-2
production was also inhibited by either genistein or
herbimycin A. Therefore, our data suggest that the
effects of magnesium on production of MMP-2 in
VSMCs might be related, at least in part, to a protein
tyrosine kinase pathway.

5. Conclusions

In cultured rat VSMCs, magnesium significantly
reduced the production of MMP-2 under basal and
PDGF-stimulated conditions in a dose-dependent man-
ner, while neither verapamil nor nifedipine showed any
effect under the same conditions. The effects of magne-
sium on MMP-2 production were inhibited by both
genistein and herbimycin A. Our data suggest that the
beneficial effect of magnesium supplementation on
vascular disease processes may be due, at least in part,
to the inhibitory effect of magnesium on the production
of MMP-2 in VSMCs, which appears to be associated
with a protein tyrosine kinase pathway.
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