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Short-term magnesium deficiency  
downregulates telomerase, upregulates  
neutral sphingomyelinase and induces oxidative  
DNA damage in cardiovascular tissues: relevance  
to atherogenesis, cardiovascular diseases and aging
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Abstract: The present work tested the hypotheses that: 1) short-term dietary deficiency of magnesium (Mg; 21 days) 
in rats (MgD) would result in a downregulation of telomerase in cardiac and aortic smooth muscle cells, 2) low levels 
of Mg2+ added to drinking water (DW) would either prevent or greatly reduce the downregulation of telomerase in 
MgD, 3) MgD in rats would cause an upregulation of neutral-sphingomyelinase (N-SMAse) and p53, 4) short-term 
MgD would result in oxidation of DNA in diverse cardiac muscle and aortic smooth muscle cells as exemplified by 
measurement of 8-hydroxydeoxyguanosine (8-OH-dG), and 5) cross-talk between telomerase, N-SMase, p53, and 
8-OH-dG would be evident in left ventricular (LV), right ventricular (RV), atrial and aortic smooth muscle obtained 
from rats subjected to short-term MgD. The data indicated that short-term MgD (10% normal dietary intake) resulted 
in downregulation of telomerase in LV, RV, atrial and aortic muscle cells; even very low levels of water-bourne Mg2+ 
(e.g., 15-40 mg/lday) either prevented or ameliorated the downregulation of telomerase. Our experiments also 
showed that MgD resulted in a 7-10 fold increased formation of 8-OH-dG in the cardiac and aortic muscle cells. The 
experiments also confirmed that short-term dietary deficiency of Mg resulted in greatly increased upregulation of 
N-SMAse and p53 in the cardiac and aortic muscle tissues. These new experiments point to a sizeable cross-talk 
among telomerase, N-SMAse, and p53 in rat cardiac and peripheral vascular muscle exposed to a short-term MgD. 
These studies would be compatible with the idea that even short-term MgD could cause alterations of the genome 
in diverse cell types leading to mutations of cardiac, vascular, and endothelial cells seen in aging and atherogenesis. 
Since we have shown, previously, that activation of N-SMAse in MgD leads to synthesis and release of ceramide in 
cardiovascular tissues and cells, we believe this pathway, most likely, helps to result in downregulation of telom-
erase, upregulation of transcription factors (e.g., p53; NF-kB), cytokine release, mutations, transformations, and 
dysfunctional growth seen in the cardiac and vascular cells observed in the normal aging process, atherogenesis, 
hypertension, and cardiac failure. Lastly, we suggest ways in which this hypothesis can be tested.
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Introduction

Over the past 100 years, evidence has accumu-
lated, from multiple sources, that a number of 
diverse control mechanisms, including physio-
logical, nutritional, and biochemical factors are 
responsible for normal functions of the cardio-
vascular systems and in the aging process. 
These homeostatic factors maintain the paten-

cy of blood vessels, cardiac output, and the flu-
idity of the blood. Pathophysiological changes 
in peripheral blood vessels and the chambers 
of the heart can result in alterations of vascular 
wall geometry, disturbances in oxygenation, 
and nutritional status of the blood vessels and 
myocardium as well as the tissues they per-
fuse. Although multiple theories and hypothe-
ses have been generated to account for the 
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hypertrophy of resistance blood vessels and 
alterations in the etiology of the aging process, 
atherogenesis, and essential hypertension, 
there is no agreement as to the precise mecha-
nisms [1-3].

Disturbances in diet are known to promote lipid 
deposition and accelerate the growth and 
transformation of smooth muscle cells in the 
vascular walls and to promote cardiac dysfunc-
tion [3]. Autopsies of children, who have died as 
a consequence of accidents, have demonstrat-
ed early signs of atherogenesis (i.e., fatty 
streaks) on aortic and carotid arterial blood 
vessel walls even in young children as early as 
five to six years of age [4]. Several epidemiologi-
cal studies in North America and Europe have 
shown that people consuming Western-type 
diets are low in magnesium (Mg) content (i.e., 
<30-50% of the RDA for Mg) [5-7]); most such 
diets in the U.S.A. show that 60-80% of 
Americans are consuming only 185-235 mg/
day of Mg [5-8]. Low Mg content in drinking 
water, found in areas of soft water and Mg-poor 
soil, is associated with high incidences of isch-
emic heart disease, coronary vasospasm, 
hypertension, and sudden cardiac death [5, 6, 
9-15]. Both animal and human studies have 
shown an inverse relationship between dietary 
intake of Mg and atherosclerosis [5, 6, 16-21]. 
The myocardial level of Mg has consistently 
been observed to be lower in subjects dying 
from ischemic heart disease and sudden car-
diac death in soft water areas than those in 
hard water areas [5, 6, 10-12, 14, 15, 22-24]. 
Mg plays an essential role in more than 350 
enzymatic reactions in the body and is required 
for all energy-generating reactions and oxida-
tive phosphorylation. Mg is a natural calcium 
(Ca2+) channel blocker on myocardial and vas-
cular smooth muscle (VSM) [5, 6, 25, 26], 
which was first demonstrated by The Alturas, 
and is a natural statin in that it lowers blood 
cholesterol, LDL and triglycerides as well as acti- 
ng like a vasodilator agent [4-6, 27-30]. 
Hypermagnesemic diets have been shown to 
ameliorate hypertension and atherogenesis [5, 
6, 9, 13, 16, 17, 24, 27-32]. Using sensitive, 
specific Mg2+ -selective electrodes it has been 
shown that patients with hypertension, isch-
emic heart disease, cardiac failure, strokes, 
diabetes, gestational diabetes, renal-induced 
vascular changes, and atherosclerosis exhibit a 
significant depletion of serum/plasma ionized, 

but not total, Mg [5, 6, 32-44]. Dietary deficien-
cy of Mg in rats and rabbits has been shown to 
cause vascular remodeling concomitant with 
hypertension and atherosclerosis (i.e., arterio-
lar wall hypertrophy and alterations in the 
matrices) of unknown origin [5, 6, 9, 13, 16, 17, 
28-31, 36-38]. In addition, Mg deficiency has 
been shown to result in an acceleration of the 
cellular aging process via unknown mecha-
nisms [45]. 

Several years ago, our laboratories showed in 
primary cerebral and peripheral VSM cells, in 
culture, that a variation in free Mg ions (Mg2+) 
causes sustained changes in membrane phos-
pholipids and several second messengers, as 
well as the activation of apoptotic pathways, 
membrane oxidation and truncation of mem-
brane fatty acids [46-48]. Decreases in extra-
cellular Mg2+ ([Mg2+]0) produced a fall in mem-
brane sphingomyelin (SM), whereas increases 
in [Mg2+]0 resulted in increases in membrane 
SM and phosphatidylcholine [46]; intracellular 
ceramide formation and activation of neutral-
sphingomyelinase (N-SMAse) was inversely pro-
portional to Mg2+ [47]. Ceramides, released as 
a consequence of sphingomyelinases (SMAses) 
acting on SM, are now thought to play impor-
tant roles in fundamental processes such as 
angiogenesis, cell proliferation, immuno inflam-
matory responses, atherogenesis, programmed 
cell death, and the aging process [49-56]. 
Recent findings suggest that MgD may induce 
upregulation of N-SMAse in intact cardiac tis-
sues and VSM cells exposed to deficiency in 
dietary Mg [47, 48, 57].

Telomeres are critical in regulating genome 
integrity and hence chromosomal integrity [58, 
59]. Telomeric DNA characteristics are highly 
conserved molecules among all eukaryotes 
[58, 59]. The telomeres are found at the ends 
of the chromosomes, consisting of short nucle-
otide repeats and specialized proteins, which 
are regulated by telomerase [58, 59]. 
Chromosomes devoid of telomeres or low 
telomerase activity usually undergo apoptosis 
[60-62]. Thus, cells with normal telomerase 
activities are thought to survive periods of oxi-
dative stress (e.g., production of reactive oxy-
gen and nitrogen species) and curtail apoptosis 
and the aging process [58-62]. Since Mg defi-
cient states have recently been shown, both in-
vivo and in-vitro, to promote apoptosis in car-
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diovascular tissues and cells [48, 63], oxidative 
stress [46-48, 64-69], DNA damage-fragmen-
tation [48], alter carbohydrate and lipid metab-
olism and calcium content [64], cardiac bioen-
ergetics [64, 72], and result in accumulation of 
the tumor suppressor protein p53 [70] coupled 
to cardiac and VSM cell production of ceramide 
[47, 57, 70, 71], we hypothesized that dietary 
deficiency of Mg probably results in inhibition of 
telomerase activity in both cardiac and VSM 
cells which are correlated to increased 
N-SMAse contents and p53 levels as well as to 
oxidative DNA damage.

Materials and methods

Animals, diets, sera, organ tissue collections, 
and measurement of serum total and ionized 
Mg

Mature male and female Wistar rats (200±65 
g) were used for all experiments. All experi-
ments were approved by The Animal Use and 
Care Committee of the State University of New 
York Downstate Medical Center. Equal num-
bers of paired male and female animals were 
used for all experiments. Control (600 ppm Mg) 
and magnesium deficient (MgD; 60 ppm Mg) 
pellet diets were obtained from DYETS 
(Bethlehem, PA; AIN-93Gdiets). All animals 
were given their respective diets for 21 days as 
previously described [48, 57, 67, 70, 71]. MgD 
animals were allowed to drink triply distilled 
water (Mg2+<10-6 M) containing one of four dif-
ferent levels of Mg aspartate-HCl (0, 15, 40, or 
100 mg/l, Verla Pharm, Tutzing, Germany), 
where appropriate. All control animals received 
a normal Mg-containing diet (i.e., 600 ppm Mg) 
as well as triply distilled water to drink. On the 
22nd day, sera and tissues (the left and right 
ventricles, atria, abdominal aorta between the 
superior mesenteric arteries and renal arteries) 
cleaned of all connective tissues were collect-
ed quickly after anesthesia (45 mg/kg im pen-
tobarbital sodium) [48, 57, 67, 71]. Tissues 
were stored rapidly under liquid nitrogen 
(-85°C) until use. Whole blood was collected 
under anaerobic conditions in red-stoppered 
tubes (no anticoagulant present), allowed to 
clot under anaerobic conditions, and then cen-
trifuged under anaerobic conditions in capped 
Vacutainer tubes [48, 57, 67, 71]. The sera 
were then collected into additional red-stop-
pered Vacutainer tubes under anaerobic condi-
tions for processing shortly thereafter, similar 

to previously described methods [33]. Serum 
samples were analyzed within 2 hr after collec-
tion, as previously described [48, 57, 67, 71]. 
Total Mg levels were measured by standard 
techniques in our laboratory (Kodak DT-60 
Analyzer, Ektachem Colorimetric Instruments, 
Rochester, NY). The method favorably com-
pares with atomic absorption techniques for 
total Mg [33]. A Mg2+-selective electrode with a 
novel neutral carrier-based membrane (NOVA 8 
Analyzer, NOVA Biomedical Instruments, 
Waltham, MA) was used to measure the free 
divalent cation in the sera [33]. The ion-selec-
tive electrode was used in accordance with 
established procedures developed in our labo-
ratory, having an accuracy and precision of 3% 
[33].

Biochemical tissue measurements of N-SMAse 
and p53

For the assay of tissue N-SMAse, tissues (0.1 
gm) were placed in a buffer (pH=7.4). The buffer 
consisted of: 100 mM Tris-HCl, 50 mM MgCl2, 5 
mM DTT, and protease inhibitor. Activity of 
N-SMAse was measured using a Cayman 
Chemical Co. colormetric ELISA sphingomyelin-
ase kit (Ann Arbor, MI). The samples were read 
in a microplate reader. Standard curves were 
plotted using authentic N-SMAse and the 
experimental N-SMAse sample values were 
then read from the standard curves [57].

For the p53 assay, we used a p53 ELISA Assay 
Kit from Assay Designs (Ann Arbor, MI) as 
described previously [70]. Briefly, the kit uses a 
monoclonal antibody to p53, which is immobi-
lized on a microplate reader so as to bind p53 
to either samples or standards. Tissues were 
homogenized in 1-5 volumes of RIPA buffer (20 
mM Tris-HCl, 0.5 mM EDTA, 1% Nonidet P-40, 
0.5% sodium deoxylate, 0.05% SDS, 1.0 mM 
PMSF, 1 ug/ml aprotinin, and 2 ug/ml leu-
peptin) on ice. Homogenates were then centri-
fuged, supernatants collected and diluted in 
the assay buffer (1:5) [70]. Lyophilized authen-
tic p53 standards were utilized along with a 
polyclonal antibody to p53 labeled with horse-
radish peroxidase added to the samples and 
standards [70]. The polyclonal antibody binds 
to the p53 protein captured on the microliter 
plates. Standards and samples (100 ul) were 
then placed in contact with 100 ul of the anti-
body working solution (1:15) into the appropri-
ate wells and washed as described previously 
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ples and the target antigen HRP conjugate to 
compete for the antibody binding site. Tissue 
and sera samples are minced, where appropri-
ate, in PBS, and homogenized, samples centri-
fuged for ~15 min at 1500 xg (~5000 rpm), 
supernatant removed and assayed after wash-
ing three-times in PBS. A standard curve is plot-
ted relating the intensity of the color (O.D. read 
with microplate reader at 450 nm) to the con-
centration of standards. The target concentra-
tion in each sample is interpolated from the 
standard curve.

Measurement of 8-hydroxydeoxguanosine-
8-OHdG in tissues

The ELISA assay (Abcam Biochemicals, 
Cambridge, MA) is based upon the competition 
between 8-hydroxy-2-deoxyguanosine (8-OH-
dG) and an 8-OH-dG-acetylcholinesterase 
(AchE) conjugate (8-OH-dG Tracer) for a limited 
amount of monoclonal antibody. The amount of 
8-OH-dG is inversely proportional to the con-
centration of 8-OH-dG in the wells. This anti-
body -8-OH-dG complex binds to a polyclonal 

Figure 1. Telomerase levels in cardiovascular tissues in normal and MgD rats 
with and without Mg2+ added to the drinking water (DW). All values are Means 
± SE. N=14-16 animals per group. All mean values are significantly different 
from controls, except MgD + 100 mg Mg2+/l (P<0.01, ANOVA).

[70]. TMB substrate solution (3,3’, 5,5’-tetra-
methylbenzidine and H2O; 200 ul) was then 
added to each well and the samples incubated 

Figure 2. Serum telomerase levels in normal and 
MgD rats with and without Mg2+ added to the DW. All 
values are Means ± SE. N=14-16 animals per group. 
All mean values are significantly different from con-
trols, except MgD + 100 mg Mg2+/l (P<0.01, ANOVA).

at room temperature on a 
plate shaker for 30 min at 
~500 rpm, stop solution 
added and the samples opti-
cal density read at 450 nm. 
The sample values were 
then derived from the stan-
dard curve for p53 (in pg/
ml).

Measurement of telomer-
ase activity in tissues and 
sera

Telomerase activities were 
quantitatively measured 
using an ELISA kit utilizing a 
monoclonal antibody for the 
target antigen, i.e., telomer-
ase, and the target antigen 
HRP conjugate (Biocompare, 
South San Francisco, CA). 
The assay uses a colormet-
ric assay, forming a blue col-
ored complex and a stop 
solution which turns yellow. 
The intensity of the color is 
inversely proportional to the 
target concentration since 
the target antigen from sam-
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Figure 3. Correlation of cardiovascular tissue levels of telomerase with serum ion-
ized levels of Mg. Regression equations with r-values are as follows: 1) left ven-
tricle (LV) vs. Mg2+: y=99.514x-23.296; r=0.9784; 2) right ventricle (RV) vs. Mg2+: 
y=76.663x-4.565; r=0.848; 3) atria vs. Mg2+: y=74.566x-10.939; r=0.9165; and 
4) aorta vs. Mg2+: y=98.784x-19.813; r=0.9866.

Figure 4. N-SMAse levels in LV, RV, atria and aortic smooth muscle in normal and 
MgD rats. All values are Means ± SE. N=14-16 animals per group. All MgD mean 
values are significantly different from control rats (P<0.01, ANOVA).

antimouse IgG that has 
been previously attached 
to the wells. The product of 
the enzymatic reaction has 
a distinct yellow color and 
absorbs at 412 nm. The 
intensity of this yellow 
color, determined by a plate 
reader, is proportional to 
the amount of 8-OH-dG 
tracer bound to the wells, 
which is inversely propor-
tional to the amount of free 
8-OH-dG present in the 
wells during the incubation. 
Briefly, the frozen (-80°C) 
tissue homogenates are 
placed in a homogenization 
buffer (0.1 M phosphate 
buffer, pH 7.4, containing 
1.0 mM EDTA/gm tissue, 
centrifuged at 1,000 xg for 
10 min), then the superna-
tant is purified using a com-
mercially-available DNA 
extraction kit. The DNA is 
then digested using nucle-
ase P1 following the manu-
facturer’s instructions (see 
Abcam ELISA kit), the pH 
adjusted to 7.5-8.5 using 
1.0 M Tris, followed by the 
addition of 1 unit of alka-
line phosphatase/100 ug 
of DNA, and then incubated 
at 37°C for 30 min, and 
finally boiled for 10 min and 
placed on ice until ready for 
the assay.

Statistical analyses

Where appropriate, means 
and Means ± SE we- 
re calculated. Differences 
between means were 
assessed for statistical sig-
nificance by Student’s 
t-test and ANOVA followed 
by a Newman-Keuls test. In 
some cases, linear correla-
tion coefficients were cal-
culated by the method of 
least squares. P values of 
<0.05 were considered 
significant.
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Results

Influence of diet on water consumption, food 
intake, and overall physiological conditions

As recently shown, using an identical protocol 
[48, 57, 67, 70, 71], in controls and MgD ani-
mals, there were no significant differences in 
either water consumption or food intake 
between the diverse subgroups of rats (i.e., 
controls-600 ppm M) or MgD + 15 mg/l Mg/
day, MgD + 40 mg/l Mg/day, or MgD + 100 
mg/l Mg/day in drinking water [48, 57, 67, 70, 
71]. All of the Mg subgroups (10-16 animals/
group), irrespective of the amount of Mg in the 
diets or drinking water, did not demonstrate 
any loss of gait, fur, or any other outward signs 
of pathology or behavior over the 21 days, simi-
lar to that seen previously [48, 57, 67, 70, 71].

Serum total and ionized Mg levels

Feeding the animals a normal (600 ppm Mg) 
AIN-93G diet (n=10-14 animals/group) resulted 
in a total serum Mg level of ~1.00±0.005 mM, 
whereas animals receiving the MgD diet 
showed a total serum level of 0.42±0.036 mM 
Mg (P<0.01). The serum level of ionized Mg in 
the control group had a mean value of 

0.58±0.005 mM, whereas in the MgD group, 
the serum ionized level was reduced to 
0.28±0.002 mM, an approximate loss of 54% 
(P<0.01).

Feeding MgD rats various levels of Mg in their 
drinking water resulted in concentration-depen-
dent rises in both the total and ionized serum 
levels of Mg, similar to previous studies [48, 57, 
67, 70, 71]. Feeding the MgD animals 15 and 
40 mg/l Mg/day in the drinking water elevated 
the total serum Mg levels 75 and 85%, respec-
tively, whereas feeding the MgD 100 mg/l lMg/
day in their drinking water elevated the total 
serum level of Mg to normal levels (i.e., 
1.05±0.006. Feeding the MgD animals 100 
mg/l Mg/day restored the serum ionized to nor-
mal levels (i.e., 0.38±0.004 mM), while the 
addition of 15 or 40 mg/l Mg/day to the drink-
ing water of the MgD animals elevated the 
serum ionized Mg level to 65 and 70%, respec-
tively of normal, control levels.

Influence of dietary Mg intake on telomerase 
levels in cardiac and vascular smooth muscle 
and sera

Figure 1 shows that feeding rats a MgD diet for 
21 days resulted in an approximate 70-88% 

Figure 5. Inverse correlations of telomerase levels with N-SMASes in cardiovascular tissues.
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reduction in telomerase activity, depending 
upon the cardiovascular tissue, with the LV 
exhibiting the greatest degree of downregula-
tion. Feeding these MgD animals various levels 
of Mg, in the drinking water, demonstrated a 
range of sensitivities in the tissues. For exam-
ple, although the RV showed that as little as 15 
mg Mg/l in the drinking water could significant-
ly elevate the telomerase activity close to nor-
mal, much more of a Mg intake was required for 
the other tissues. However, 40 mg Mg/l added 
to the drinking water was able to bring the 
telomerase levels to almost normal in the atrial 
muscle.

With respect to serum levels, our experiments 
indicate that animals subjected to MgD diets 
demonstrate a profound lowering of telomer-
ase activity (Figure 2), whereas addition of Mg 
to the drinking water resulted in a concentra-
tion-dependent rise of telomerase towards con-
trol levels. However, unlike the cardiovascular 
tissues ~100 mg Mg/l was required in the 
drinking water to achieve close to normal serum 
levels.

Correlation of telomerase activities with serum 
ionized Mg levels in cardiovascular tissues

Figure 3 indicates high positive correlations of 
telomerase activities in LV, RV, atria and aortic 
smooth muscle with the serum ionized Mg level 
(r values=0.85-0.99; P<0.001) with LV and aor-

in N-SMAse levels, with the aortic smooth mus-
cle showing the greatest upregulation, similar 
to data recently published [57].

Inverse correlation of N-SMAse with telomer-
ase in MgD animals

The regression coefficients shown in Figure 5 
demonstrate strong inverse correlations of 
telomerase levels with N-SMAse levels (r=-0.66 
to -0.98), with the RV and LV muscular tissues 
exhibiting the greatest inverse correlations, 
suggesting cross-talk between telomerase and 
N-SMAse.

Influence of dietary MgD on p53 levels in car-
diac and vascular smooth muscles

The data presented in Figure 6 show that feed-
ing rats a MgD diet for 21 days resulted in 
>250% rises in ventricular and vascular muscle 
cells and more than a 300% rise in atrial mus-
cle cells, thus supporting other recent results 
[70].

Inverse correlation of p53 levels with telomer-
ase in MgD animals

Linear regression analyses shown in Figure 7 
demonstrate strong inverse correlations of 
telomerase levels with p53 levels (r=-0.66 to 
-0.99; P<0.01) with the LV, atrial and aortic 
smooth muscular tissues exhibiting the great-

Figure 6. p53 levels in cardiovascular tissues in normal and MgD rats. All values are 
Means ± SE. All MgD mean values are significantly different from controls (P<0.001, 
ANOVA).

tic smooth muscle 
exhibiting the highest 
degrees of correlation 
(r=0.98; P<0.01). It is 
clear from our data, 
that the lower the 
serum ionized Mg, the 
lower the telomerase 
activities both for the 
muscular tissues and 
the blood-serum.

Influence of dietary Mg 
deficiency on N-SMAse 
levels in cardiac and 
vascular smooth 
muscles

Figure 4 indicates that 
all four cardiovascular 
muscle tissues, remo- 
ved from MgD animals , 
exhibit 150-450% rises 
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est inverse correlations, suggesting cross-talk 
between telomerase and p53.

Multiple regression analyses and correlations 
of p53 and N-SMAse levels with telomerase in 
MgD animals

The data summarized in Figure 8 using multiple 
regression analysis indicates high degrees of 
correlation of p53 and N-SMAse levels with the 
levels of telomerase (P<0.001). These data are 
suggestive of strong cross-talk between p53, 
N-SMAses and telomerases.

Influence of MgD on 8-OHdG levels in cardio-
vascular tissues with and without Mg added 
to the drinking water: correlations to serum 
ionized Mg and tissue levels of N-SMASe, p53 
and telomerase

Figure 9 indicates that dietary deficiency of Mg 
for 21 days results in a 7-10-fold increase in the 
formation of 8-OHdG in the four cardiovascular 

tissues. Between 40-100 mg/l of Mg in the 
drinking water is needed to restore the 8-OHdG 
to control levels. Although not shown, linear 
regression analysis of the data indicated that 
the lower the serum ionized Mg level, the great-
er the rise in oxidative DNA damage with high 
degrees of regression coefficients (r=-0.8 to 
-0.96). Likewise, analysis of the linear regres-
sion data indicated high positive correlations of 
the tissue levels of 8-OHdG with the upregula-
tion of N-SMAse and p53 as well as with the 
downregulation of the tissue levels of telomer-
ase (e.g., r=0.75-0.98; data not shown).

Discussion

The results reported here is the first demon-
stration that the enzyme telomerase, required 
for length of telomeres in all eukaryote cell 
types, is down-regulated in all chambers of the 
heart as well as in aortic smooth muscle in ani-
mals exposed to short-term magnesium defi-
ciency. We also show for the first time that 21 

Figure 7. Inverse correlations of telomerase levels with p53 in cardiovascular tissues. Regression equations with 
r-values are as follows: 1) left ventricle vs. p53: y=-16-719x+989.29; r=0.9371; 2) right ventricle vs. p53: y=-
18.619x+1194.6; r=0.676; 3) atria vs. p53: y=-22.63x+959.68; r=0.9915; and 4) aortic smooth muscle vs. p53: 
y=-1.205x+1051.3; r=0.9406.
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days of Mg deficiency results in increased for-
mation of 8-OH-dG which strongly suggests 
that the DNA in all the cardiovascular tissues 
assayed has undergone oxidation. In addition, 
we also confirm that short-term Mg deficiency 
upregulates N-SMAse and p53 in cardiovascu-

Aging is now agreed to be critical in the etiology 
of metabolic decline in most subjects as they 
close-in on their 65th birthday. Many subjects at 
65 years of age show signs of metabolic 
decline, atherosclerosis, high blood pressure, 
cardiovascular diseases, and often type 2 dia-

Figure 8. Multiple regression analysis of and N-SMAses and p53 with telomerase 
in cardiovascular tissues from normal and MgD rats with and without Mg2+ added 
to the DW.

Figure 9. 8-OHdG levels in cardiovascular tissues of MgD and control rats with and 
without Mg2+ added to the drinking water. N=14-16 animals per group. All values 
are Means ± SE. All mean values are significantly different from controls (P<0.01).

lar cardiac and vascular 
smooth muscle cells 
demonstrated recently 
[57, 70]. When taken 
together with other data, 
generated by our labora-
tories [5, 6, 46-48, 57, 
64, 67, 70-74], we believe 
our new data strength-
ens our hypothesis that 
even short-term Mg defi-
ciency will result in ath-
erosclerosis, hyperten-
sion, and cardiac failure. 
The new data on 8-OH-
dG could strengthen the 
hypothesis suggested 
many years ago [75] that 
Mg deficiency, unless 
checked early, probably 
will contribute in a major 
way to the aging process. 
The fact that short-term 
Mg deficiency leads to an 
upregulation of N-SMAse 
in all cardiovascular 
muscular tissues exam-
ined [47, 57] lends con-
siderable support to the 
idea, advanced previous-
ly, that ceramide produc-
tion and possibly other 
sphingolipid products 
are pivotal pathways in 
atherogenesis, hyperten-
sion, and heart failure [5, 
6, 47, 48], all of which 
are involved in the aging 
process. Our new results 
also demonstrate that 
addition of 40-100 mg/
Mg added to the drinking 
water can completely 
prevent all of the vascu-
lar and molecular anom-
alies produced by Mg 
deficient diets reported 
herein.
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betes, which eventually contribute to conges-
tive heart failure by their 75th-85th year. It is, 
thus, of considerable interest, here, to remind 
the reader that all of these attributes have 
been associated, both experimentally and clini-
cally, with the presence of Mg-deficient states 
where they have been looked for and measured 
properly [5, 6, 28, 32, 33, 38, 39, 41-43]. The 
aging process is also associated with an 
increase in the levels of proinflammatory cyto-
kines in tissues and cells. Interestingly, recent 
findings in Mg-deficient animals, tissues, and 
different cell types have shown elevated levels 
of many of the proinflammatory cytokines such 
as IL-1, IL-6, TNF-alpha, among others [57, 71, 
76, 77]. TNF-alpha is known to be associated 
negatively on telomerase activity in some cell 
types [59-61]. Recent experiments in short-
term Mg -deficient animals and vascular 
smooth muscle cells have clearly demonstrat-
ed cross-talk between cytokines [and chemo-
kines], ceramide generation, proto-oncogenes, 
p53, and activation of nuclear factor-kB path-
ways [51, 70, 71, 76, 77]. The present study 
lends further support for the hypothesis that 
even short-term Mg deficiency probably leads 
to the decline and activation of multiple molec-
ular pathways which would contribute (or be in 
large measure responsible for cardiovascular 
dysfunction) in the normal aging process, par-
ticularly as only 20-30% or the North American 
population is ingesting the approximate RDA of 
Mg intake for adequate body functions.

The present results indicate strong correlations 
and cross-talk of telomerase downregulation in 
cardiovascular tissues and cells with serum 
ionized Mg levels, N-SMAse, p53 and 8-OHdG. 
The increased formation of 8-OHdG in all car-
diovascular tissues and cells studied, herein, 
with declining serum ionized Mg levels which 
indicates increasing oxidation of DNA, supports 
ideas advanced years ago, that Mg deficiency 
could lead to multiple mutations in the genomes 
of multiple cell types [78-80]. Previous studies 
indicate that smoking [81-83], high BMI [84, 
85], and consumption of unprocessed meats 
[86] have been reported to correlate with short 
telomere length. A number of studies have 
recently reported distinct relationships 
between dietary biomarkers and telomere 
length. Interestingly, all of these latter factors 
have been shown to be associated with declin-
ing serum/blood levels of Mg, particularly ion-
ized serum/plasma/blood levels of Mg [4-6, 

24, 28, 32, 38, 41-43, 87-109]. A number of 
studies have recently reported distinct relation-
ships between certain dietary markers and 
telomere length [59]. At least one study has 
reported a correlation of multivitamin intake 
with telomere length [110]. The present study, 
when viewed in light of findings on isolated 
endothelial cells, in culture, showing erosion of 
telomere length [45], would suggest that muta-
tions and transformation of vascular and endo-
thelial cells caused by Mg deficiency and oxida-
tion of DNA (seen in atherogenesis, 
hypertension, and congestive heart failure) 
may be pivotal in the aging process, thus lead-
ing to multiple cardiovascular changes includ-
ing high blood pressure, cardiac dysfunctions, 
and eventual cardiac failure. Twenty-five years 
ago, our group demonstrated, for the first time, 
the importance of the endothelial lining of 
blood vessels in the responses of arterial mus-
cle to lack of Mg [111]. Although the critical role 
of endothelial cells in the vascular responses to 
Mg deficiency was made by us long ago, includ-
ing their importance in control of the microcir-
culation [6, 37, 44] and in lipid deposition on 
the arterial walls in experimental Mg deficiency 
[16], these seminal results appear to be over-
looked by more recent, younger investigators 
[112]. Chronic stress has been long-associated 
with Mg deficiency [4] and recently with 
decreases in telomere length and decreased 
telomerase activity [59]. Oxidative stress (e.g., 
increased cell levels of 8-OhdG) has recently 
been shown to promote telomeric erosion 
[113]. In this regard, we have shown recently 
that short-term Mg deficiency, using the same 
animal model, herein, was demonstrated to 
cause marked reductions in the cellular levels 
of the free radical scavenger glutathione in car-
diovascular tissues and cells [67] coupled to 
fragmentation of DNA and activation of several 
nitric oxide synthases [48, 67], which would 
support the hypothesis that Mg deficiency can 
cause mutations in many types of cells. 
Oxidative stress caused by Mg deficiency has 
been demonstrated to promote the induction 
of reactive oxygen species (e.g., the hydroxyl 
radical) and reactive nitrogen species such as 
peroxynitrite, both of which we have shown to 
be formed in cardiovascular tissues and cells 
exposed to Mg deficiency (unpublished find-
ings). It should be pointed out that normal 
amounts of telomerase in all cell types are 
required to promote efficient cell cycle kinetics 
and normal cell growth [58-61]. Mg deficiency 
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is well-known to promote disturbances in cell 
cycle kinetics [79, 114] via reactive oxygen and 
reactive nitrogen species [77] most-likely act-
ing to help downregulate telomerase. 

Based on the data shown, herein, and pub-
lished elsewhere [47, 48, 57, 71], we believe 
that the upregulation of N-SMAse, which is 
induced in all types of rat cardiovascular tis-
sues and cells, in short-term Mg deficiency 
(results herein and elsewhere [47, 48, 57, 71]), 
results in the formation of ceramide, which 
probably acts to downregulate telomerase 
observed in the present study. Previously, other 
workers utilizing a variety of cell types in normal 
and tumorous cells have demonstrated that 
ceramide can inhibit telomerase activities 
[115, 116]. Most of these studies, however, 
were done with cell lines, not primary cells. Two 
of us have shown in primary cultured rat aortic 
VSM cells and canine cerebral VSM cells that 
the lower the concentration of Mg2+, in the 
medium, the higher the level of ceramide pro-
duction in the primary cultured VSM cells [47, 
48, 57, 71, 73]. SM synthesis, which is cata-
lyzed by SM synthase [117], requires the trans-
fer of a choline phosphate moiety from phos-
phatidyl choline (PC) to ceramide, generating 
1,2-diacylglycerol. N-SMAse regenerates 
ceramide and choline phosphate. Recently, we 
clearly showed that Mg deficiency does, indeed, 
result in production of ceramide when using 
radiolabeling techniques in the cardiovascular 
tissues and cells [47, 48, 57, 71, 73]. Other 
experiments performed by our labs seem to 
indicate that products of ceramide metabolism 
such as sphingosine, sphingosine-1-phosphate, 
or glycerylsphingolipids are not produced in 
high concentration on hydrolysis of SM in either 
primary cultured peripheral VSM cells or prima-
ry cultured cerebral VSM cells [71]. In the pres-
ent study, we confirm that the tumor suppres-
sor p53 is upregulated in cardiovascular tissues 
obtained from animals subjected to 21 days of 
Mg deficiency [70]. P53 (often found in diverse 
normal cell types) functions , primarily, as a 
transcription factor [118] and has been shown 
by several of us to be important in Mg-deficient 
induced apoptosis in rat cardiovascular tissues 
and cells [70], and is known to be important in 
ceramide-induced cell death (i.e., apoptosis 
and necrosis) in the model of Mg deficiency 
used herein [70], as well as in other models of 
disease states [118, 119], it would seem that 
ceramide and p53 act in concert to inhibit 
telomerase.

The new data presented, in the study herein, 
showing a large increase in 8-OHdG in all the 
cardiovascular tissues and cells assayed, when 
viewed in light of other data [5, 6, 46-48, 57, 
64-67, 70-72, 74] which demonstrate increased 
DNA fragmentation, reduced cellular levels of 
glutathione and increased generation of nitric 
oxide synthases, make a strong case for low 
Mg-induced oxidative cellular stress, which 
could lead to proinflammatory states (e.g., 
increased cellular levels of cytokines and che-
mokines [71, 76]), atherogenesis, hypertension 
and eventual cardiac failure. This scenario 
could, in part, be a consequence of some muta-
tions in the genome caused by the Mg-deficient 
state activating a cascade of transcription fac-
tors, e.g., NF-kB, protein kinases, and proto-
oncogenes. Interestingly, all of the latter tran-
scription factors have been shown by our group 
to be activated in cardiovascular tissues and 
cells obtained from rats subjected to 21 days of 
Mg deficiency [48, 57, 67, 70, 71, 73]. It is 
important, here, to recall that using this same 
model of Mg deficiency, we demonstrated 
upregulation of several cytokines and chemo-
kines, such as IL-1beta, IL-6, TNF-alpha, and 
interferon-gamma, among others in the cardio-
vascular tissues and cells [71, 76]. N-SMAse 
has recently been shown, in several cell types 
to increase in rat strial and hippocampal cells 
along with concomitant elevations in several of 
the latter proinflammatory biomarkers as the 
animals aged [120]. It is of considerable inter-
est to point out that, using the 21 day model of 
short-term Mg deficiency, we found that the 
N-SMAse inhibitor, scyphostatin, attenuated 
greatly the elevation in N-SMASe cellular levels 
as well as the diverse cytokine levels in the 
VSM cells concomitant with reduction in upreg-
ulation of NF-kB [57, 76]. When taken, together, 
with our new findings, we believe that 
Mg-deficiency- induced downregulation of 
telomerase activities are in all likelihood a con-
sequence of upregulation of N-SMASe, p53 
upregulation, stress-induced oxidation, and 
cytokine formation (and release) coupled to an 
upregulation of NF-kB. We believe this hypoth-
esis can be tested in Mg-deficient animals 
treated with scyphostatin or another more spe-
cific inhibitor of N-SMAse.

Approximately 20 years ago, two of us advanced 
the hypothesis that Mg2+ ions function as extra-
cellular signals in cardiovascular pathobiology 
[121]. The new studies presented, herein, when 
taken together with other in-vivo and in-vitro 
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studies [5, 6, 9, 13, 22, 25-28, 34, 38, 41, 
46-48, 57, 64-67, 70-74, 76, 87, 108, 111, 
121-134], support our hypothesis that Mg2+ 
ions play important regulatory roles in the evo-
lution of cardiovascular pathobiology and are 
extracellular signaling ions. Mg2+ plays pivotal 
roles in regulation of cardiac hemodynamics, 
vascular tone, vascular reactivity, endothelial 
functions, carbohydrate, nucleotide and lipid 
metabolism, prevention of free radical forma-
tion and stabilization of the genome. As 
reviewed above and elsewhere [5, 6, 25-29, 
64, 74, 121-126, 129, 132], Mg2+ exerts key 
roles in control of Ca2+ uptake, subcellular con-
tent, and subcellular distribution in smooth 
muscle cells, endothelial cells, and cardiac 
muscle cells. The advent, and clinical utiliza-
tion, of new Mg2+ ion-selective electrodes has 
ushered-in a new era of technology for the diag-
nosis and potential treatment of hypertension, 
ischemic heart disease, atherogenesis, periph-
eral vascular diseases, diabetic-related vascu-
lar diseases, preeclamptic-eclamptic disorders 
in women, sickle cell anemic-related vascular 
disease, trauma-shock injuries, cardiac failure, 
strokes, and organ transplantation [5, 6, 28, 
32-43, 87-108]. Since most of these disorders 
(or clinical situations) become worsened with 
age or take place in the natural-aging process, 
and are now known (from our studies) to be 
associated with varying degrees of Mg deficien-
cy, the role of Mg in carbohydrate, lipid, nucleo-
tide, RNA, DNA, and protein metabolism, and 
the effects of Mg deficiency, particularly on 
sphingolipid metabolism, appear to play pivotal 
roles on telomerase activities and telomeres 
and, most likely, the genome.

A few years ago, we suggested that Mg deficien-
cy, by itself, probably acts as a genotoxic agent 
[70]. As is now known, one of ceramides major 
pathophysiological actions is its ability to 
induce cell differentiation and transformation 
[135, 136]. Abnormal cell differentiation, trans-
formation, and growth are pivotal events in the 
development of atherogenesis, hypertension, 
and cardiac failure. Hyperplasia and cardiovas-
cular hypertrophy are common events in aging, 
atherosclerosis, hypertension, and cardiac fail-
ure. However, the precise mechanisms regulat-
ing alterations in tissue mass are not complete-
ly understood [3]. The tumor suppressor protein 
p53, ceramide, and telomerases are now 
known to play key roles in cell transformation, 
growth, apoptotic events, and the aging pro-

cess [58-62, 118, 119, 137]. Both ceramide 
and p53 can induce cell cycle arrest (and 
senescence), induce programmed cell death, 
and are associated with DNA damage (geno-
toxic events) [118, 119, 137-139]. As reviewed 
above, and elsewhere [5, 6, 9, 13, 16, 17, 24, 
27-29, 30, 37, 45, 48, 57, 67, 70-76, 78, 121, 
134], MgD can produce all three of these 
pathophysiological events in multiple cell types, 
including cardiac and vascular smooth muscle 
cells. Recently, and herein, we have demon-
strated that magnesium deficiency (via activa-
tion of p53) is a “driver” of ceramide synthesis 
through the activation of N-SMAses and 
ceramide synthase in diverse cardiac and vas-
cular smooth muscle cells [47, 48, 57, 70]. 
Interestingly, atherosclerotic plaques in vascu-
lar walls of hypertensive subjects demonstrate 
considerable DNA damage, activation of DNA 
repair pathways, increased expression of p53, 
oxidation, and apoptosis [3, 137, 139], as well 
as increased levels of ceramide [70]. 
Experimentally, Mg deficiency results in accel-
erated atherogenesis in rabbit arterial walls 
[16] which has been associated with increased 
levels of p53 in the thickened atherosclerotic 
plaques [70], and decreased levels of telomer-
ase (unpublished findings). We, thus, hypothe-
size that Mg deficiency plays key roles in the 
generation of atherosclerotic plaques and 
hypertension via the upregulation of N-SMAses, 
p53, ceramide synthase, and ceramide produc-
tion as well as the downregulation of telomer-
ases, particularly as the majority of individuals 
who consume Western-type diets have 45-70% 
short falls in daily dietary intake of Mg. These 
events would all be accelerated in the aging 
population, particularly in old-age and nursing 
homes where the daily intake of Mg often 
shows short falls in Mg often approaching 
80-90% [3].

In view of the present findings and those previ-
ously published [5, 6, 46-48, 57, 64, 65, 67, 
70, 71, 73, 74, 76, 121], we would be remiss if 
some discussion regarding the potential role of 
epigenetics to Mg deficiency’s long-term effects 
on the aging process was not pointed out here. 
Overall, the process of epigenetics provides 
every cell with its special identity. All organisms 
begin as a single cell, which divides through a 
process of stem cells creating a mass, via a 
series of carefully-designed changes in gene 
expression, which is required to form the tis-
sues and cells of the fetal organism. The pro-
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cess of epigenetics orchestrates which genes 
have to be turned-on in each type of cell, and 
then maintains the particular type of gene 
expression or, in other words, the particular 
cell’s molecular identity via how DNA encodes 
the gene [140, 141]. Anything that produces 
modifications in the chromatin structure can 
affect a particular gene expression via tran-
scription [140, 141]. Thus, if Mg-deficient 
states are, indeed, genotoxic as we have sug-
gested [70], then the chromatin structure of 
one or more cell types (e.g., cardiac, endotheli-
al or vascular) could be modified and affect one 
or more genes and cell phenotype. DNA meth-
ylation, histone modification, and microRNA 
alterations are known epigenetic mechanisms 
[140-142]. We believe in view of the current 
report, and other works recently published by 
our labs (reviewed above), prolonged Mg defi-
ciency should be categorized as another epi-
genetic mechanism. Hopefully, this hypothesis 
will be tested shortly and prove to be critical in 
the senescent process and its amelioration of 
numerous events associated with aging.

Last, but not least, our new results bolster the 
idea that water intake (e.g., from tap waters, 
well waters, bottled waters, beverages using 
tap/well/spring waters, or desalinated waters) 
in humans should contain at least 25-40 mg 
Mg2+/l [57, 67, 70, 71, 73, 76]. The latter inclu-
sion in our diets should go a long-way towards 
the prevention of cardiovascular diseases and 
ameliorate the aging process of bodily tissues 
and cells in humans worldwide.
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