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ported previously in rabbits [4-6]. These appealing stud-
ics [4, 5] emphasized that both Mg aspartate hydrochlo-
ride and Mg sulfate were equipotent in atherogenesis inhi-
bition. Recently, we investigated whether Mg fortification
of drinking water (without change in Mg diet content) can
also inhibit atherogenesis. We found that the fortification
of drinking water with Mg sulfate resulted in atherogene-
sis inhibition to a level of about one third of that in con-
trols in male low-density lipoprotein (LDL)-receptor-defi-
cient mice, whereas no significant difference in athero-
sclerosis extent was found in female mice, even though a
tendency towards reduction of atherosclerosis was ob-
served [7]. These LDL-receptor-deficient mice develop
atherosclerotic lesions throughout the arterial tree that
have many similarities with human atherosclerosis with
respect to the distribution pattern and morphological fea-
tures, and thus they provide a good model for human ath-
erosclerosis research [8)]. Upon being fed a low-cholestcrol
diet (chow diet), the micc do not develop significant ath-
erosclerotic lesions, whereas with a high-cholesterol diet
the mice develop marked hypcrcholesterolemia and le-
sions throughout the aorta within 3-4 months [9].

The aim of this study was to cxamine the potential
antiatherogenic effect of Mg fortification of drinking wa-
ter in female LDL-receptor-deficient mice, using the same
protocol as was used before [7], with a change only in diet
content from a diet that included cholic acid and very
high cholesterol levels to a diet without cholic acid, with a
smaller amount of cholesterol and with a lower Mg con-
centration.

Materials and Methods

Mice and Diets

LDL-receptor-deficient mice were bred in the local animal housc
of the Institutc of Lipid and Athcrosclerosis Rescarch (Sheba Medi-
cal Center, Tel-Hashomer, Israel). The micc were created by homolo-
gous recombination as described by Ishibashi et al. [8]. Two groups of
10 female mice were studied. The micc were 3 weeks old when
cntered into the study. They were on 12-hour dark/light cvcles and
were allowed access to food and water ad libitum.

The study involved two stages. Stage 1 lasted 12 weeks, in which
the mice were fcd a normal chow diet containing 4.5% fat by weight
and 0.02% cholesterol. One group of female micc was allowed access
to distilled water (Mg concentration < {0 mg/l), while the other group
was given only water containing 50 g of Mg sulfate per liter. Stage 2
lasted 6 weeks, and in this period the mice were fed an atherogenic
Western-type dict containing 0.15% cholesterol, 21% anhydrous
milk fat and 19.5% casein. and there was no change with respect to
the Mg content of their drinking water. At thc cnd of stage 2, the mice
were sacrificed. The mineral content of both diets was measured
in an ICP machine (Spectro, Germany); the chow diet contained
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2,470 mg/kg diet of Mg and 15,400 mg/kg dict of calcium (Ca). while
the Western-type diet contained 510 mg/kg diet of Mg and 6.400 mg/
kg diet of Ca.

Measurement of Plasma Mg and Ca

Blood was collected from the retroorbital plexus of the mice at the
end of stage 1, and 1,000 U of heparin per milliliter of blood was
added to each samplc for plasma Mg and Ca determination. At the
end of stage 2, blood was obtained by cardiac puncture, and plasma
Mg and Ca were determined using the same method. Bricfly, 10 pl of
plasma was deposited on either Mg or Ca slidcs {Vitros Chemistry
Products) which have a corrclation coefficient of 0.999. Mg, both free
and protein-bound, from the saraple reacts with the formazan dye
derivative in the reagent layer and the high Mg affinity of the dyc
dissociates Mg from its binding proteins. The Mg-dye complex
formed was rcad at a wavelength of 630 nm. Ca forms a complex with
arsenazo 11 dye and this complex was read at a wavelength of
680 nm.

Determination of Lipid Profile

At the end of both stages 1 and 2, blood was collccted from the
retroorbital plexus and by cardiac puncture, respectively, after the
mice had undergone 12 h of fasting. One milligram of ethylenedi-
aminetctraacetic acid per milliliter of blood was added to cach sam-
ple. Total plasma cholesterol and triglyceride levels were determincd
using an automated enzymatic technique (Bochringer Mannheim,
Germany) [10].

Assessment of the Extent of Atherosclerosis at the Aortic Sinus

Quantification of atherosclerctic fatty streak lesions was carried
out by calculating the lesion size in the aortic sinus, as previously
described [11], with a few modifications. Briefly, the heart and upper
scction of the aorta were removed from the animals and the peripher-
al fat was cleaned carefully. The upper section was embedded in OCT
medium and frozen. Every other section (5 pm thick) throughout the
aortic sinus (400 pm) was taken for analysts. The distal portion of the
aortic sinus can be recognizced by the three valve cusps which form
the junctions of the aorta with the heart. The scctions were cvaluated
for fatty streak Icsions after staining with oil red O. The number of
lesion areas per section was counted using a grid by an observer
unfamiliar with the tested specimen,

The extent of atherosclerosis was evaluated at the level of the aor-
tic sinus. Processing and staining of the tissuc was carried out accord-
ing to the method of Paigen et al. [ 1]. Lesion arca was quantified by
the modificd method of Rubin et al. [12].

Statistical Analysis
Statistical analysis was carried out using Student’s t test. p < 0.05
was considered statistically significant.

Resuits

Mg is used in clinical practice as a laxative, and there-
fore the body weights of both mouse groups were com-
parcd at the end of the study. No significant diffcrence
was found; body weights were 28.5 + 6.4gvs.25.0 + 4
(p = 0.24) in the control and Mg groups, respectively.
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Fig. 1. a Average Mg levels (mg/1) after stages 1 and 2 for the two groups of mice. p < 0.001 in a comparison of Mg

levels between the groups after stage 2

. b Average Ca levels (mg/l) after stages 1 and 2 for the two groups of mice.p=
0.01 in a comparison of Ca levels between the groups after stage 1. i

Table 1. Plasma lipid levels in female mice

with (+Mg) and without Mg (-Mg) (mg/d]) Study stage Lipids -Mg +Mg p value
in their drinking water - -
Chow diet: triglycerides 12125 101 +£21 0.13
after stage | cholesterol 248143 231x41 0.46
Western-type diet: triglvcerides 21481 134%£37.1 0.03
after stage 2 cholesterol 9274206 ¢

9264245 099

Plasma Mg and Ca Levels

At the end of stage 1, plasma Mg levels were 23.2 & 2.7
mg/l in the mice that received distilled water and 25.1 £
1.6 mg/l in the mice that received water fortified with Mg
(p = 0.13). However, as emphasized in figure la, after
stage 2 the mice that received water with Mg developed
significant hypermagnesemia (37.3 £ 5.6 mg/1) compared
with the control mice (22.0 = 2.6 mg/l) (p < 0.001). As
opposed to the differences in Mg concentration at the end
of stage 2, there was no difference in Ca concentration
97.1 = 8.8 vs. 97.3 = 5.5 mg/l; p = 0.97). Surprisingly,
there was a slight but significant difference in Ca levels at
the end of stage 1 (fig. 1b), i.e. 90.2 = 3.3 mg/l in the con-
trol group versus 97.4 = 5.7 mg/l in the Mg group (p =

Magnesium and Atherogenesis

0.01). However, this difference in Ca concentrauons dld: i'_:
not affect the mean Mg to Ca ratio of both groups after
stage 1 (25.7 = 2.4%vs.25.8 £ 1.1%; p=0.92).

Lipid Profile

Lipid levels were determined at the end of stages 1 and
2. Significant differences in cholesterol levels were not
found between the groups after either stage 1 or 2. Nev-
ertheless, both groups of mice developed severe hypercho-
lesterolemia after the second stage of feeding with a high-
cholesterol diet (table 1). Even though the high- cholcster—
ol diet did not cause significant hypertriglyceridemia, the
mice that received Mg had significantly lower levels of tri-
glycerides comparcd with the control group (table l)

Pathobiology 2000;68:93-98 T 95
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Extent of Atherosclerosis

The extent of the atherosclerosis at the aortic sinus
differed significantly between the groups (fig.2), i.e.
142,000 £ 76,000 um?® in the control group vs. 58,000 +
29,000 um? in the Mg group (p = 0.017). Within thc Mg
group, lesions with an area greater than 50,000 pm? were
found only in 3 mice. These micc had lower plasma Mg
levels than the other mice in the Mg group, i.e. 34 * 6 vs.
40 = 5 mg/l (p = 0.1). None of the mice in the control
group had atherosclerotic lesions with an area less than
50,000 pm2. A comparison of aortic sinus lesion area and
Mg plasma levels in individual mice from both groups is
demonstrated in figure 3.

Discussion

The results presented herc demonstrate that Mg fortifi-
cation can attenuatc early atherogenesis in female LDL-

_receptor-deficient mice. Upon being fed a high-cholcster-

ol diet, these mice develop marked hypercholesterolemia
and lesions throughout the aorta within 3-4 months [8].
In this study, the mice were sacrificed after 6 weeks of
being fed a Western-type diet in order to find differences
in early atherogenesis, and hence the aortic sinus lesions,
from which the lesions progress, were chosen as the most
appropriate site for comparison of the extent of athero-
sclerosis. The results presented here support our previous
findings that Mg fortification of drinking water is capable
of attenuating atherogenesis without any change in the
dietary content of Mg [7], but they also providc new evi-
dence that Mg can significantly inhibit atherogencsis in
female LDL-receptor-deficient mice.

Previously, we have proposcd that the difference in
atherosclerosis extent (albeit small and not statistically
significant) found in female mice fed a Paigen diet sug-
gests that Mg might also have an antiatherogenic cffect in
these mice, and that in another experimental design
which includes another diet, this difference might reach
statistical significance [7]. Herein, we have demonstrated
that this assumption was correct; a change in the high-
cholesterol dict (the diet of stage 2) from a Paigen diet
containing cholic acid, 1.25% cholesterol and an Mg con-
centration of 1,430 mg/kg diet [7] to a Western-type diet
that contained no cholic acid, only 0.15% cholesterol and
a lower level of Mg of 510 rmg/kg diet, changed the trend
of atherogenesis inhibition into a highly significant one in
female micc as well. These results are in agreement with a
recent report that compared atherosclerosis development
in LDL-~receptor-deficient mice fed high-cholestcrol diets

Sherer/Shocnfeld/Shaish/Levkovitz/Bitzur/
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with and without cholate (cholic acid) [13]. It was found
that cholate did not result in an altered atherosclerosis
pattern or a significantly greater level of atherosclerosis,
and thus the authors concluded that dietary cholic acid
was unnecessary in atherogenesis studies in these mice
[13]. It should be noted, however, that dietary supple-
mentation with cholic acid results in aggravated hypcr-
cholesterolemia, presumably due to interference with the
hepatobiliary excretion of cholesterol; this is cvident
from a comparison of the cholesterol levels of female
mice in this study (around 1,000 mg/dl) and those in the
female mice that received a diet with cholic acid in a
prior study (around 2,000 mg/dl) [7]. However, this can
also be explained by the fact that the Western-type diet
contained much less cholesterol than the Paigen diet. It is
not known why the antiatherogenic cffect of Mg was
clearly evident in female mice only on a diet without
cholic acid; however, this difference can also be cx-
plained by the lower content of Mg and cholesterol in the
Western-type compared to the Paigen diet. Hence, the
Mg in drinking water turned out to be a more important
source of Mg in the mice fed a Westcrn-type diet, and
possibly was more effective in thesc lower cholesterol
concentrations.

These findings arc further strengthened by studies
regarding the ability of Mg to modulate blood lipid levels
and atherosclerosis in rabbits [4, 5]. It has been found that
Mg deficiency could augment. while Mg supplementation
can suppress, atherogenesis in these animals. Altura et al.
[5] reported both a reduction in atherosclerosis extent in
the aorta and a reduction in serum cholesterol and triglyc-
erides in rabbits fed a diet with higher Mg content, com-
pared with rabbits fed a diet with lower Mg content. The
Mg salt used in that report was Mg aspartatc hydrochlo-
ride, while the Mg salt used by Ouchi ct al. [4] was Mg
sulfate, which failed to modulate plasma lipid levels but
succeeded in decreasing atherosclcrosis. We have also
previously used Mg sulfate, and found that it did not
result in a reduction of cither plasma triglycerides or cho-
lesterol level, but surprisingly led to an increased choles-
terol level in fcmales [7]. In the present study, no change
in cholesterol levels was found, while the Mg group had
significantly lower triglycerides than the control group.
These inconsistencies regarding the effect of Mg on plas-
ma lipid levels arc also evident from other human and
animal studies. Mg administration to hypomagnesemic
renal transplant paticnts has been shown to result in a sig-
nificant decrease in total cholesterol and LDL concentra-
tion [14]. Mg induccd a decrease in triglycerides in
paticnts with ischemic heart disease [15], whercas in

Magncsium and Athcrogenesis

mice, Mg led to decreased total cholesterol but did not
change triglyceride levels [16].

The mechanisms of atherogenesis inhibition by Mg are
not clear, but suggested mechanisms include increcased
excretion of lipids, dccrcased Ca influx into vascular
smooth muscle and decreased oxidation of LDL. De-
creased levels of lipids cannot properly explain the benefi-
cial effect of Mg, since findings in respect of this are not
consistent, as detailed above. An alternative hypothesis
would be the prevention of Ca influx into vascular smooth
muscle cells by Mg, as demonstrated in an in vitro study
of endothelial cells incubated with different Mg concen-
trations [17]. Finally, as a decrease in lipid oxidation has
been reported in the presence of elevated Mg [18], de-
creased oxidation of LDL may also be involved in the pre-
vention of atherogencsis. Bussiere et al. [19] found that
triglyceride-rich lipoprotcins from Mg-deficient rats were
more susceptible to oxidation by Cu®*, and that a culture
of vascular smooth muscle cells with these lipoproteins
resulted in greater cell growth than with lipoproteins iso-
lated from control animals. They suggest that Mg defi-
ciency affects atherogenesis by both increased lipoprotein
peroxidation and vascular smooth muscle cell prolifera-
tion [19].

In conclusion, the presented data emphasize that Mg
fortification of drinking watcr can attcnuate atherosclero-
sis in female LDL-receptor-deficient micc fed a high-cho-
lesterol dict without cholic acid. The mechanisms of the
antiathcrogenic effect of Mg should be further cluci-
dated.
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