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Altura BM, Shah NC, Jiang X, Li Z, Perez-Albela JL, Sica 
AC, Altura BT. Short-term magnesium deficiency results in de
creased levels of serum sphingomyelin, lipid peroxidation, and 
apoptosis in cardiovascular tissues. Am J Physiol Heart Circ 
Physiol 297 : H86-H92, 2009. First published May 8, 2009; 
doi: 10.1152/ajpheart.01154.2008.-The present study tested the hy
pothesis that short-term dietary deficiency of magnesium (Mg) (21 
days) in rats would 1) result in decreased serum(s) [the present study 
tested the levels ofMg, sphingomyelin (SM), and phosphatidylcholine 
(PC)]; 2) promote DNA fragmentation, lipid peroxidation (LP), and 
activation of caspase-3 in cardiac (ventricular and atrial) and vascu
lar(aortic) muscle; and 3) low levels of Mg2 + added to drinking water 
would either prevent or greatly ameliorate these manifestations. The 
data indicate that short-term Mg deficiency (10% normal dietary 
intake) resulted in profound reductions in serum-ionized Mg and total 
Mg with an elevation in serum-ionized calcium (Ca2 +), significant 
lowering of serum SM and serum PC, with concomitant LP, DNA 
fragmentation, and activation of caspase-3 in ventricular (right and 
left chambers), atrial (right and left chambers) and abdominal aortic 
smooth muscle. The greater the reduction in serum-ionized Mg, the 
greater the effects on DNA fragmentation, LP, and caspase-3 activity . 
The intake of water-borne Mg2 + at all levels greatly attenuated or 
inhibited the reductions in serum SM and serum PC, activation of LP, 
DNA fragmentation, and the activation of caspase-3; even very low 
levels of Mg2 + in drinking water (i.e., 15 parts·million- 1 ·day- 1) 

were cardio- and vascular protective. In addition, we demonstrate that 
short-term dietary deficiency of Mg probably results in a downregu
lation of SM synthase and a decreased synthesis of PC. 

calcium; phosphatidylcholine; caspase-3; deoxyribonucleic acid frag
mentation 

IT HAS BEEN SHOWN RECENTLY in primary cerebral and peripheral 
vascular smooth muscle cells, in culture, that a variation in free 
magnesium ions (Mg2 +) causes sustained changes in mem
brane phospholipids and second messengers (33), as well as 
activation of apoptotic pathways (27), membrane oxidation (5, 
32), and truncation of membrane fatty acids (32). Decreases in 
extracellular free Mg ions (Mg~+) produced a fall in membrane 
sphingomyelin (SM), whereas increases in Mg~+ resulted in 
increases in SM and phosphatidylcholine (PC) (33). Intracel
lular ceramide formation was inversely proportional to Mg~+. 
Cerarnide, released as a consequence of sphingomyelinase 
(SMase) l!ft}ng on SM, is now thought to play important roles 
in fundamental processes such as cell proliferation, membrane
receptor functions, angiogenesis, microcirculatory functions, 
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immune inflammatory responses, cell adhesion, atherogenesis, 
and programmed cell death (4, 10, 17, 18, 23, 35, 36, 49, 51, 
53, 55). 

Low Mg content in drinking water found in areas of soft 
water and Mg-poor soil is associated with high incidences of 
ischemic heart disease, coronary vasospasm, and sudden car
diac death (6, 12, 14, 22, 26, 29, 42- 44). At present, the 
average dietary intake of Mg has declined from about 450-485 
mg/day in 1900 to about 185-235 mg/day for large segments of 
the North American population (2, 15). Both animal and 
human studies have shown an inverse relationship between 
dietary intake of Mg and atherosclerosis (1, 2, 8, 26, 32, 39, 
44). The myocardial level of Mg has consistently been ob
served to be lower in subjects dying from ischemic heart 
disease and sudden cardiac death in soft-water areas than those 
living in hard-water areas (12, 14, 30). 

We designed experiments to determine ])whether a short
term Mg deficiency in rats would lead to reductions in serum 
SM and PC, as well as DNA fragmentation, lipid peroxidation, 
and activation of caspase-3 in cardiac and vascular smooth 
muscles and 2) whether imbibing low levels of a water-soluble 
Mg salt in drinking water would inhibit or reverse these 
predicted effects of dietary deficiency of Mg. 

MATERIALS AND METHODS 

Animals, diets, sera, and organ-tissue collections. Mature male and 
female Wistar rats (200 ± 65 g) were used for all experiments. All 
experiments were approved by the Animal Use and Care Committee 
at SUNY Downstate Medical Center. Equal numbers of paired male 
and female animals were used for all experiments. Control [600 
parts/million (ppm) Mg] and Mg-deficient (MgD, 60 ppm Mg) pellet 
diets were obtained from DYETS (Bethlehem, PA) (AIN-93G diets). 
Additional controls were used and given standard Purina rat chow diet 
pellets (I ,000 ppm Mg, Purina). All animals were given their respec
tive diets for 21 days. The MgD animals were allowed to drink triply 
distilled water (Mg2 + ::s 10-6 M) containing one of four different 
levels of Mg aspartate-HCI (0, 15, 40, or 100 mg/1; Verla Pharm, 
Tutzing, Germany). All control animals received a normal Mg
containing diet (either 600 or 1,000 ppm) and the triply distilled water 
to drink. On the 22nd day, sera and tissues (left and right ventricle, left 
and right atria, and abdominal aorta between superior mesenteric 
arteries and renal arteries cleaned of all connective tissues) were 
collected quickly after anesthesia and euthanasia (pentobarbital so
dium, 45 mg/kg im). The tissues were stored rapidly under liquid 
nitrogen ( -85°C) until use. Whole blood was collected under anaer
obic conditions in red-stoppered (no anticoagulant present) tubes, 
allowed to clot under anaerobic conditions, and then centrifuged under 
anaerobic conditions in capped vacutainer tubes. The sera were then 
collected into additional red-stoppered vacutainer tubes under anaer
obic conditions for processing shortly thereafter (7). Serum samples 
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Table 1. Water consumption in each group per rat per day of experiment 

H87 

Day (ml consumed) 

Group 4 8 11 13 15 18 21 

Controls 22.5:!::3.0 23.5:!::2.0 31.1 :!::3.0 36.1:!; 1.7 32.4:!::3.5 33.8:!:: 1.6 35.1:!; 1.2 

MgD 19.7:!:: 1.0 24.3:!::2.5 36.6:!:: 1.6 42.0:!::2.5 41.0:!::2.2 39.1:!; 1.8 38.6:!:: 2.1 

MgD +IS 27.7:!::3 .5 29.1:!::3.0 36.0:!::3 .8 35.5:!::3.7 41.2:!::5 .6 42.9:!::3.8 41.6:!::3.6 

MgD + 40 34.3 :!:: 3.3 32.2:!::2.5 36.8:!::5.2 31.8:!::2.3 32.7:!:: 1.9 30.8:!:: 1.5 35.4:!::3.5 

MgD + 100 22.6:!::3.1 29.0:!::4.1 42.8:!::5 .2 44.2:!::5.7 41.0:!:: 3.9 45.5:!::3.5 45.4:!::3.5 

Values are means :t SE; N = 18-28 animals/group. MgD, Mg-deficient controls; MgD + 15, MgD + 15 mg Mg/1 in drinking water (DW); MgD + 40, 
MgD + 40 mg Mg/1 in DW; MgD + 100, MgD + 100 mg Mg/1 in DW. 

were analyzed within 2 h after collection. Total Mg levels were 
measured by standard techniques in our laboratory (Kodak DT-60 
Analyzer, Ektachem Colorimetric Instruments, Rochester, NY) (7). 
This method compares favorably with atomic absorption techniques 
for total Mg (7). A Mg2 + ion-selective electrode (ISE) with a neutral 
carrier-based membrane and a Ca2 + -ISE (NOV A 8 Analyzer, NOV A 
Biomedical Instruments, Waltham, MA) were used to measure these 
free divalent cations in the sera (7). The ISEs were used in accordance 
with established procedures developed in our laboratory, having an 
accuracy and precision of -3% (7). 

Biochemical tissue analyses. The tissues were analyzed quantita
tively for DNA fragmentation by the diphenylamine method (II, 31), 
lipid peroxidation using malondialdehyde as the analyte (5, 38) and 
for caspase-3 activity (46). The caspase-3 activities were assayed 
using highly specific kits (Assay Design). Serum measurements of SM 
levels were carried out by a four-step enzymatic procedure as detailed 
elsewhere (20). Serum PC concentrations were determined by sub
tracting SM from the total phospholipid concentration (20). Here, the 
total choline-containing phospholipids in serum were obtained by an 
enzymatic method (Wako Pure Chemical Industries). 

Statistical analyses. Where appropriate, means and means ± SE 
were calculated. Differences between means were assessed for statis
tical significance by Student's t-tests and ANOVA, followed by a 
Newman-Keuls test. A P value < 0.05 was considered significant. 

RESULTS 

Influence of diet on water consumption and food intake. The 
data presented in Tables 1 and 2 indicate that there were no 
significant differences in either water consumption or food 
intake between the diverse groups or within the subgroups 
(P > 0.05, ANOVA). 

Serum total Mg, ionized Mg, and ionized Ca levels. Table 3 
indicates that the normal serum total Mg in Wistar rats fed 
either a synthetic AIN-93G pellet diet or a normal Purina rat 
chow pellet is -1.08 mM/l. Twenty-one days of feeding a diet 
that contains only 10% normal Mg of the AIN-93G diet 
resulted in almost a 70% reduction in the serum Mg level. 
Despite this marked drop in serum Mg, the animals showed no 
loss in body weight, no change in fur appearance, no change in 

gait, or any other outward signs of pathology or behavior. 
Feeding the MgD animals various levels of Mg in their drink
ing water resulted in concentration-dependent rises in the 
serum total Mg to where 100 mg/1 of Mg2 + prevented the 
profound reduction in serum total Mg seen in the MgD ani
mals. Interestingly, a level of Mg2 + corresponding to 40 mg/1, 
or approximately only 40 ppm, raised the serum total Mg to 
50% of normal. 

As seen from Table 3, the serum level of ionized Mg in the 
normal control diet (i.e., either 600 or 1,000 ppm) is -0.63 
mM/l. The MgD animals exhibited an -50% reduction in 
serum-ionized Mg. Feeding the MgD animals various levels of 
Mg in their drinking water, like with the total serum Mg, 
resulted in similar concentration-dependent rises in the serum
ionized Mg levels. 

With respect to the serum-ionized Ca, feeding animals MgD 
diets with normal Ca content resulted in a significant rise (P < 
0.05) in the level of this divalent, whereas feeding these MgD 
animals various levels of Mg2+ in their drinking water resulted 
in a significant, concentration-dependent fall in the serum
ionized Ca toward normality (Table 3, ANOV A, P < 0.05). 

Serum SM and PC levels. Figure 1 indicates that serum in 
Wistar rats exhibits a SM level of about 80 mg/ml, whereas 
animals placed on a MgD diet for only 21 days show a 25% 
reduction in the SM level (P < 0.01). Feeding these MgD 
animals a level of Mg2 + in their drinking water equivalent to 
only 15 mg/1 (i.e., 15 ppm) almost prevents this marked 
reduction in serum SM observed in the MgD animals . Al
though the higher levels of Mg2+ in the drinking water restored 
the SM levels to normal (P > 0.05), there is no significant 
difference from that observed with the 15 mgll Mg2+ level 
(ANOV A, P > 0.05). 

With respect to serum PC levels, feeding animals diets with 
only 60 ppm (MgD) results in a 25% reduction in PC, whereas 
addition of various, low levels of Mg2+ to the drinking water 
surprisingly and completely prevented the fall in serum PC 
seen in the MgD animals (Table 3, P < 0.05). 

Table 2. Food consumption in each group per rat per day of experiment 

Day (g) 

Group 4 8 11 13 15 18 21 

Controls 15.9:!:: 1.2 19.3:!::1.6 20.2:!:: 1.8 18.2:!:: 1.6 19.6:!:: 1.8 19.0:!:: 1.2 18.7:!:: 1.5 
MgD 15.8:!:: 1.2 18.5:!::1.6 24.7:!::2.3 17.2:!::1.6 18.5:!:: 1.8 18.5:!:: 1.4 19.9:!:: 1.7 
MgD + 15 16.5:!:: 1.4 16.0:!:: 1.8 18.6:!::2.0 17.7:!:: 1.5 19.8:!:: 1.6 20.6:!:: 1.6 18.4:!::1.4 
MgD + 40 18.7:!:: 1.8 19.6:!:: 1.6 21.5:!::2.2 18.8:!:: 1.6 18.1:!::1.7 21.4:!::1.8 18.6:!::2.2 
MgD + 100 15.3:!::2.1 18.9:!::1.7 21.4:!::2.3 17.6:!:: 1.8 20.4:!:: 1.6 19.8:!:: 1.6 18.0:!:: 1.8 

Values are means :t SE; N = 18-28 animals/group. Designations for groups are identical to Table I. 
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Table 3. Serum total Mg, ionized Mg, ionized calcium, 
and ionized Ca-to-Mg ratios in normal and MgD rats with 
and without Mg added to the drinking water 

Ionized Ca-to-Mg 
Group Total Mg Ionized Mg Ionized Ca Ratio 

Controls 2.44::!::0.06 0.63 ::!:: 0.005 1.45 ::!:: 0.02 2.33 ::!:: 0.04 
MgD 0.63 ± 0.06* 0.31 ± 0.02t 1.58::!:0.0lt 5.19 ::!:: 0.26; 
MgD + 15 1.00::!::0.14* 0.39±0.02t 1.52± 0.02t 4.49±0.25* 
MgD + 40 1.21 ± 0.08* 0.41 ± 0.14t 1.5l ± O.Olt 3.33±0.15* 
MgD + 100 2.35::!::0.13 0.58±0.02 1.39 ± 0.03 2.54±0.08 

Values are means ± SE; N =18-28 animals/group. *P < 0.001 , signifi
cantly different from all other groups (ANOV A); t P < 0.01, significantly 
different from controls and MgD + 100 (ANOVA); *p < 0.01 , significantly 
different from all groups except MgD + 15 (ANOVA). Total Mg is given in 
mg!l, whereas all the other mean values are given as mM/1. 

Lipid peroxidation in cardiac and vascular muscle obtained 
from MgD animals. Figure 2 indicates that placing rats on diets 
of 10% Mg intake for 21 days results in almost fivefold 
increases in lipid peroxidation of right and left ventricular 
muscle, atrial muscle, and aortic smooth muscle. All of the 
levels of Mg2+ added to the drinking water inhibited most of 
the observed lipid peroxidation (P < 0.01) seen in the MgD 
animals; our experiments suggest that a level of only 15 mg/1 
of Mg2 + is needed to prevent the lipid peroxidation. 

DNA fragmentation in cardiac and vascular muscle ob
tained from MgD animals. Figure 3 indicates that dietary 
deficiency of Mg for 21 days resulted in four to sixfold 
elevations in the degree of observed DNA fragmentation, with 
the ventricular muscles showing the highest degrees of DNA 
fragmentation (P < 0.01, ANOVA). Like that observed in 
Lipid peroxidation in cardiac and vascular muscle obtained 
from MgD animals, only low levels of Mg2+ (i.e., 15 mg/1) are 
needed to prevent the DNA fragmentation observed in the 
MgD animals (P < 0.05). 

Caspase-3 activity in cardiac and vascular muscle obtained 
from MgD animals. Figure 4 indicates that dietary deficiency 
of Mg for 21 days resulted in two to threefold elevations in 
caspase-3 activities, with the ventricular muscles exhibiting the 
highest degrees of caspase-3 activity (P < 0.05). Like that seen 

100 

z 80 
::i 
w 
> 60 ::~::::-
0~ 

T 

with DNA fragmentation, a very low concentration of Mg2 + 

(i.e., 15 mg/1) added to the drinking water was all that was 
needed to inhibit completely the rise in caspase-3 activities in 
all of the tissues examined. 

DISCUSSION 

Several distinct metabolic interrelationships exist in the 
body between PC, SM, and 1,2-diacylglycerol and ceramide 
(17, 18, 23, 53). SM synthesis, which is catalyzed by SM 
synthase, requires the transfer of a choline phosphate moiety 
from PC to ceramide, generating 1,2-diacylglycerol. Con
versely, SMase regenerates ceramide and choline phosphate. 
SM and PC are the major phospholipids in very low-density 
lipoproteins (21). More than 25 years ago, it was first reported 
that, in humans, a decrease in the plasma PC-to-free cholesterol 
ratio connotes a higher correlation with ischemic vascular 
disease than either plasma cholesterol or high-density lipopro
tein (HDL) (25). PC is important in decreasing the lymphatic 
absorption of cholesterol and is the major phospholipid in HDL 
cholesterol (21). PC is also known to play an important role in 
plasma cholesterol esterification-the less the PC, often the 
less cholesterol esterification, and thus a potential risk factor 
for atherogenesis, cardiovascular disease, and cerebral vascular 
accidents (for review, see Ref. 21). 

The results reported herein are the first demonstration that 
short-term dietary deficiency of Mg in an intact mammal 
results in decreased serum levels of both PC and SM. These 
results thus extend previous findings that low levels of Mg2+ in 
primary cultured peripheral and cerebral vascular smooth mus
cle cells result in lowered intracellular levels of both PC and 
SM-the lower the external level of Mg2+, the lower were the 
concentrations of both PC and SM (33). This latter study also 
showed that these molecular biochemical changes in low Mg2 + 
environments led to the release (synthesis) of ceramide via 
activation of SMase. Although the present study did not mea
sure either serum or cellular levels of ceramide, we hypothe
size that the dietary deficiency of Mg produces an activation of 
SMase (leading to reduction in serum SM found herein) and 
increased plasma levels of ceramide. 
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-

CJCII 
z E 40 Control MgD MgD+100 

Fig. I. Serum sphingomyelin and serum phosphati
dylcholine in normal and Mg-deficient (MgD) rats 
with and without Mg added to the drinking water 
(OW). Concentrations ofMg2+ per liter added to the 
OW are as follows: 15 mg!l ( + 15), 40 mg!l ( +40), 
and 100 mg!l ( + 100). All values are means :±: SE. 
MgD mean value is significantly different from 
controls (P < 0.01); N, numbers of animals per 
group. 
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Fig. 2. Lipid peroxidation [%change in malondialdehyde (MDA)] in abdom
inal aortic smooth muscle, right ventricular (RV) muscle, left ventricular (LV) 
muscle, and atrial muscle in normal and MgD rats with and without Mg added 
to the DW. Designations and numbers of animals per group are identical to 
those in Fig. I . Mean value for MgD animals is significantly different from all 
other groups (P < 0.001 , ANOVA). 

One of the important roles of ceramide is in apoptosis. 
Ceramides have been found in a number of cells and tissues 
following treatment with ionizing radiation, UV light, interleu
kin-1, -y-interferon, TNF-a, chemotherapeutic agents, endotox
ins, and oxidative stresses (23, 24, 35, 45, 49, 53). We have 
recently found that several different ceramides (e.g., Cz-, C6-
and c,6-ceramides) can acutely induce apoptosis in primary 
cultured canine cerebral vascular and rat peripheral (i.e., mes
enteric arterial and aorta) vascular smooth muscle cells as 
verified by several types of assays (i.e., terminal transferase
mediated dUTP nick end labeling, acridine orange, propidium 
iodide, annexin V, and caspase-3) (unpublished findings) . Low 
Mg2+ environments exacerbated both the rapidity and degree 
of programmed cell death in these cells (e.g., see Ref. 27). 
Very recently, a report appeared in which male Sprague
Dawley rats, fed a 9% MgD diet for 3 wk, were used and the 
results indicated that some of the excised whole hearts showed 
DNA fragmentation and cleaved poly(ADP-ribose)polymerase 
(which suggested increased caspase-3 activity) and thus signs 
that Mg deficiency can induce apoptosis in cardiac muscle 

(47). These studies, when taken together with in vitro work on 
perfused working rat hearts obtained from such MgD animals 
(50) and in vitro studies from our laboratory on perfused 
working rat hearts (6, 52), clearly demonstrate that even 
short-term Mg deficiency results in reductions in a variety of 
hemodynamic cardiac functions. Collectively, these in vitro 
hemodynamic studies on perfused rat hearts demonstrate that 
short-term Mg deficiency results in falls in cardiac output, 
coronary flow, stroke volume, developed pressures, and ische
mia concomitant with a lowering of cellular high-energy phos
phates. Such a compromise of cardiac hemodynamics could 
very well form a milieu for activation of SMase and increased 
plasma levels of ceramide and programmed cell death. Our 
new findings on MgD-induced oxidative stress add to and 
strengthen the growing experimental results of others, who 
have demonstrated that Mg deficiency may promote cardiovas
cular and muscle damage via lipid peroxidation and the for
mation of free radicals (2, 5, 24, 28, 39, 50, 51). Whether or not 
Mg deficiency-induced oxidative stress and release of reactive 
oxygen and/or reactive nitrogen species are responsible for the 
observed breakdown of PC, loss of SM, DNA fragmentation, 
and apoptosis observed herein in ventricular, atrial, and vas-
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Fig. 3. Percent DNA fragmentation in abdominal aortic smooth muscle, RV 
muscle, LV muscle, and atrial muscle in normal and MgD rats with and 
without Mg added to the DW. Designations and numbers of animals per group 
are identical to those in Fig. I. Mean value for MgD animals is significantly 
different from all other groups (P < 0.001 , ANOVA). 
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Fig. 4. Caspase-3 activity in abdominal aortic smooth muscle, RV muscle, LV 
muscle, and atrial muscle in normal and MgD rats with and without Mg added 
to the DW. Designations and numbers of animals per group are identical to 
those in Fig. I. Mean value for MgD group is significantly different from all 
other groups (P < 0.001 , ANOVA). 

cular smooth muscle remains to be rigorously tested. Alterna
tively, it may be, as suggested above, that the formation of 
ceramides is the trigger for MgD-induced oxidative stress. It is 
likely that the generation of ceramides from the activation of 
SMase is playing an important role in the programmed cellular 
death of the tissues. The observed reduced levels of PC may 
also be a contributing factor in these latter events. 

Using weanling rats pair-fed with MgD diets for 8 days, 
Tongyai et al. (48) have reported a 15% increase in fluidity of 
erythrocyte membranes, a reduced ratio of SM to PC, and a 
reduced ratio of cholesterol to phospholipid, but no change in 
PC content of these young MgD animals. These workers 
speculated that the lowered erythrocyte membrane levels of 
SM may be due to a lipid exchange mechanism. Although such 
a mechanism may be food for thought, it is important to point 
out that these results are from nonnucleated cells and that 
erythrocytes have little in the way of metabolic capacity (other 
than the liberation of energy via glucose metabolism), and such 
cells cannot be compared with heart and vascular smooth 
muscle cells. Moreover, our previous work on primary cultured 
canine and rat vascular smooth muscle cells clearly demon
strates that lowering of Mg2+ in the medium results in rapid 
formation and the release of ceramides concomitant with a 
marked reduction in both PC and SM content (32, 33). 

It has been reported that serum lipids of MgD rats and 
rabbits have dramatic changes in lipoproteins (8, 40); these 

lipoproteins contain SM and PC. These studies in rats and 
rabbits demonstrate significant elevations in serum/plasma trig
lycerides (8, 40) along with increases in phospholipids (16). It 
is thus possible that the significant changes in SM/PC contain
ing lipoproteins, and the current report of lowered serum SM 
and PC concomitant with lipid peroxidation, could be due, in 
some measure, to a redistribution of SM and PC in the 
changing lipoprotein fractions independent of SMase activity. 

There are now several lines of convincing evidence to 
implicate a diminished PC synthesis in the induction of apop
tosis in several cell types (see Ref. 49 for a recent review). 
Ramos et al. (36) were the first to demonstrate that the 
inhibition of PC synthesis is one of the primary events by 
which Cr ceramide triggers apoptosis in cerebral neuronal 
granules. Others showed, using PC12 cells, that the reduction 
in PC levels (54) was associated with concomitant decreased 
levels of SM and increased levels of ceramide. Previously, 
using primary cultured cerebral and peripheral vascular smooth 
muscle cells, two of us demonstrated that when these cells 
were exposed to low external Mg2+ environments, there was a 
cellular loss of PC and SM with a concomitant generation of 
ceramides (32, 33). On the basis of these and the present 
findings , we propose that dietary MgD-induced membrane 
oxidation leads to the generation of ceramides (via the activa
tion of SMase) and diminished PC synthesis, which act in 
concert to help to induce programmed cell death in ventricular, 
atrial, and vascular smooth muscle cells in the intact animal. A 
number of previous studies suggest that cerarnide accumulation 
precedes caspase-3 activation and apoptosis (19, 37, 45). From 
our present results and previous observations on primary cul
tured vascular muscle cells, we propose that Mg deficiency 
should be added to the well-known extracellular stimuli (e.g., 
vitamin D, TNF-a, FasL, IL-113, -y-radiation, UV radiation 
chemotherapeutic agents, oxidative stress, and others), which 
cause the activation of SMase and hence the SM-ceramide 
pathway. 

Considerable evidence, both experimentally and epidemio
logically, as well as clinically, suggests a linkage between 
dietary deficiency of Mg and diverse types of cardiovascular 
problems, e.g., high blood pressure, ischemic heart disease, 
coronary artery disease, congestive heart failure, atherogenesis, 
vasospasm, peripheral arterial disease, myocardial infarction, 
irregular heart rhythms, sudden cardiac death, free radical 
generation, and stroke (1-3, 5, 8, 9, 12-14, 50 - 52, 55). More 
than 50 years ago, it was shown in an epidemiologic study that 
when the hardness of drinking water was elevated, the rate of 
death from cardiovascular diseases decreased (22). In the 
intervening years to the present, this has been borne out by 
numerous studies around the globe (for recent reviews, see 
Refs . 13, 15, 42); that is, cardiovascular death rates are lower 
in hard-water areas than in soft-water areas. Although the 
hardness of water is due, primarily, to the concentrations of Ca 
and/or Mg, the overwhelming evidence, to date, supports the 
idea that it is the Mg content which is responsible for most of 
the protective effects of hard water (13, 29, 42). Although it 
has been hypothesized on the basis of several epidemiologic 
human studies from around the world that as little as 6-30 ppm 
Mg (or 6-30 mgll) in drinking water should be cardioprotec
tive and ameliorate vascular changes (26, 29), the present study 
is the very first one to clearly demonstrate that as little as 15 
mg·l- 1 ·day- 1 of water-borne, bioavailable Mg can either 
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prevent or ameliorate cardiovascular organ changes induced by 
a short-term Mg-deficiency state in a well-controlled experi
mental animal model. This low concentration of water-borne 
Mg2+ was effective in preventing DNA fragmentation, oxida
tive stress, and activation of programmed cell death in ventric
ular, atrial, and vascular smooth muscle obtained from MgD 
animals. Some mention should be noted here that although 
higher levels of Mg2 + in the drinking water (e.g., 40 and 100 
mgll) were required to raise the lowered serum Mg levels (both 
total and ionized) toward normal, only 15 mgll of Mg2 + were 
required to prevent DNA fragmentation, lipid peroxidation, 
and elevation of caspase-3 in our rat study. These results 
suggest that normal serum levels of Mg, at least in rats for a 
short term, may not be required to maintain normal cardiovas
cular functions . To our knowledge, such an insight has not 
been possible to make from any previous study or studies, 
animal or human. 

This discussion could not be complete unless we attempted 
to address the implications of short-term Mg deficiency on Ca 
metabolism. From our new findings , it would seem that even a 
short-term deficiency of Mg exerts significant effects on Ca 
metabolism, at least in rats. Our data, as indicated above, 
demonstrate that short-term MgD results in a significant ele
vation in serum-ionized Ca and the serum-ionized Ca-to-Mg 
ratio. Previously, it has been shown that such elevations in the 
Ca2+ -to-Mg2+ ratio produces a gradient for increased levels of 
free Ca ions in both cardiac and vascular smooth muscles with 
concomitant rises in arterial blood pressure, peripheral vaso
constriction, and reduced microcirculatory (and capillary) 
blood flows (1-3, 5, 9). But, unlike that seen with the effects of 
Mg-supplemented water on PC and SM levels, tissue DNA 
fragmentation, lipid peroxidation, and apoptosis, 15 mgll of 
Mg2+ in the drinking water were not able to restore Ca 
balance, suggesting that even though the former cardiovascular 
risk factors could be beneficially ameliorated, higher levels of 
Mg2+ in the drinking water were needed to suppress the 
potential high Ca and high Ca2 + /Mg2 + risk factors. Whether 
this speculation will prove to be correct will have to await 
further studies. 

At the very least, this study would seem to support the 
hypothesis, suggested more than 25 years ago, that water intake 
(e.g. , from tap water, bottled waters, and beverages using tap 
water) in humans varying between 1 and 2 l/day, with Mg2+ 
intakes varying from <5 mg to higher than 100 mgll, may 
represent an excellent way to overcome and control the mar
ginal intakes of Mg obtained with most Western diets (13, 29). 
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