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Serum from magnesium-deficient rats
affects vascular endothelial cells in
culture: Role of hyperlipemia and
iInflammation
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Magnesium (Mg) deficit has been implicated as a risk for atherosclerosis. An important characteristic of
experimental Mg deficiency in rats is the spontaneous inflammation with marked leukocytosis and increase in
plasma concentrations of inflammatory cytokines. This deficiency is also accompanied by hyperlipemia resulting
from accumulation of triglyceride-rich lipoproteins (TGRLP). The present investigation was performed to
determine the effect of serum from Mg-deficient animals on cultured vascular endothelial cells. Sera were
obtained from control and Mg-deficient rats fed for 8 days adequate or Mg-deficient diets. Mg-deficient animals
presented an important leukocytosis and an increased interleukin (IL) 6 concentration in the plasma. Deficient
rats were hypertriglyceridemic as compared with control ones, but their cholesterolemia was not modified
significantly. Pooled sera from control and Mg-deficient animals were added to the culture medium of human
umbilical endothelial cells (HUVEC). The results show that serum from Mg-deficient rats stimulates proliferation
of cultured endothelial cells, increases adhesion of monocytes to these cells, and causes an induction of
plasminogen activator inhibitor factor 1 (PAI-1) mMRNA level in these cells. The present study demonstrates that
the inflammatory and hyperlipemic serum from Mg-deficient animals affects various processes in endothelial
cells, which are known to be implicated in atherogenesid. Nutr. Biochem. 9:17-22, 1998) Elsevier Science

Inc. 1998
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Introduction Other studies demonstrated the relationships between die-
tary Mg and plasma lipid3 Several clinical disorders, such
as diabetes mellitusalcoholism! renal failure® etc., in-
clude Mg depletion, alteration of lipid metabolism, and
cardiovascular complications. On the other hand some of
supplementation studies have found beneficial effect of Mg
on plasma lipid®and platelet reactivity.For example, in a
study performed on patients who suffered myocardial in-
farction, Rasmussen et &found that oral Mg supplemen-
Address correspondence and reprint requests to Dr. A. Mazur, CRNH, [ation reduced plasma concentrations of triglycerides,
Unité Maladies Méaboliques et Micronutriments, INRA, Theix, 63122 st VLDL, and apo B, and increased the apo A-l/apo B ratio.
Genes Champanelle, France. Experimental Mg deficiency enhances vascular lipid infil-
Presented in part at the 66th European Atherosclerosis Society Meeting,tration in rodents fed atherogenic diets and dietary Mg

July 1996, Florence, Italy. Address reprint requests to A. Mazur, CRNH, . _
Unité Maladies Meaboliques et Micronutriments, INRA, Theix, 63122 St supplementation can prevent atherosclerdis.These le

Genes Champanelle, France. sions however, are not necessarily correlated with choles-
Received March 27, 1997; accepted August 21, 1997. terolemia and the mechanism causing them has yet to be

Magnesium (Mg) deficit has been implicated as a risk factor
for development of atherosclerosis. Early epidemiologic

studies indicate that communities with low concentrations
of Mg in the drinking water tend to have higher incidence of
ischemic heart disease and acute myocardial infarétion.
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identified. Other experimental studies have shown dyslipi- May-Grunwald and Giemsa stain. Mg in serum was determined by
demia, altered platelet function, and predisposition to atomic absorption flame spectrometry (Perkin Elmer 400) after
clinical, and experimental data indicate that Mg deficit may €'ide (Biotrol, Paris, France) and total cholesterol (Biokiex,

. . - Charbonniess-les-Bains, France) concentratiarere determined by
\To?gg::tfng]neng:/ents of cardiovascular diseases in an unfa enzymatic procedures. Tumor necrosis factor (TNRnd inter-

leukin (IL)-6 concentrations were determined by biological as-

We have shown preViOlﬂg@ that serum from Mg-  gaysl7 Standards used were serially diluted human recombinant
deficient rats has atherogenic properties on cultured vascu-TNF-« and IL-6 (NIBSC, Hertfodshire, England).

lar smooth muscle cells (VSMC), i.e., it induces their
growth and causes lipid accumulation in these cells. The cell culture
present study was focused on the endothelial cells. The

endothelial cell plays a major role in maintaining the Human umbilical vein endothelial cells (HUVEC) were obtained
functional integrity of the vascular wall. Beyond their role by collagenase digestion as describ&dcCells were serially pas-
as a permeability barrier, endothelial cells are involved in saged at a 1/5 split ratio in medium 199 (Life Technologies, San
the maintenance of nonthrombogenic blood-tissue interface,Giuliano Milanese, ltaly) with 10% fetal calf serum (FCS),
in the modulation of blood flow and vascular resistance, in 10 Y/mL heparin, 0.2< glutamine, antibiotics, antimycotics, and
the regulation of immune and inflammatory reactidAghe bovine Endothelial Cell Growth Factor (50 ng/mL) (Boehringer,

. . . . Mannheim, Germany) in tissue culture dishes coated with gelatin
endothelium is constantly exposed to various potential (Sigma, St Louis, MO, USA). For the adhesion assay, monoblas-

stimuli that can initiate the atherosclerotic process, among toid U937 cell line was grown in RPMI (Sigma) containing
which are hyperlipemia, shear stress, inflammatory agents,10% FCS.
cytokines, hypertension, smoking, and glycated prot&ins.
During experimental Mg deficiency both hyperlipemia ; ;
and inflammatory process have been shdwtf. Several Cell proliferation assay
inflammatory agonists, including reactive oxygen species, HUVEC were seeded at the density of 10,000 cells/sq cm and were
cytokines, and eicosanoids are elevated in Mg-deficient exposed to either 5 or 10% of the serum from control or
animalsi®16 Because these are known effectors of the Mg-deflmen_t rats. After 2 or 5 days, cells were trypsinized and
endothelium, and given the current interest of Mg levels in counted using a Burker chamber. Cultures with 10% FCS were
cardiovascular disease, the present study was performed td'sled. as (():or;trols. Cygqulty \k/]vas tESt]?d by using a tf)llpg!ﬂ blue
determine whether the serum from Mg-deficient animals Solution (0.4%), according to the manufacturer's protocol (Sigma).

could affect cultured vascular endothelial cells. ]
Adhesion assay

; HUVEC were cultured in 24-wells dishes in the presence of 10%
Methods and materials of tested sera or with IL-1 (10 ng/mL) as a positive control for 4
Animals and diets hr at 37°C with 5% CQ. After three washes with serum-free

] ] medium, 1x 10° U937 cells in M-199 medium were added to each
Weanling male Wistar rats (IFFA-CREDO, L'Arbresle, France) ell. After 1 hr, the nonadherent U937 cells were rinsed off and
weighing about 60 g were randomly divided into Mg-deficientand the wells were fixed with 11% glutaraldehyde in phosphate-
control groups. The institution’s guide for the care and use of pyffered saline (PBS). The number of attached U937 was counted

laboratory animals was used. The rats were housed in wire-jn 20 microscopic fields defined by eyepiece. The experiments
bottomed cages in a temperature-controlled room (22°C) with a were performed in triplicaté®

12-hr dark (20:00 to 08:00 hr) and 12-hr light period. They were

pair-fed with the appropriate diets for 8 days using an automatic . .
feeding apparatus. Distilled water was provided ad libitum. The Purification of RNA and Northern blot analysis of
synthetic diets contained (g/kg): casein 200, DL-methionine 3, plasminogen activator inhibitor factor (PAl)-]_

sucrose 650, corn oil 50, choline bitartrate 2, modified AIN-76 .
mineral mix 35, and AIN-76A vitamin mix 10 (ICN Biomedicals, Total RNA were obtained from confluent cultures of HUVEC

Orsay, France). Mg oxide was omitted from the AIN-mineral mix treated with tested sera. The cell_s_ were rinsed with PBS, lysed in
in Mg-deficient diet. The Mg concentration of diets determined by RNAZzo0IB, and total RNA was purified. RNA was electrophoresed
flame atomic absorption spectrometric analysis (Perkin Elmer 400, N & 1% agarose gel containing 2.2 M formaldehyde, capillary
Norwalk, CT USA) were 35 mg/kg (deficient) and 980 mg/kg blotted on a Hybond-N membrane (Amersham, Buckingham-
(control). Nonfasting rats were anaesthetized with sodium pento- Shire, UK) and UV cross-linked. The cDNA fragment for human
barbital (40 mg/kg of body weight, i.p.). Blood was collected by PAl-1 was labeled with a random-primed DNA labeling kit
exsanguination via abdominal aorta into tubes without anticoagu- (Boehringer) and filter was hybridized in 0.5 M sodium phosphate
lant. Serum was obtained after clot formation and centrifugation (PH, 7:2) containing 7% sodium dodecy! sulfate, 1% bovine serum
(1,000 g, 15 min). Pools from control and Mg-deficient sera were albumin, 1 mM EDTA, and 20% formamide at 65°C for 20 hr and
combined, filtered through 0.am filter (Millipore, Molsheim, extensively washed at high stringency (0: SSC, 65°C¥:
France), decomplemented at 56°C for 30 min and then stored atHybridization signal was visualized by autoradiography.

—80°C. For leukocyte analysis small blood samples were collected

into heparinized tubes. Statistical analysis
Analyses in blood and serum Resqlts were expressed as meanSEM. Statistical sngnlflcance’
of differences between groups was evaluated by Studdnt’s

The differential leukocyte counts for neutrophils, monocytes, unpaired test (Instat, GraphPad, San Diego, CA, USA). Results
lymphocytes were made from a blood smear stained with the were considered significant & < 0.05.
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Table 1 Blood parameters in control and Mg-deficient rats after 8
days on the experimental diets

Rats Control Mg-deficient
Mg (mmol/L) 0.83 + 0.02 0.14 = 0.01*
Leukocytes (10%/L) 44 +09 8.0 + 0.01*
Interleukin 6 (pg/mL) 40 = 2 100 = 12**
Triglycerides (mmol/L) 0.83 = 0.07 4.21 = 0.35™
Total cholesterol (mmol/L) 1.48 = 0.07 1.70 £ 0.10

Values are means = SEM of 12 values per group.
*P < 0.05.
**P < 0.001.

Results

Mean final body weights of Mg-deficient and pair-fed
control rats were 87 3 and 94+ 3g (n= 12,P > 0.05).
Clinical signs of inflammation including erythema of ears
were observed in rats fed the Mg-deficient diet. Severe
hypomagnesemia was observed in deficient animedble
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Figure2 Effect of the serum from control and Mg-deficient rats on the
monocyte adhesion to HUVEC. HUVEC were treated for 4 hr with 10%
of the serum from control or Mg-deficient rats followed by addition of
U937 cells. The media containing fetal calf serum (FCS), with or without
IL-1, were used as controls. Results are means = SEM from three

1). Deficient rats presented markedly increased leukocytosisserum pools, each pool was prepared from four sera; *P < 0.05,

(Table 1), because of the increase in polymorphonuclear cel
number (data not shown). IL-6 concentrations were higher
in the serum from deficient rats as compared to controls
(Table 1), however TNFee was undetectable(2 pg/mL) in

the serum from both groups. Triglyceride concentration in
serum was significantly greater in Mg-deficient rats than in
controls, whereas serum total cholesterol was not signifi-
cantly different between both groupsable J).

To study the effects of tested sera on endothelial cell
growth, HUVEC were exposed to various concentrations of
serum from control or Mg-deficient rats and counted after
different times. In cells exposed to the serum obtained from
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Figure 1 Effect of the serum from control and Mg-deficient rats on

HUVEC growth HUVEC were seeded at the density of 10,000 cells/sq
cm and were exposed to either 5 or 10% of the serum from control or
magnesium-deficient rats for 2 or 5 days. The medium with 10% of fetal
calf serum (FCS) was used as control. Results are means = SEM from
three serum pools, each pool was prepared from four sera; *P < 0.05,
significantly different between sera from control and Mg-deficient rats.

| significantly different between sera from control and Mg-deficient rats.

Mg-deficient rats a 2 fold increase in cell number was
observed after 2 and 5 days of treatmdfig@re 1).

Because it is well established that monocyte adhesion to
the endothelium is an early event in the pathogenesis of
atherosclerosi&® we ascertained whether the serum from
Mg-deficient rats modulated U937-endothelial cell interac-
tions. HUVEC were exposed to the aforementioned serum
as well as to the corresponding control for 4 Rigure 2
shows the induction of U937 adhesion to endothelial cells
by serum from Mg-deficient rats. The increased adhesion of
monocyte-like cells to endothelial cells required protein
synthesis since exposure of HUVEC to cycloheximide
(5 pwg/mL) for 30 min before the addition of the serum
blocked the effect (not shown).

Because positive correlations have been established be-
tween plasma PAI-1 levels and known risk factors for the
development of atherosclerosis, including hypertriglyceri-
demia?! we studied the expression of PAI-1 in HUVEC
exposed to the serum from control or Mg-deficient rats for
4 hr. Northern blot analysis of total RNA revealed increased
levels of PAI-1 mRNA in HUVEC exposed to serum from
Mg-deficient rats Figure 3). Both species of PAI-1 mRNA
(3.2 and 2.3 kb) were elevated under the aforementioned
experimental conditions.

Discussion

We have previously demonstrated that the serum from
Mg-deficient rats induces VSMC proliferation and causes
lipid accumulation in these cell. The present results
demonstrate for the first time that this serum also affects
various processes in endothelial cells, which may be impli-
cated in atherogenesis. Mg-deficiency in the rat induces an
inflammatory state and severe hyperlipemia. It was pro-
posed by Weglicki et a® from rodent dietary studies that
Mg deficiency initiates a neurogenic inflammatory se-
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expression of adhesion molecules as well as cell prolifera-
1 2 3 tion.2> Similarly, lipoproteins have been shown to alter
endothelial cell behavior. There is growing evidence that
hypertriglyceridemia may be associated with increased risk
for cardiovascular heart disease (CH®)It has been
suggestetl?® that TGRLP could be directly involved in
atherogenesis. It has been shown that very low density
lipoproteins (VLDL) from hypertriglyceridemic human
plasma are more likely to promote lipid uptake in vascular
endothelial cells and on macrophages than those from
normolipidemic plasm&!28 Moreover, it was shown that
hyperlipidemic sera from cholesterol-fed rabbits and mon-
keys induced VSMC proliferatiof 32 Distinct mitogenic
and growth-stimulating effects of various lipoprotein frac-
P AI = 1 tions isolated from human plasma have also been demon-
strated®**#*Recently we have shown increased susceptibil-
ity to peroxidation of TGRLP isolated from Mg-deficient
rats as compared to the contréfsThere is increasing
evidence that oxidatively modified lipoproteins are impor-
tant in atherogenes®. Mildly oxidized lipoproteins mod-
’ ulate many biologic processes, whereas extensively oxi-
dized LDL are cytotoxic. Low concentrations of oxidized
LDL induce the binding of monocytes to the endothelitin,
stimulate endothelial growt!, enhance the expression of
several cytokines? and activate a prothrombotic program.
Because it is well known that cells—among which are
endothelial cells—are able to catalyze the oxidation of
lipoproteins it may be hypothesized that TGRLP present in

Figure 3 Northern blot analysis of the plasminogen activator inhibitor hyperlipemic serum from Mg-deficient rats undergo oxida-
factor (PAI)-1 mRNA in HUVEC exposed to the serum from control and tive modification to a greater extent than that of control rats
Mg-deficient rats. Lane 1: Fetal calf serum; 2: serum from control rats; and. therefore. exert a more potent effect on cultured cells

8: serum from Mg-deficient rats. This hypothesis is supported by our recent siidgn

TGRLP isolated from Mg-deficient rats that are more
quence and that this could account for much of the vascularoxidized in the presence of cultured VSMC and induce
dysfunction during dietary Mg deficiency. In agreement more cell growth than control ones.
with previous work$>16 we found the clinical signs of The effects on endothelial cells of serum from Mg-
inflammation, a marked leukocytosis as well as increased deficient animals cannot be attributed solely to the low Mg
plasma levels of IL-6 in Mg-deficient rats, whereas TNF-  concentration because high Mg concentration was used in
was undetectable. The inflammation observed in Mg-defi- the culture medium (about 1 mmol/L). On the other hand, it
cient animals may play an important role in the develop- is enough to expose endothelial cells to Mg-deficient
ment of hypertriglyceridemia in these animals since it is medium to affect their functiod$=42 (our preliminary
well known that several cytokines cause a rapid increase inunpublished results).
serum triglycerides by stimulating liver lipogenesis and by ~ The three events we studied in endothelial cells exposed
decreasing the activity of lipoprotein lipa$€The accumu- to the serum of Mg-deficient animals are of pivotal impor-
lation of triglyceride-rich lipoproteins (TGRLP) in the tance in atherogenesis. It is well known that adherence of
plasma of Mg-deficient animals is a most important char- circulating monocytes to the endothelium is an early step in
acteristic of hyperlipemia associated with Mg deficied8y.  atherogenesis, rapidly followed by monocyte transmigration
It has been previously demonstrated by our group that thisin the subendothelial space where differentiation into mac-
hypertriglyceridemia mainly results from decreased lipopro- rophages takes place. Similarly, endothelial cells chroni-
tein lipase activity?>24 cally exposed to the serum from Mg-deficient animals

The altered parameters that we detected in the serumproliferate faster and, since they have a limited lifespan,
from Mg-deficient rats can partially explain the modulation they reach cellular senescence earlier than unstimulated
of endothelial behavior we described, because cytokinescells; cell senescence is accompanied by the failure to
and lipoproteins are known to affect endothelial cell prolif- proliferate, thus impairing the capacity of repairing any
eration, adhesion properties, and fibrinolytic actiity.  injury to the endothelial monolayer. Our finding that the
Indeed, cytokines activate endothelial cells; for instance the serum from Mg-deficient animals induces PAI-1 is also
pro-inflammatory cytokines IL-1 and TNF induce the ex- worthy of note, because PAI-1 seems to have a major
pression of adhesion molecules, which are responsible forclinical relevance; indeed, increased PAI-1 levels have been
the enhanced interactions of endothelial with circulating observed in various clinical conditions such as coronary
cells, and upregulate PAI-1, which promotes thrombosis. artery disease, venous thrombosis and in survivors of
IL-6 also affects endothelial function by modulating the myocardial infarctiorf>~4°Moreover, positive correlations

20 J. Nutr. Biochem., 1998, vol. 9, January
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have also been established between plasma PAI-1 levels and
known risk factors for the development of atherosclero-
sis?146and PAI-1 expression was found to be increased in
atherosclerotic vs normal-appearing arterial tissdes.

In conclusion, we suggest that some of inflammatory

factors and lipoproteins present in the serum from Mg-
deficient animals act and cooperate in altering endothelial 1°
functions. Because during experimental Mg deficiency both

inflammatory processes and hyperlipemia occur, and given

14

the increasing interest of Mg levels in cardiovascular 16
disease, the present study offers an explanation to the role of

Mg in atherogenesis. In the future, the present work should
be extended by using the microscopy and ultra microscopy

to study the lesion development in arteries of the Mg- 17
deficient animals. Studies performed on animals with in-
duced vascular injury (for example fed with oxidized
cholesterol or after balloon angioplasty) will be of particular
interest.
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