Hypertriglyceridemic serum from
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cultured vascular smooth muscle cells
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An important characteristic of hyperlipemia associated with magnesium deficiency in rats is the postprandial
accumulation of triglyceride-rich lipoproteins. The present investigation was performed to determine the effect
of serum from magnesium-deficient animals on cultured vascular smooth muscle cells (VSMC). Sera were obtained
from control and magnesium-deficient rats fed adequate or deficient diets for 8 days. Magnesium-deficient
animals were hypertriglyceridemic compared with control rats, but their total cholesterolemia was not significantly
modified. Pooled sera from control and magnesium-deficient animals were added to the culture medium at
various concentrations. The maximum of proliferation for both control and magnesium-deficient sera was reached
when they were added at 6% to the culture medium and on day 4 after the begining of incubation. Medium
containing serum from magnesium-deficient rats stimulated the cell proliferation as monitored by cell count and
[PH]thymidine incorporation. Staining of VSMC with Oil red O and measuring lipids have shown a marked lipid
accumulation (triglycerides) in cells incubated with serum obtained from magnesium-deficient animals compared
with serum from control rats. These results indicate that serum from magnesium-deficient rats contains factors
that stimulate proliferation of arterial medial cells and that hyperlipemia associated with magnesium-deficiency

may cause lipid accumulation in vascular cells. (J. Nutr. Biochem. 5:585-590, 1994.)
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Introduction

Magnesium (Mg) deficit has been implicated as a risk factor
for development of atherosclerosis.'-* Experimental Mg defi-
ciency enhances vascular lipid infiltration in rodents fed
atherogenic diets, and dietary Mg supplementation can pre-
vent atherosclerosis.** These lesions, however, are not neces-
sarily correlated with cholesterolemia, and the mechanism
causing them has yet to be indentified. An important charac-
teristic of hyperlipemia associated with Mg deficiency in
rats is the postprandial accumulation of triglyceride-rich li-
poproteins (TGRLP).%7 These lipoproteins isolated from
Mg-deficient rats have increased susceptibility to peroxida-
tion and thus might be potentially atherogenic.®®

Vascular smooth muscle cell (VSMC) proliferation and
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lipid accumulation are well accepted as primary components
in the pathophysiology of atherosclerosis.!® VSMC are the
predominant cells in arteries and are essential for the struc-
tural and functional integrity of blood vessels. In atheroscle-
rosis these cells deviate from their normal state; undergo
extensive proliferation; and are transformed into foam cells
accumulating lipids, becoming a major component of the
atherosclerotic lesion.'®

Given the current interest in the effect of Mg deficiency
on lipid metabolism and cardiovascular disease, the present
study was performed to determine whether the serum from
Mg-deficient animals could alter the proliferation of cultured
VSMC and whether this hyperlipidemic serum causes the
lipid accumulation in these cells.

Methods and materials
Animals and diets

Weanling male Wistar rats (IFFA-CREDO, L’Arbresle, France)
weighing about 60 g were randomly divided into Mg-deficient and
control groups. The institution’s guide for the care and use of
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laboratory animals was used. The rats were housed in wire-bot-
tomed cages in a temperature-controlled room (22° C) with a 12-
hr dark (20:00-08:00 hr) and 12-hr light period. They were pair
fed the appropriate diets for 8 days using an automatic feeding
apparatus. Distilled water was provided ad libitum. The synthetic
diets contained (g/kg): casein 200, bL-methionine 3, sucrose 650,
corn oil 50, choline bitartrate 2, modified AIN-76 mineral mix 35,
and AIN-76A vitamin mix 10 (ICN Biomedicals, Orsay, France).
MgO was omitted from the AIN mineral mix in Mg-deficient
diet. The Mg concentration of diets determined by flame atomic
absorption spectrometric analysis (Perkin Elmer 400, Norwalk,
CT USA) were 35 mg/kg (deficient) and 980 mg/kg (control).
Experiments were performed in nonfasting rats. Animals were
anesthetized with sodium pentobarbital (40 mg/kg of body weight
i.p.). Blood was collected by exsanguination via abdominal aorta
and serum was obtained after clot formation and centrifugation
(1,000g, 15 min). Six pools from control and Mg-deficient groups,
eight animals per group from independent experiments, were con-
stituted. Pooled sera were filtered through a 0.2-um filter (Milli-
pore, Molsheim, France), decomplemented at 56° C for 30 min,
and then stored at —20° C.

Biochemical analyses in serum

Mg in serum was determined by atomic absorption flame spectrom-
etry (Perkin Elmer 400) after dilution in lanthanum chloride solu-
tion containing 1 g La/L. Triglycerides (Biotrol, Paris, France) and
total cholesterol (BioMérieux, Charbonniéres-les-Bains, France)
were determined by enzymatic procedures.

VSMC culture

Primary VSMC were prepared according to a modification of the
method described by Travo et al." Briefly, 12-week-old male Wistar
rats, weighing about 300 g, fed a standard pellet diet (UAR, Ville-
moisson, France) were killed by cervical dislocation and the aorta
was dissected out. After asseptical removal, aorta was skinned with
fine metal forceps and incubated in 3 mL of Hank’s Balanced
Salt Solution (HBSS) (Sigma, St Louis, MO USA) and 3 mL of
collagenase (Seromed, Berlin, Germany) (200 U/mL of HBSS) at
37° C for 15 min. The adventitia was then carefully stripped off.
The aorta was longitudinally opened and cut into small pieces.
Pieces of endothelium-denuded aorta were incubated at 37° C for
20 min in 6 mL of HBSS containing 100 U/mL of collagenase.
Then an elastase digestion was performed by incubating pieces of
aorta with 3 mL of collagenase solution (200 U/mL of HBSS) and
3 mL of elastase (Biosys, Compiegne, France) solution (17.5 U/
mL of HBSS) at 37° C for 40 min with a slow shaking movement.
The obtained smooth muscle cell suspension was centrifuged at
180g for 2 min. The pellet was resuspended in minimal essential
medium (MEM) (Eurobio, Les Ulis, France), and cells were incu-
bated in plastic culture flasks (Corning Inc., Corning, NY USA)
with MEM supplemented with 200 mm L-Glutamin (Sigma), Peni-
cillin-Streptomycin solution (Sigma) (10,000 U/mL-10 mg/mL),
amino acid concentrated solution (100x) (Sigma) and containing
10% of fetal calf serum (FCS) (Seromed, Berlin, Germany). Cells
were incubated in a humidified incubator at 37° C with an atmos-
phere of 95% air-5% CO,. The medium was changed 2 days later,
and cells were placed in supplemented MEM containing 5% FCS.
After that, the medium was changed every 2 days. VSMC were
identified according to morphological criteria: the “hill and valley”
typical growth pattern of VSMC and immunologically with anti-
a actin monoclonal antibody (Sigma) followed by a second fluores-
cent (FITC) goat anti-mouse IgG antibody (Sigma). The passage
number of the cultured cells used in this study ranged from two
to six.
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Cell count

Confluent cells were trypsynized with a trypsin-EDTA solution
(0.04% and 0.02%, respectively) and plated in a 24-well plate at
concentration 2.10* cells/well in 1 mL of MEM containing 2% of
FCS for 24 hr and then incubated in serum-free medium for 24
hr, permitting cell synchronisation. After that, quiescent cells were
incubated in MEM containing serum from control or Mg-deficient
rats at various concentrations. For cell count, cells were detached
by trypsinisation with 1 mL of trypsin-EDTA. For each well the
cellular suspension was diluted in 9 mL of isotonic solution (La-
binter, Aix-en-Provence, France). Cell number was counted with
a Coulter Counter DN (Coultronics France SA, Mergency, France).

[*H] Thymidine incorporation

VSMC were plated in a 24-well plate at 5.10* cells/well with 500
pL/well of MEM containing 5% of FCS. After 24-hr culture,
medium was removed and replaced by serum-free medium for 24
hr. Thereafter, quiescent cells were incubated with MEM containing
6% of control or Mg-deficient serum and incubated at 37° C with 0.5
wCi [*H]Thymidine (specific activity 1.04 TBg/mmol; Amersham,
Buks., UK). A control of incorporation was determined by incubat-
ing VSMC with serum-free medium. After 24-hr incubation, cells
were washed three times with 1 mL of cold PBS, precipitated with
1 mL of 10% TCA, and twice with 1 mL of 5% TCA, then
washed twice with 1 mL of ethanol prior to drying. The cells were
solubilized 2 hr at 60° C in 300 pL of 0.3N NaOH-1%SDS. 200
L of this solution was transferred to the scintillation vial and
mixed with 3 mL of PICO-FLUOR 40 (Packard Instruments, Gron-
ingen, The Netherlands). The radioactivity was counted in a liquid
scintillation counter (Packard Instruments).

Trypan blue assay

Quiescent cells were cultured in 24-well plates with 6% of control
and Mg-deficient serum, and cytoxicity assay was performed every
day for 5 days by using a trypan blue solution (0.4%, p/v), according
to the manufacturer’s protocol (Sigma).

Lipid and protein analyses in VSMC

VSMC were cultured as described in the cell count section. Cells
were exposed to 6% of control or Mg-deficient serum for 4 days.
After that, wells were rinsed with HBSS, trypsinized (100 pL of
Trypsin-EDTA solution/well), and 150 pL of HBSS were added
to each well. The pooled cellular suspension from six wells (1.5
mL) for each tested serum was homogenized. Two hundred fifty
microliters (in duplicate) were removed for determination of protein
content and the remaining 1 mL for determination of lipid content.
Total cellular lipids were extracted using chloroform-methanol
method according to Folch et al.'2 Triglyceride and total cholesterol
content in lipid extracts were measured as previously described by
us.'’* Protein content was determined with BCA protein assay kit
(Pierce Chemical Co., Rockford, IL. USA).

Oil Red O-staining

Lipid inclusions in cells were stained according the method de-
scribed by Ganter and Jalles.'* After incubation with tested sera,
cells were washed three times with 1 mL of HBSS and fixed with
Boin’s liquid (RAL, Villers St Paul, France) for 24 hr. After that,
cells were washed three times with desionized water and 1 mL of
isopropylic alcohol 60% (vol/vol), followed by staining with 1 mL
of Oil Red O (0.5 g/100 mL of isopropylic alcohol) for 2 hr and
washing with 1 mL of isopropylic alcohol (60%, vol/vol) then
three times with deionized water. For nucleus staining, cells were



incubated with 1 mL of hematoxylin (RAL) for 3 min and washed
three times with deionized water.

Scanning electron microscopy

Quiescent cells plated in 24-well plates and incubated with 6%
of control or Mg-deficient serum for 4 days were fixed in 3%
glutaraldehyde, 0.2 M cacodylate buffer (pH 7.4) for 1 hr at 4° C.
After that, they were washed three times in this buffer, post fixed
with 1% osmic acid for 1 hr at 4° C, washed in the same buffer,
and dehydrated with 70, 95, and 100% ethanol for 10 min each.
Samples were transferred into a critical-point drying apparatus,
coated with gold, and examined with a scanning electron micro-
scope (SEM 505, Philips).

Statistical analysis

Results were expressed as means = SEM. Statistical significance
of differences between groups was evaluated by Student’s ¢ paired
or unpaired test. Results were considered significant at P < 0.05.

Results

Mean final body weights of Mg-deficient and pair-fed con-
trol rats were 86 + 3 and 95 = 3 g (n = 48, P < (0.05).
Clinical signs of inflammation, including erythema of ears,
were observed in rats fed the Mg-deficient diet. Hypomagne-
semia was observed in deficient animals (Table 1). Triglyc-
eride concentration in serum was significantly greater in
Mg-deficient rats than in controls, whereas serum total cho-
lesterol was only modestly elevated (Table 1). To study the
effects of control and Mg-deficient sera on VSMC growth,
cells were incubated 5 days with the addition of these sera,
at various percentages, to the culture medium. The maximum
cell growth, monitored by daily cell count, was reached on
day 4, when cells were incubated with the addition of 6%
of the tested sera (Figure la, b). In these conditions (i.e.,
6% of serum in the medium and 4 days of culture), the cell
growth was more important in the presence of Mg-deficient
serum than in the presence of control serum (32% increase)
(Table 2). In agreement with this result, serum from Mg-
deficient rats, as compared with the control rat serum, en-
hances VSMC proliferation studied by [*H]Thymidine incor-
poration (Table 2). There was no cytotoxic effect of tested
sera on the cultured VSMC as monitored by the trypan blue
test. The staining of neutral lipids in VSMC with Oil red O
revealed that VSMC cultured with addition of serum from
Mg-deficient rats contained numerous lipid inclusions (Fig-
ure 2a). These lipid inclusions were relatively limited in
VSMC cultured in the presence of serum from control ani-
mals (Figure 2a). Similar observations were made when
these cells were analyzed by scanning electron microscopy,

Table 1 Magnesium and lipid concentrations in pooled sera from
control and Mg-deficient rats

Triglycerides
Serum Magnesium {mmol/L) Total cholesterol
Control 0.82 = 0.03 0.79 = 0.09 1.45 + 0.08
Mg-deficient 0.13 = 0.01* 4.00 + 0.40" 172 + 0.12

Values are means + SEM of six values per group; *P < 0.01.
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Figure1 Effect of control and Mg-deficient serum on rat aorta smooth
muscle cell growth. a) effect of the addition of 6% serum from control
and Mg-deficient rats to the culture medium during five days; b) effect
of serum level in the medium. Cells were plated at 2.10* celis/well
in a 24-well plate and incubated in the medium containing various
percentage of serum from control or Mg-deficient rats during five days.
The cell count was performed every day. The presented curve is repre-
sentative from four independent experiments.

i.e., more accumulation of lipids in VSMC cultured with
Mg-deficient serum than with control serum (Figure 2b).
As shown in Table 2, addition of serum from Mg-deficient
rats to the culture medium for 4 days brings about a marked
triglyceride accumulation in VSMC as compared with the
cells cultured with control serum. However, there was no
significant difference in total cholesterol content in cells
cultured with the addition of both sera studied (Table 2).

Discussion

Previous experiments from our laboratory provided evidence
that Mg deficiency produces a dyslipoproteinemia character-
ized by increased plasma levels of very low density lipopro-
teins (VLDL) and low density lipoproteins (LDL), and
decreased plasma high density lipoprotein levels.® The accu-
mulation of TGRLP in the plasma of Mg-deficient animals
is a most important characteristic of hyperlipemia associated
with Mg deficiency.®” It has been previously demonstrated
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Table 2 Effect of sera from control and Mg-deficient rats on rat aorta smooth muscle cell proliferation and lipid content

Cell growtht [*H]Thymidine incorporation§ Triglyceridest Total cholesterolt
Serum (cell x 10%/well) {cpm/well) (ng/mg protein)
Control 83 = 10 1,102 + 163 114 = 4 16.7 = 1.7
Mg-deficient 108 = 13" 1,237 = 140* 167 + 16" 187 + 1.2

tFor cell count and lipid content measurement quiescent celis were incubated with 6% of control or Mg-deficient serum in the culture medium for
four days.

§For [PH]Thymidine incorporation quiescent cells were incubated with 6% of control or Mg-deficient serum and with 0.5 wCi/mL of *H|Thymidine
for 24 hr.

Results are means + SEM of four to six various pools of control and Mg-deficient sera.

P < 0.01.

Control

Mg Deficient

Figure 2 Accumulation of lipids in cultured rat aorta smooth muscle cells cultured for 4 days with 6% of control or Mg-deficient serum in the
medium. a) Phase contrast microscopy after staining with Oil red O (x 200); lipids visible as black inclusions. b) Scan electron microscopy (X
600); lipids visible as white inclusions.

by our group that this hypertriglyceridemia mainly results from cholesterol-fed rabbits and monkeys also induce cell
from decreased lipoprotein lipase activity.’ proliferation and lipid accumulation in these cells.'>-' How-

The present results demonstrate for the first time that ever, in contrast to these earlier studies carried out on hyper-
the hyperlipidemic serum from Mg-deficient rats induces cholesterolemic sera, the present study used hyperlipidemic
VSMC proliferation and causes lipid accumulation in these serum rich in TGRLP. Our observation is of particular inter-
cells. Previous works have shown that hyperlipidemic sera est because we used hyperlipidemic serum obtained from
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animals that develop dyslipidemia related to a metabolic
disorder and not to an increase in dietary lipid intake. There
is growing evidence that hypertriglyceridemia may be asso-
ciated with increased risk for cardiovascular heart disease
(CHD).?® It has been recently discussed?' that TGRLP could
be directly atherogenic and/or that the metabolic conse-
quences of hypertriglyceridemia could account for the in-
creased risk for CHD.

It has been shown in studies carried out on vascular
endothelial cells and on macrophages that VLDL from hyp-
ertriglyceridemic human plasma are more likely to promote
cellular lipid uptake than those from normolipidemic plasma,
and that the predominant lipid that accumulates intracellu-
larly after uptake of hypertriglyceridemic VLDL is triglycer-
ide.”??* In agreement with these previous observations, the
accumulation of triglycerides in VSMC in the present work
reflects the predominant lipid in the TGRLP that accumu-
lates in the serum of Mg-deficient rats.

The effect of the hyperlipidemic serum on the increased
VSMC proliferation may be due to both lipoprotein and
nonlipoprotein components.'®** The observed effect of
serum from Mg-deficient animals on VSMC proliferation
is undoubtedly not related to the low Mg concentration
in this serum because the studied serum was added to
the medium at a low percentage, and the medium used
provides the Mg concentration (about 1 mmol/L) close
to this observed in the control serum. However, other
authors who have studied the effect of low Mg concentra-
tion on cultured cells*>-?” have found that Mg-deficient
medium could affect the vascular cell integrity and func-
tions. Thus, in addition to the observed effect of the serum
from Mg-deficient animals on VSMC in the present study,
low Mg concentration in the serum may play an important
role in the vascular cell physiology and may contribute
to the development of the atherosclerotic lesion.

Distinct mitogenic and growth-stimulating effects of
various lipoprotein fractions isolated from human plasma
have recently been demonstrated.’®? Additionally, LDL
isolated from diabetic patients have been shown to stimulate
VSMC proliferation as compared with normal LDL.*°
Earlier works carried out on rhesus monkeys have also
shown that LDL isolated from these primates fed a high-
fat cholesterol-supplemented diet induce VSMC prolifera-
tion to a higher extent than from controls.!*'® Thus, a
significant part of the serum effect on VSMC proliferation
may be due to the lipoprotein component of the serum,
in particular, in the hyperlipidemia.

Recently, we have shown increased susceptibility to perox-
idation of TGRLP isolated from Mg-deficient rats compared
with controls.®® There is increasing evidence that oxidatively
modified lipoproteins are important in atherogenesis.?' Oxi-
dized lipoproteins can modulate many biological processes,
and when they are more extensively oxidized, they become
cytotoxic. Recently Chatterjee® has shown that oxidized
human LDL at low concentrations exerts a concentration-de-
pendent stimulation of VSMC proliferation. Because itis well
known that cells are able to catalyze the oxidation of lipopro-
teins, it may be hypothesized that TGRLP present in hyper-
lipidemic serum from Mg-deficient rats undergo oxidative
modification to a greater extent than that of control rats, and
that it exerts a more potent effect on cultured cells.

Magnesium deficiency and vascular cells: Bussiére et al.

Mg-deficiency in the rat induces an inflammatory state
with increased concentrations of cytokines (IL-1, IL-6, and
tumor necrosis factor).?* Because cytokines are able to in-
duce VSMC proliferation and lipid accumulation,'®3* the
increased level of inflammatory cytokines may constitute an
additional factor by which serum from Mg-deficient animals
affects VSMC. On the other hand, inflammatory response
observed in Mg-deficient animals may play an important
role in the development of hypertriglyceridemia in these
animals because it is well known that several cytokines cause
a rapid increase in serum triglycerides by stimulating liver
lipogenesis and by decreasing the activity of LPL.*

In conclusion, the present study indicates that serum from
Mg-deficient animals contains a factor(s) that stimulates the
proliferation of arterial medial cells, and that hyperlipemia
associated with Mg deficiency may cause lipid accumulation
in vascular cells. Further study is required to elucidate the
factor(s) by which this serum modulates VSMC proliferation.
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