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Abstract: The present study tested the hypotheses that 1) short-term (ST) dietary deficiency of magnesium (MgD;
21 days) in rats would result in the upregulation of neutral-, acid-, and alkaline- sphingomyelinases SMases) in
cardiac and vascular smooth muscles (VSMCs), 2) ST MgD would result in an upregulation of proto-oncogenes, i.e.,
c-Fos and c-Jun, as well as the p65 and c-Rel components of NF-kB in cardiac and VSMCs, 3) low levels of Mg?*
added to drinking water would either prevent or greatly reduce the upregulation of the SMases and proto-oncogene
expression, 4) exposure of primary cultured VSMCs to low extracellular Mg2* concentration would lead to release
of ceramide in both cerebral and aortic VSMCs, 5) specific inhibitors of neutral- and acid-SMAs would reduce the
release of ceramide in cultured VSMCs exposed to low extracellular Mg?*, and 6) specific inhibitors of neutral- and
acid-SMases would lead to reductions in the expression of c-fos, c-Jun, and NF-kB components. The data indicate
that neutral-, acid-and alkaline-SMases exist in rat cardiac and VSMCs. ST MgD resulted in over 150% increases
in SMase activity and proto-oncogene expression in left and right ventricular muscle, atrial muscle, and abdominal
aortic smooth muscle; even very low levels of Mg?* added to drinking water either prevented or ameliorated the acti-
vation of all 3-SMases as well as expression of ¢-Fos and ¢c-Jun; scyphostatin and desipramine reduced the low Mg?*
-induced expression of the proto-oncogenes as well as p65 and c-Rel in VSMCs. Exposure of the VSMCs to low Mg?*
resulted in more than a 100% increase in release of ceramide; scyphostatin and desipramine reduced greatly the
release of ceramide from the VSMCs. We believe when the present data are viewed in light of our previous, recent
findings on the effects of Mg deficiency on most of the major enzymes in the sphingomyelin-ceramide pathway, that
they could provide a rational basis for the treatment and prevention of drug-resistant hypertension, atherogenesis,
and difficult-to-treat forms of cardiac failure.
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Introduction failure, and strokes by ill-defined mechanisms
[1-21]. Hypermagnesemic diets have been
shown to ameliorate hypertension, both experi-

mentally and clinically [1-4, 11, 16, 17, 22].

Disturbances in diet are known to promote lipid
deposition and accelerated growth and trans-
formation of the smooth muscle cells in the

vascular walls. Reduction in dietary Mg intake
has been demonstrated, experimentally, to
result in hypertension, atherogenesis, cardiac

Low Mg content in drinking water, found in
areas of soft water and Mg-poor soil, is associ-
ated with high incidences of ischemic heart dis-
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ease, coronary vasospasm, and sudden cardi-
ac death [1, 4, 12, 19, 23-26]. 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 [4, 12, 25, 29]. Both ani-
mal and human studies have shown an inverse
relationship between dietary intake of Mg and
atherosclerosis [1, 4, 9, 11, 12, 15, 19, 20, 22].
Moreover, the myocardial level of Mg has con-
sistently been observed to be lower in subjects
dying from ischemic heart disease, congestive
heart failure and sudden cardiac death in soft
water areas than those in hard water areas [1,
4,19, 20, 23-25].

Approximately 15 years ago, our laboratory
demonstrated, using primary cerebral and
peripheral vascular smooth muscle cells
(VSMCs), in culture, that a variation in free mag-
nesium ions (Mg?*) causes sustained changes
in membrane phospholipids and second mes-
sengers, membrane oxidation, and truncation
of several membrane fatty acids [27, 28].
Decreases in extracellular free Mg ions ([Mg2*]o)
produced a fall in membrane sphingomyelin
(SM) and a release/synthesis of ceramide,
whereas increases in [MgQ*]0 resulted in
increases in SM and phosphatidylcholine [28].
The production of ceramides was suggested to
be, most likely, a result of activation of at least
one or more sphingomyelinases (SMases) [28].
Recently, using a short-term model of Mg defi-
ciency (MgD) in rats (21 days), we demonstrat-
ed decreased serum levels of both SM and PC,
presumably a consequence of activation of
SMases [6], thus giving impetus to the studies
using primary VSMCs [28]. SMases can be
divided into three major isoforms according to
their optimum pH (acid, alkaline, and neutral)
[30]. In recent preliminary studies, using cul-
ture of primary rat aortic VSMCs, we noted that
incubation of the cells with a specific inhibitor
of N-SMase resulted in a marked reduction in
the synthesis/release of ceramide upon expo-
sure to low Mg?*[8]. Since cardiovascular (CV)
tissues and cells are comprised of diverse phe-
notypes, it is of considerable interest to deter-
mine whether all three classes of SMases exist
in all CV tissues and cells.

Nuclear factor-kappa B (NF-kB) and the proto-
oncogene families (e.g., c-Fos and c-Jun) are
known to be principal players in regulation of
growth, differentiation, vascular remodeling,
cell migration, inflammatory signals, and cell
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death [31-33], all factors known to be involved
in atherogenesis and hypertension [34-36]. Itis
not, however, clear as to what initiates these
latter disease entities or as to what initiates
expression of NF-kB or the proto-oncogenes in
these molecular and cellular events. Some
studies suggest that generation/release of
ceramide may play an important role in activa-
tion of NF-kB and some proto-oncogenes [8,
34]. NF-kB, like the proto-oncogenes, is a tran-
scription factor and a pleiotropic regulator of
numerous genes involved in inflammatory pro-
cesses [35]. Recently, we have shown in pre-
liminary studies that short-term exposure of
cerebral and peripheral VSMCs to low [Mg?*]O
results in an upregulation of proto-oncogenes
and several DNA-binding proteins involved in
activation of NF-kB [5, 8]. Very recently, using a
short-term rat model of dietary Mg deficiency,
we noted generation of 12 different cytokines/
chemokines concomitant with an upregulation
of NF-kB and p53 coupled with an upregulation
of ceramide synthase and de novo synthesis of
ceramide in the left ventricular (LV), right ven-
tricular (RV), atrial, and abdominal aortic
smooth muscles [8]. Whether or not the acid or
alkaline SMases play any role(s) in the upregu-
lation of NF-kB or the proto-oncogenes in
Mg-deficient states of CV tissues and cells is
not known.

We designed experiments to determine wheth-
er 1) a short-term model of MgD (21 days)
would lead to activation of all three SMase iso-
forms in diverse CV tissue and cell phenotypes,
2) imbibing low levels of a water-soluble Mg salt
in drinking water would inhibit or reverse these
predicted effects of dietary deficiency of Mg on
activation of the SMases, 3) a short-term model
of MgD would upregulate proto-oncogenes and
NF-kB in intact cardiac and VSMCs concomi-
tant with release of ceramide, 4) use of specif-
ic, and selective, inhibitors of two of the three
SMase isoforms would inhibit the previously
demonstrated release/synthesis of ceramide
as well as the activation of NF-kB and proto-
oncogenes found in primary cerebral and
peripheral VSMCs exposed to low [Mg*'], [6-8],
and 5) imbibing low levels of a water-soluble Mg
salt in drinking water would inhibit or reverse
these predicted effects of dietary deficiency of
Mg.

We believe the data generated in these studies
could provide a basis for why resistant hyper-
tension and cardiac deficiency are associated

Int J Clin Exp Med 2013;6(10):861-879



Mg?*, SMases, c-Jun, c-fos, and drinking water

with high risks of CV complications as well as a
high prevalence of target organ dysfunctions.
We also believe the studies herein could pro-
vide a basis for new therapeutic approaches to
prevention of resistant hypertension and cardi-
ac failure.

Materials and methods

Animals, diets, sera, and organ-tissue collec-
tions

Mature male and female rats (200+65 g) were
used for all experiments. All experiments were
approved by the Animal Use and Care
Committee of the State University of New York
downstate Medical Center. Equal numbers of
paired male and female animals were used for
all nutrition experiments. Control (600 ppm
Mg) and MgD (60 ppm Mg) pellet diets were
obtained from DYETS (Bethlehem, PA; AIN-93G
diets). All animals were given their respective
diets for 21 days as previously described [6].
MgD animals were allowed to drink triply dis-
tilled water (Mg?* < 10® M) containing one of
four different levels of Mg aspartate-HCI (O, 15,
40, or 100 mg/lI Mg, Verla-Pharm, Tutzing,
Germany). All control animals received a nor-
mal Mg-containing diet (600 ppm) as well as
triply distilled water to drink [6]. On the 22
day, sera and tissues (the left and right ventri-
cles, atria, abdominal aorta between the supe-
rior mesenteric arteries, and renal arteries,
cleaned of all connective tissues) were collect-
ed quickly after anesthesia (45 mg/kg in pento-
barbital sodium). Tissues were stored rapidly
under liquid nitrogen (-85 °C) until use. Whole
blood was collected under anaerobic condi-
tions in red-stoppered (no anticoagulant pres-
ent) tubes, allowed to clot under anaerobic con-
ditions, and then centrifuged under anaerobic
conditions in capped Vacutainer tubes [37].
The sera were then collected into additional
red-stoppered Vacutainer tubes under anaero-
bic conditions for processing shortly thereafter,
similar to previously described methods [37].
Serum samples were analyzed within 2 h after
collection, as previously described [6]. Total Mg
levels were measured by standard techniques
in our laboratory (Kodak DT-60 Analyzer,
Ektachem Colorimetric Instruments, Rochester,
NY). The method favorably compares with
atomic absorption techniques for total Mg [37].
An Mg?*-selective electrode with a novel neu-
tral carrier-based membrane (NOVA 8 Analyzer,
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NOVA Biomedical Instruments, Waltham MA)
was used to measure the free divalent cation in
the sera [37]. The ion-selective electrode was
used in accordance with established proce-
dures developed in our laboratory, having an
accuracy and precision of 3% [37].

Biochemical tissue measurements of acid,
neutral, alkaline, and total SMase activity

For the SMase assays (0.1 g) tissues were
homogenized in various buffer pH’'s for the
respective isoforms of SMase (acid, pH=4.7;
neutral, pH=7.4; and alkaline, pH=9.0). The
respective buffer compositions were: acid (50
mM sodium acetate, 1% Triton X-100, 20 mM
CaCl,, 100 pM ZnCl,, pH=4.7); neutral (100
mM Tris-HCI, 50 mM MgCl,, 5 mM DTT, and pro-
tease inhibitor, pH=7.4); alkaline (100 mM Tris-
HCI, 5 mM MgCl,, 5 mM DTT, and protease
inhibitor, pH=9.0). Activities of the various and
total SMases were measured using the Cayman
Chemical Company (Ann Arbor, MI) Sphingo-
myelinase Assay Kit, employing a colormetric
ELISA assay. Briefly, the reaction system con-
sisted of the SMase reaction buffer (250 ul),
NBD-C-SM (1 mg/ml) (50 pl), tissue sample,
and distilled water, incubated at 37 °C for 1 h.
The reactants were then vortexed in 700 ul of
chloroform/methanol (2:1 v/v) for 5-10 min at
7,000 rpm. The organic phases were trans-
ferred into new tubes, dried under N, dissolved
in 15 pl of chloroform, and TLC developed in
chloroform/methanol -20% ammonium hydrox-
ide (14:6:1). The samples were read in a micro-
plate reader at 540 or 570 nm absorbance.
Standard curves were plotted and the sample
values calculated from the authentic SMase
standards.

Isolation of vascular muscle and primary cul-
ture of cerebral and aortic VSMCs

Male mongrel dogs (153 kg, n = 10-12 dogs/
group) were anesthetized with pentobarbital
sodium (40 mg/kg iv) and killed by bleeding
from the common carotid arteries. After a crani-
otomy, the brains were rapidly removed and
placed in normal Krebs-Ringer bicarbonate
(NKRB) solution at room temperature, and the
middle cerebral and basilar cerebral arteries
were excised and cleaned of arachnoid mem-
branes and blood elements, as previously
described [28, 38]. Vessels were cut into seg-
ments (3-4 mm in length, [28]). Rat aortic and
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cerebral VSMCs were isolated according to
established methods [28, 38] in our laboratory
(n =8-10 animals/group) and cultured in DMEM
containing 1.2 mmol/I [Mg>] , FCS, and antibi-
otics at 37 °Cin a humidified atmosphere com-
posed of 95% air - 5% CO, [86]. After conflu-
ence had been established, VSMCs were
placed in media containing either 0.3 or 1.2
mmol/I [Mg*], for varying periods of time (120
min, 6 or 18 h). It should be stressed that these
experiments using cell cultures and those
below on primary VSMCs in culture were never
part of the whole animal nutritional experi-
ments (described above); these experiments
and others were separate from the nutritional
experiments.

Influence of [Mg**], on ceramide levels in
primary cultures of VSMCs

Cells were exposed for either 120 min or 18 h
in NKRB solutions containing different concen-
trations of [Mg*'], (either 1.2 or 0.3 mM). We
then extracted the lipids in the cells by first
treating them with 0.1 M KOH in chloroform-
methanol [1.2 (vol/vol)] at 37 °C for 1 h. The
ceramide was next converted into ceramide-1-
[32P] phosphate by Escherichia coli DAG kinase
in the presence of [gamma-32P] ATP [7, 8, 51],
and the lipids were then separated on high-per-
formance TLC consisting of a chloroform-ace-
tate-methanol-acetic acid-water [50:20:
15:10:5 (vol/vol/vol/vol/vol)] mixture. After
autoradiography, spots corresponding to
ceramide-1-phosphate were carefully scraped
into vials, and the radioactivity was then count-
ed in a scintillation counter (LS-6500,
Beckman). Quantitation of ceramide levels was
based on standard curves of known amounts
of authentic ceramide [7, 8, 51]. The results
were expressed as picomoles per 108 cells [7,
8, b1].

Influence of inhibitors of acid- and neutral-
SMases on ceramide levels in primary VSMCs
exposed to low levels of [Mg**],

Before the VSMCs were assayed for ceramide
(via the conversion into ceramide-1- [32P] phos-
phate by Escherichia coli DAG kinase in the
presence of [g-32P-ATP, above], either an inhibi-
tor of acid SMase (desipramine, Sigma, St.
Louis, MO, 20 uM, [49]) or N-SMase (scy-
phostatin, Sigma, St. Louis, MO, 75 uM, [8,
49)), the cells were exposed for 6 hr to either
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normal (1.2) or low (0.3) [MgQ*]O - NKRB solu-
tions at pH 7.4. In some experiments, we added
both types of SMase inhibitors to determine
whether or not any residual type of SMase (i.e.,
alkaline SMase) could be found indirectly, as no
specific inhibitor of alkaline SMase is currently
available.

c-Fos and c-Jun expression in cardiovascular
tissues and primary cultured VSMCs

Briefly, for the primary aortic smooth muscle
cells, we used methods described previously
[5]. The VSMCs were first incubated with either
vehicle (NKRB) or modified NKRB containing
0.3 mM/L [Mg2+]0 for 90 min. Cells were then
lysed, and total cellular RNA was extracted
using the lithium-urea method. Northern blot
analyses were then performed as described
previously [9]. Blots were hybridized to a ran-
domly, primed specific cDNA probe for c-Fos or
c-Jun and then exposed to a Kodak Y-Omat film
(Rochester, NY) for 2 to 5 days at -70 °C [5].
Relative amounts of c-Fos and c-Jun expression
were determined by a densitometric scanner
[5].

For measurement of c-Fos and c-Jun in LV, RV,
atrial and aortic smooth muscle obtained from
MgD animals, we utilized a highly sensitive
ELISA kit recently developed for numerous
high-through-put sampling (TransAM AP-1
Family Transcription Factor Assay Kit; Active
Motif North America, Carlsbad, CA).

Influence of inhibitors of acid- and neutral-
SMases on c-Fos and c-Jun expression in
primary VSMCs exposed to low [Mg**],

Before the VSMCs cells were assayed for
expression of c-Fos or c-Jun, they were exposed
to either NKRB or NKRB containing 0.3 mM/L
[Mg?*], with either desipramine (20 uM, above)
or scyphostatin 75 yM, as above) at pH 7.4 for
6 hr. In some experiments, both types of SMase
inhibitors were added together to determine
whether or not any residual type of SMase (i.e.,
alkaline SMase could be found indirectly to
influence the expression of either c-Fos or
c-Jun).

Influence of inhibitors of acid- and N-SMase on
NF-kB expression in primary VSMCs

For these studies, we employed EMSA assays
similar that we reported previously [5, 42]. For
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Figure 1. Total sphingomy-
elinase levels in left ventric-
ular (LV) muscle, right ven-
tricular (RV) muscle, atria,
and aortic smooth muscle
in normal and Mg-deficient
(MgD) rats with and without
Mg added to the drinking wa-
ter. N = 10-12 animals per
* group. Mean values for MgD
animals are significantly dif-
ferent from all other groups
(ANOVA, P<0.01). An asterisk
signifies that the mean val-
ues + SE are significantly dif-
ferent from all other groups
(ANOVA, p<0.01), whereas
a dagger signifies that the
mean value is significantly
different from all other mean
values (in the group) except
for MgD + 40 (p<0.05).
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p65 and c-Rel compo-
% nents, the cells were
exposed either to NKRB or
NKRB containing 0.3 m-
M/L [Mg*], with either
desipramine (20 uM), scy-
phostatin(75 uM), or both
inhibitors.

Statistical analyses

Where appropriate, mea-
ns and means + SE were
calculated. Differences
between means were
assessed for statistical
significance by Student’s
t-test and ANOVA followed
by a Newman-Keuls test.
In some cases, linear cor-

CONTROL
Mg D +100

MgD
MgD +15

0 -

Figure 2. Neutral sphingomyelin levels in LV muscle, RV muscle, atria, and ab-
dominal aortic smooth muscle in normal and MgD rats with and without Mg add-
ed to the drinking water. N = 10-12 animals per group. Mean values for MgD are
significantly different from all other groups (ANOVA, P<0.01). An asterisk signifies

relation coefficients were
calculated by the method
of least squares. P values
of <0.05 were considered
significant.

that the mean value + SE is significantly different from all other groups (ANOVA,

p<0.01).

the supershift assays, the extracted nuclear
proteins were incubated with antibodies spe-
cific for the p65 and c-Rel components (Santa
Cruz Biotechnology, Santa Cruz, CA) before
gamma-32P labeling [13]. NF-kB oligonucle-
otides were then added as described previous-
ly [42]. Before the VSMCs were assayed for the
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Results

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

As shown recently, using an identical dietary
regimen of Mg in controls and MgD animals
[6-8, 51], there were no significant differences
in either water consumption or food intake
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gomyelinase levels in
AORTA LV muscle, RV muscle,
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smooth muscle in nor-
mal and MgD rats with
and without Mg added
to the drinking water.
N = 10-12 animals per
group. Mean values for
MgD are significant-
ly different from all
other groups (ANOVA,
P<0.01). An asterisk
signifies that the mean
value + SE is signifi-
cantly different from all
other groups (p<0.01),
whereas the dagger
signifies the mean val-
ue * SE is significantly
different from all other
groups except for MgD
+ 15 (p<0.01).
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Figure 4. Alkaline sphingomyelin levels in LV muscle, RV muscle, atria, and abdominal
smooth muscle in normal and MgD rats with and without Mg added to the drinking wa-
ter. N = 10-12 animals per group. Mean values for MgD are significantly different from
other groups (ANOVA, P<0.01). An asterisk signifies that the mean value + SE is signifi-
cantly different from other groups except each other (within the same group, p<0.05).

between the diverse subgroups of rats (i.e.,
controls = 600 ppm Mg, Mg-deficient-MgD,
MgD + 15 mg/l Mg/day, MgD + 40 mg/l Mg/
day, or MgD + 100 mg/I Mg/day). All of the MgD
subgroups (n = 16-28 animals per group), irre-
spective of the amount of Mg in the diets or in
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the drinking water,
showed no loss in
* gait or any other out-
= ward signs of pathol-
ogy or behavior.

Serum total and ion-
ized Mg levels

Feeding the animals
the synthetic AIN-
93G MgD pellet diet
(n = 16-28/group)
resulted in a total
serum Mg level of
1.05 mM/L, where-
as the animals re-
ceiving the MgD diet
exhibited a serum
total Mg level of
0.36+£0.006 mM/L
(p<0.01). The serum
level of ionized Mg in
the normal, control
group was 0.62+0.0-
04 mM/L, whereas
in the MgD group
the serum ionized level was reduced to
0.28+0.004 mM/L (p<0.01).

Feeding the MgD animals various levels of Mg
in their drinking water (as seen previously,
[6-8]) resulted in concentration-dependent
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Figure 5. Linear correlation between total, acid, alkaline, and N-SMases and ionized Mg levels in LV, RV, atria and

aorta in MgD animals.

rises in both the total and ionized levels of
serum Mg. 100 mg/day of Mg?* elevated the
total Mg level to normal, i.e., 1.02+0.004
mM/L, whereas feeding 15 and 40 mg/day of
Mg2?* in the drinking water raised the total Mg
levels to 68 (0.68+0.005 mM/L) and 82%
(0.83+£0.005 mM/L), respectively, of normal (n
= 16-26, p<0.010. With respect to the serum
ionized levels, feeding the animals 15 and 40
mg/|/day of Mg?* to the rats raised the serum
ionized levels to 62% (0.42+0.004 mM/L) and
66% (0.46+0.006 mM/L), respectively, of nor-
mal (n = 16-26, p<0.01).

Influence of dietary Mg intake on total SMase
and acid, alkaline, and N-SMase levels in car-
diac and vascular smooth muscles: relation-
ship to ionized Mg

Figure 1 shows that feeding rats a MgD for 21
days resulted in an approximate 275% rise in
total SMase activity in both the LV and aortic
smooth muscle and an approximately 200%
elevation in total SMase activity in both the RV
and atria (ANOVA<p<0.01). Feeding the MgD
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animals as little as 15 mg/I/day Mg?* in drink-
ing water completely prevented the rises in
total SMase activities in the RV and atria.
However, 40 mg/l/day Mg?* in drinking water
was required to inhibit the elevation in total
SMases in both the LV and aortic tissues
(ANOVA, P<0.01). Although an almost identical
pattern was found for at least one of the
SMases (i.e., N-SMase activity) for the LV, RA,
atria and aorta (Figure 2), the patterns of
response of the tissues in MgD animals for
alkaline- and acid-SMases were somewhat dif-
ferent and distinct for these two SMases
(Figures 3 and 4). Unlike that observed for
N-SMase, 40 mg/l/day Mg?*in drinking water
was required to inhibit the elevations in both
alkaline-and acid-SMase (ANOVA, p<0.01). Lin-
ear regression analysis demonstrated strong
correlations of increases in activities of all
three SMases to the measured levels of serum
ionized Mg (i.e., r =-0.6 t0 -0.98) (see Figure 5).
When all three SMases (i.e., total SMase activ-
ity) are examined together for correlation to
serumionized Mg, the rvalue is-0.99 (p<0.001).
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Table 1. Influence of scyphostatin on low [MgQ*]o-induced release
of ceramide in primary cultured cerebral and aortic VSMCs

sensitivities in the tissues. For
example, although RV and atrial

Group, [Mg*],

Ceramide (pmol/108 cells)

muscles showed that as little

Cerebral VSMCs

as 15 mg/l Mg?" in drinking

Controls, 1.2 mM 28+3.2
0.3 59+4.1"
Scyphos, 0.3 42+3.6™

Aortic VSMCs e .,
water could significantly inhibit
38+4.6 . .
8616.4" by approximately 50% the rises
- in c-Fos and c-Jun in these tis-
58+5.2""

Values are means + SE. Scyphos = scyphostatin (75 uM). "Mean values signifi-
cantly different from controls (P<0.01). “*Mean values significantly different from

controls and 0.3 mM [Mgz*]0 (ANOVA, P<0.05).

Table 2. Influence of desipramine on low [Mg**] -induced cerami-
de levels in primary cultured cerebral and aortic VSMCs

sues (P<0.01), much more of a
Mg?* intake in the drinking
water is needed (e.g., 40-100
mg/| Mg?*) to significantly inhib-
it the rises observed in LV and
aortic smooth muscles. Linear
Regression analysis demon-
strated strong correlations of

Group, [Mg*],

Ceramide (pmol/108 cells)

increases in c-Fos and c-Jun to

Cerebral VSMCs

Controls, 1.2 mM 34+3.6
0.3 6245.4"
Desipra, 0.3 49+4.5"

Aortic VSMCs the measured levels of serum
48+4.8 ionized Mg (i.e., r = 0.76 to
80+7.8" 0.96) (see Figures 8 and 9).
66+5.6™ With respect to the VSMCs in

Values are means + SE. Desipra = desipramine (20 uM). “Mean values are signifi-
cantly different from controls (P<0.01). “"Mean values are significantly different

from controls and 0.3 mM [Mg**]  (p<0.05).

Influence of low [Mg2*]o with and without inhib-
itors of N-SMase and acid-SMase on ceramide
levels in primary cerebral and aortic SMCs

The data presented in Tables 1 and 2 indicate
that incubation of the SMCs in 0.3 mM Mg?* for
6 hr results in marked rises (in excess of 125-
150%) in the ceramide levels in both cerebral
and aortic VSMCs, very similar to results seen
previously [7, 8, 51]. However, pre-incubation
with scyphostatin in low [Mg**]  resulted in a
considerable inhibition (e.g., 25-35%) of
enhanced release of ceramide in the VSMCs
(Tables 1 and 2), similar to results seen previ-
ously [8]. Surprisingly, incubation of the VSMCs
with the putative acid-SMase inhibitor, desipra-
mine, resulted in a significant 15-20% inhibi-
tion of the rise in ceramide seen in low [Mg2*]0
alone. It should be noted that this effect was
observed at a normal physiological pH 7.4.

C-Fos and c-Jun expression in cardiovascular
tissues and primary cultured VSMCs: relation-
ship to serum ionized Mg

Figures 6 and 7 show that feeding rats a MgD
diet for 21 days resulted in approximately 150-
200% rises in ¢c-Fos and c-Jun levels in LV, RV,
atrial and aortic smooth muscles (P<0.0001).
Feeding these MgD animals various levels of
Mg2* in drinking water demonstrated a range of
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culture, a MgD environment
also caused clear rises in the
levels of both c-Fos and c-Jun
(P<0.01) (Figures 10 and 11).

Influence of inhibitors of acid- and neutral-
SMases on c-Fos and c-Jun expression in
primary VSMCs exposed to low [Mg**],

The data presented in Figures 10 and 11 show
that incubation of the low [Mg2*]o—exposed
VSMCs to desipramine inhibited the elevations
in c-Fos and c-Jun by approximately 15-20%
(P<0.01), whereas incubation of the low [Mg*] -
exposed VSMCs with scyphostatin resulted in
35-40% inhibition of the rises in c-Fos and
c-Jun (P<0.01). Incubation of the low [Mg>] -
exposed VSMCs with both desipramine and
scyphostatin resulted in an approximate addi-
tive effect on the rises in c-Fos and c-Jun, i.e.,
inhibitions of approximately 45-55%, suggest-
ing that activation of alkaline-SMases might
not be involved in the low [Mg2*]0—induced ele-
vations in c-Fos and c-Jun. However, multiple
regression analyses seem to indicate that alka-
line-SMases may play a role in activation of
c-Fos and c-Jun in CVtissues of Mg-deficient
animals (see Figure 9).

Influence of inhibitors of acid- and N-SMase on
NF-kB expression in primary VSMCs

Figures 12 and 13 demonstrate that incuba-
tion of the low [Mg*'] -exposed VSMCs to desip-
ramine resulted in an approximate 15-20%

Int J Clin Exp Med 2013;6(10):861-879
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Figure 6. c-Fos expression in left ventricle(LV), right ventricle(RV), atria and
aortic smooth muscle in normal and Mg-deficient (MgD) rats with and with-
out Mg?* added to their drinking water. Concentrations of Mg?* added to the
drinking water are identical to those given in Figure 1. All values are means *
SE; n =10-12 animals per group. All MgD mean values are highly significantly
different from mean control values (P<0.001).Asterisk signifies mean values
+ SE that are significantly different from control mean value + SE (ANOVA,
p<0.01). Single dagger signifies mean values + SE which are significantly
different from controls (p<0.01) Double asterisk signifies mean values + SE
which are significantly different from all other mean values (ANOVA, p<0.01).
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Figure 7. c-Jun expression in LV, RV, atria and aortic smooth muscle in nor-
mal and Mg-deficient rats with and without Mg?* added to their drinking wa-
ter. Concentrations of Mg?* added to the drinking water are identical to those
given in Figure 1. All values are means + SE; n = 10-12 animals per group. All
MgD mean values are highly significantly different from mean control values
(P<0.001). Mean values for MgD +15 mg/I Mg?* are significantly different from
MgD in all treated groups, except for aorta (P<0.01). All mean values for MgD
+40-100 mg/I Mg?*are highly significantly different from their respective MgD
mean values for all treated groups (P<0.001). Designation of symbols similar
to those used in Figure 6.

869

reduction in expression and
activation of the p65 and
c-Rel subunits of NF-kB,
whereas use of scyphostatin
resulted in an approximate
25-35% reduction in genera-
tion of the p65 and c-Rel sub-
units of NF-kB (P<0.01).

Discussion

The results reported here are
the first demonstrations that
all three major types of
SMases are present in
diverse cardiac and vascular
muscles and cells in the car-
diovascular system of at least
in rats. We also demonstrate
that all three types of SMases
are activated in cardiovascu-
lar tissues and cells in MgD
animals. In addition, we dem-
onstrate for the first time that
short-term dietary deficiency
of Mg results in an upregula-
tion of two important proto-
oncogenes, viz., c-Fos and
c-Jun. Based on the data,
herein, we hypothesize that
activation of SMases in a
MgD state can lead to pro-
duction of these proto-onco-
genes and activation of DNA-
binding subunits of NF-kB,
pathways that are vital in ath-
erogenesis and hypertensive
disease states. To our knowl-
edge, this is the first time any-
one has shown an upregula-
tion of all three types of
SMases by Mg deficiency of
any cell type in any species.
The potential role(s) of
SMases in several aspects of
cardiovascular pathophysiol-
ogy is gaining considerable
attention (e.g., see [6, 8, 27,
28, 39, 43, 46, 49, 51, 56,
57, 63, 79)).

It has been suggested,
repeatedly, that alkaline-
SMases are only found in
intestinal and lung tissues
[30, 49, 50]. These specula-

Int J Clin Exp Med 2013;6(10):861-879
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Figure 10. Influence of desipramine and scyphostatin
on c-Fos expression in aortic VSMCs exposed to low
Mg?* (0.3 mM) in primary culture. Mean values + SE
are given in densitometric arbitrary units (see Meth-
ods). Mean values for desipramine and scyphostatin
are significantly different from low Mg2* control val-
ues (P<0.01). An asterisk signifies mean values + SE
which are significantly different from all other mean
values + SE (ANOVA, p<0.01). Dagger signifies mean
values + SE which are significantly different from all
other mean values (p<0.05).
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Figure 12. Influence of desipramine on p65 and c-
Rel components of NF-kB in aortic VSMCs exposed
to low Mg?*. Mean values + SE for exposure to de-
sipramine are significantly different from respective
control p65 and c-Rel values (P<0.01). VSMCs were
assayed for the p65 and c-Rel components 90 min
after incubation in low Mg?* (see Methods).

tions, however, for the most part, have not been
undertaken on different tissues-organs or
VSMCs, as is the case with the present study.
We clearly show, herein, that activation of alka-
line-SMases can be observed in cardiovascular
tissues, of at least the rat, under proper envi-
ronmental conditions. Whether, or not, the
identification of alkaline-SMases can be
observed at physiological pH’s remains, how-
ever, an open question.
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Figure 11. Influence of desipramine and scyphostatin
on c-Jun expression in aortic VSMCs exposed to low
Mg2* (0.3 mM) in primary culture. Mean values + SE
are given in arbitrary units (see Methods). Mean val-
ues for desipramine and scyphostatin are significant-
ly different from low Mg2* control values (P<0.01).
Symbols identical to those used in Figure 10.
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Figure 13. Influence of scyphostatin on p65 and c-
Rel components of NF-kB in aortic VSMCs exposed
to low Mg?*. Mean values + SE for exposure to scy-
phostatin are significantly different from respective
control p65 and c-Rel values (P<0.01). VSMCs were
assayed for the p65 and c-Rel components 90 min
after incubation in low Mg?* (see Methods).

The present experiments confirm and add fur-
ther support to the concept that lowered levels
of Mg can lead to the formation of ceramide in
cardiovascular tissues and cells [6-8, 51].
Recently, we have shown, using similar models
of MgD that low [Mg*]  leads to the de novo
synthesis of ceramide in cardiovascular tissues
and cells via activation of at least three
enzymes in the sphingolipid pathway, namely,
sphingomyelin synthase (SMS), sphingomyelin
palmitoyl-CoA transferase (SPT), and ceramide
synthase (CS) [6-8, 51]. SPT catalyzes the first
step in the biosynthesis of sphingolipids, name-
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ly, the condensation of L-serine with palmitoyl-
CoA, giving rise to 3-keto-sphinganine (leading
to the formation of ceramides) [44, 49, 52, 56,
60, 61, 78]. 3-Keto-sphinganine is reduced to
form sphinganine, which is then acylated by CS
to produce dihydroceramide and desaturated
to generate ceramide [52, 60]. We show in the
present study that use of inhibitors of both N-
and acid-SMases inhibit about 50-60% of the
ceramide formation in VSMCs exposed to low
[MgQ*]O, which suggests, to us, that the other
40-50% of the ceramide formed in the VSMCs
must be attributed to the activation of SMS,
SPT, and CS. We believe this hypothesis merits
attention in the future.

Ceramides are now known to be produced in
many types of cells and tissues when they are
exposed to ultraviolet radiation, ionizing radia-
tion, endotoxins, cytokines, retinoic acid, bal-
loon injury of carotid arteries, phorbol esters,
serum deprivation, and daunorubicin as well as
in etoposide-induced apoptosis, among other
agents [41, 46, 48, 54, 56, 57, 59, 62, 64, 74].
Many of these agents activate SMases as well
as SPT, CS, and SMS to produce ceramides in
many cell types [46, 48, 49, 54, 57, 59, 62].
The synthesis and release of ceramide appears
to be the active messenger in most of these
events and agencies. The present study sug-
gests that Mg deficiency should be added to
the list of stimuli known to activate the diverse
family of SMases, at least in rats. Since the
present studies indicate that sizeable quanti-
ties of ceramide can be produced in VSMCs
exposed to low [MgQ*]O, via activation of N- and
acid- SMases, generation of ceramide by these
pathways could, in large measure, be responsi-
ble for apoptotic events. We have reported that
several different ceramides (i.e., C2-, CG-, and
C,,-ceramide) can acutely induce apoptosis in
primary rat peripheral arterial muscle cells
(e.g., mesenteric artery and aorta) and canine
cerebral VSMCs, as verified by several types of
specific assays (e.g., TUNEL, acridine orange,
propidium iodide, annexin V, and caspase-3 [6];
and unpublished observations).

Our recent studies demonstrate that several
pro-inflammatory cytokines are intimately cor-
related to a de novo synthesis and release of
ventricular, atrial and VSMC ceramides [8]. It is
known that pro-inflammatory cytokines can
trigger the secretion of acid-SMases in endo-
thelial cells [47, 48, 62]. It is, therefore, of con-
siderable interest to point out that Doehner et
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al have recently shown that patients in chronic
(congestive) heart failure show elevated levels
of acid-SMase in the plasma of these patients
[44]. In view of our present findings, it is tempt-
ing to speculate that the upregulation of acid-
SMase noted in all four chambers of the heart
(and VSMC) in MgD animals may be triggered in
whole, or at least in part, by the upregulation of
pro-inflammatory cytokines seen recently in
these cardiac tissues obtained from MgD ani-
mals [8]. This suggestion certainly merits fur-
ther study.

With respect to our present findings on
N-SMases and potential cardiac ischemia in
MgD [6, 51, 67], it should be noted that early
activation of N-SMases have been reported in
cardiac myocytes subjected to hypoxia/reoxy-
genation [45]. The latter is also associated with
cardiac deficiency of cellular glutathione [69-
71]; recall that cardiac glutathione was clearly
depleted in rats subjected to short-term MgD
[51]. Interestingly, TNF-alpha and IL-1 beta,
cytokines which we have recently shown to be
upregulated in cardiac tissues from MgD ani-
mals [8], have been shown to be associated
with activation of N-SMases concomitant with
negative inotropic actions on human and rat
[47, 48, 56] cardiomyocytes. In this context, our
recent studies have clearly shown a strong cor-
relation (i.e., r = 0.88-0.95) of cardiac levels of
TNF-alpha and IL-1beta to activation of
N-SMases in the MgD-animals [8], suggesting
an intimate cross-talk relationship between the
cytokines and N-SMase levels in the ventricular
and atrial muscle cells Furthermore, the apop-
tosis observed in cardiac myocytes subjected
to hypoxia/reoxygenation has been demon-
strated to be associated with activation of
N-SMases [45-48] and deterioration of mito-
chondrial function [57, 71]. Since we have dem-
onstrated that short-term MgD in rats results in
loss of cardiac mitochondrial cytochrome c,
lipid peroxidation, activation of caspase-3,
apoptosis [6-8, 51], and upregulation of
N-SMases, we believe that some of the hemo-
dynamic deficiencies seen in rat hearts in MgD
[21, 67, 68] may be attributed to activation of
N-SMases, as observed in the present study.

It is now widely accepted that apoptotic events
play major roles in the development of athero-
sclerosis and hypertension [24, 33, 36, 73].
Although it has been suggested that sphingolip-
ids might play important roles in the pathophys-
iology of these cardiovascular pathogenic
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events, by unknown effects on vascular smooth
muscles [1, 4, 6-8, 28, 29, 51], up until our
studies began (>15 years ago [1, 28, 29, 39,
66, 79] the importance of Mg deficiency and its
relation to sphingolipid metabolism were not
known.

Apoptosis is now known to be a critical factor in
both atherogenesis and hypertension [24, 33,
36, 73]. Apoptosis clearly plays an important
role in the rupture of atherosclerotic plaques,
which often leads to thrombosis, myocardial
ischemia and infarctions, and possibly death.
Such events have been suggested to play
important roles in resistant hypertension and
congestive heart failure. Atherosclerotic
plaques in vascular walls in hypertensive sub-
jects and experimental animals have been
shown to demonstrate considerable DNA dam-
age, activation of DNA repair pathways,
increased expression of p53 [24, 33, 36],
apoptosis [24, 33, 36, 73], and increased lev-
els of ceramide [56]. It is of interest to point
out, here, that evidence is accumulating to indi-
cate that there appears to be a relationship
between SMases, cholesterol homeostasis
and atherogenesis. Kolmakova et al [46] report-
ed apoC-1 enriched HDLs induce death in
VSMCs via an activation of N-SMase. Others
using a Watanabe hyperlipemic rabbit model of
plaque rupture found a co-localization of apoC-
1 and ceramide (Steen et al; see [75]). With
respect to acid-SMases, Schissel et al found
that secretory acid SMase could hydrolyze
sphingomyelin on the surface of atherogenic
particles [63], In this context, we have shown
that MgD can: 1) accelerate atherogenesis in
rabbits [9], which is associated with increased
levels of p53 in the thickened atherosclerotic
walls ([81], unpublished findings), and 2) pro-
duce hypertension [4, 5] which is associated
with DNA fragmentation, activation of cas-
pase-3, apoptosis, and increased levels of p53
in arterial walls of rats [6-8, 81]. In addition, we
found in these studies that SMase inhibitors
reduced p53 levels in the walls of the MgD ani-
mals. We thus hypothesize that Mg deficiency,
most-likely, plays key roles in the generation of
both hypertension and atherogenesis via the
upregulation of N- and acid-SMases and p53,
particularly as the majority of individuals who
consume Western types of diets have 30-65%
short falls in daily dietary intake of Mg [4, 13,
19, 20, 29, 76].
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Proto-oncogenes, such as c-Fos and c-Jun,
along with activation of NF-kB are known to play
critical roles in cell transformation, growth, and
apoptotic events [5, 31-35, 37, 46]. It should be
noted here that ceramide, activation of NF-kB,
and p53 can induce cell cycle arrest (and
senescence), induce programmed cell death,
and are associated with DNA damage (geno-
toxic events), all agencies we have shown here
and elsewhere [4, 6-8, 51, 81] are found in ani-
mals exposed to short-term MgD states. Our
present experiments demonstrate that inhibi-
tion of low [Mg2+]0-induced release of cerami-
des (via activation of acid-and N-SMases) in
VSMCs results in inhibition of c-fos, c-Jun, and
two DNA-binding subunits of NF-kB. It is of more
“than passing interest” to note that activated
forms of NF-kB have been reported in VSMCs,
macrophages, and endothelial cells of human
atherosclerotic lesions [33] as well as in ath-
erosclerotic lesions of MgD animals [81]. We do
not believe this is a coincidence. At this point, it
appears to us logical to inquire if these events
are set into motion by the generation (and
release) of ceramides (and possibly other
sphingolipids).

Some additional discussion of the potential rel-
evance of the present findings, with the proto-
oncogenes and with the p65 and c-Rel proteins,
to atherogenesis, are in order. The proto-onco-
genes c-Fos and c-Jun are known to participate
in  numerous pathophysiological processes
including signal transduction, cell growth, dif-
ferentiation, and cell transformation [5, 24, 33,
36]. Both c-Fos and c-Jun are thought to play
roles as potent inducers of apoptosis in several
different cell types [36]. The proto-oncogenes,
c-Fos and c¢-Jun, encode nuclear phosphopro-
teins. c-Fos in a complex with c-Jun (AP-1) regu-
lates the expression of AP-1 binding genes at
the transcriptional level. Members of the Fos
and Jun protein families dimerize to preferen-
tially bind AP-1 sites with a very high affinity.
The observed increased levels of c-Fos and
c-Jun seen in the current study, and previously
[5], could imply an upregulation of genes con-
trolling cell growth, differentiation, and cell
transformation via AP-1 binding genes, all fac-
tors essential in atherogenesis and hyperten-
sion. In normal cells, the expression of growth
factors and their receptors is carefully and
tightly controlled. Over-activity of the c-Fos and
c-Jun proto-oncogenes may result in unregulat-
ed cell proliferation like that observed in ath-
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erogenesis and hypertension. We hypothesize
that overexpression of c-Fos and c-Jun in the
cardiovascular system of MgD animals and
humans may play an important role in the
course of tissue inflammation and the inflam-
matory response observed in atherogenesis we
have noted in MgD animals [4, 5, 8]. From our
new observations in the current study, it
appears that generation of ceramides are
needed to potentially set the latter into motion.
Infiltration of inflammatory cells and necrotic
areas are seen in the arterial walls of human
subjects as well as MgD rabbits in the athero-
genic process [24, 36].

Activation of the p65 and c-Rel proteins found
in the present, and our previous studies [5, 8],
induced by low [Mg”]0 is pivotal in the recruit-
ment of leukocytes [33, 35] and in several
arms of the innate and adaptive immune sys-
tems activated in atherogenesis [33, 35]. Since
MgD has been demonstrated to result in accel-
erated atherogenesis in rabbits [22], which was
shown to be associated with increased levels of
leukocytes and p53 in the thickened athero-
sclerotic plaques (unpublished findings), we
hypothesize that p65 and c-Rel were first, more
than likely, activated, at least, in part by synthe-
sis and release of ceramides (via acid-and
N-SMases, sphingomyelin synthase, SPT-1,
SPT-2, and ceramide synthase) [6-8, 51, 81] in
the MgD environment which would have acted
to activate and release cytokines/chemokines
[8] followed by activation of c-Fos and c-Jun
leading to an AP-1 complex thus leading to the
events suggested above.

At this juncture, considerable evidence has
been brought forth that prolonged administra-
tion of Mg?* (oral and intravenous) can lower
blood pressure in both experimental and clini-
cal forms of hypertension [1, 4, 10, 11, 16, 19,
77, 80]. Likewise, administration of Mg?* (oral
and intravenous) have been shown to inhibit/
attenuate cardiac arrhythmias of diverse ori-
gins, to reverse coronary arterial vasospasm,
and to ameliorate congestive heart failure in
humans and animals [4, 19, 20, 77, 80].
However, the precise mechanisms are not
known in amelioration of hypertension or in the
diverse cardiac pathophysiologies. A leading
hypothesis, is Mg?* lowers blood pressure by
promoting vasodilation and decreasing work
load on the myocardium by direct actions on
Ca?* channels (and cellular redistribution) in
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both cardiac and vascular smooth muscle cells
[4, 3, 4, 16, 19, 20, 67, 80]. In view of our pres-
ent findings and those previously published
[5-8, 28, 29, 43, 51, 66, 79], we believe that
Mg's effects on ceramide and sphingolipid
metabolism must be taken into serious consid-
eration in helping to explain the blood pressure-
lowering and cardiac beneficial actions of this
divalent cation. In this context, evidence has
accumulated to indicate that certain ceramides
can induce powerful vasodilator actions on dif-
ferent types of blood vessels [66, 79]. Such
actions could unload the myocardium and
lower blood pressure, thereby ameliorating
high blood pressure and left ventricular hyper-
trophy often observed in resistant hypertensive
individuals.

More than 50 years ago, it was first suggested
that in areas where water hardness is elevated,
the rate of death from cardiovascular diseases
is decreased [82]. In the intervening years, up
to the present time, this hypothesis has gath-
ered considerable evidence from numerous
epidemiological studies from around the globe
[2, 3, 11-13, 23-26, 76]; that is cardiovascular
death rates are lower in hard-water areas than
in soft-water areas. Despite the fact that the
hardness of water is due to the concentrations
of Ca?* and Mg?*, the overwhelming evidence,
to date, supports the idea that it is the Mg con-
tent that is responsible for most of the protec-
tive effects of hard water [11, 12, 24, 76].
Twenty-five years ago, Marier [76] and Leary
[24] hypothesized that as little as 15-30 mg/I/
day of Mg?* in drinking water should be cardio-
protective. Recently, using the same model of
dietary deficiency of Mg as in the present study,
we showed, for the first time, in well-controlled
experiments that as little as 15 mg/l/day of
Mg2* in drinking water either prevented or ame-
liorated the formation of reactive-oxygen spe-
cies, lipid peroxidation, generation of cytokines
and chemokines, p53, DNA fragmentation, cas-
pase-3 activation, mitochondrial release of
cytochrome c, activation of apoptosis, hydroly-
sis of SM, upregulation of SPT-1, SPT-2,
ceramide synthase, and sphingomyelin syn-
thase, loss of cardiac and VSMC glutathione,
activation of e-NOS and n-NOS, elevation of
plasma lipids, release of lactic acid dehydroge-
nase and creatine kinase from the myocardi-
um, and elevation of ionized Ca [6-8, 51, 81].
Although the present work indicates that as lit-
tle as 15 mg/I/day of Mg?* in drinking water

Int J Clin Exp Med 2013;6(10):861-879



Mg?*, SMases, c-Jun, c-fos, and drinking water

prevents the upregulation of three classes of
SMases as well as activation of proto-onco-
genes, in cardiac and vascular muscles, some-
thing in excess of 40, but <100 mg/I/day of
Mg2* in water must be imbibed to prevent the
activation of both acid- and N-SMases in left
ventricular cardiac muscle cells, at least in rats.
We believe that when the present findings are
viewed in light of our previously published
results [6-8, 51, 81], it could be speculated
that between 15 and 50 mg/l/day of water-
borne Mg?" should be both cardioprotective
and vascular protective. Until our experiments,
such an insight has not been possible.

While the activation of both acid-and N-SMases
most likely play important roles in the biological
synthesis of ceramide in Mg deficiency, we
believe that until further experiments are done,
activation of these enzymes is but one of many
ways in which Mg deficiency is a cardiovascular
risk factor.

At the very least, the present study, when taken
together with our previous studies, strengthens
considerably the hypothesis suggested more
than two decades ago [24, 76], that water
intake (from tap waters, well waters, bottled
waters, and beverages using tap/well waters)
in humans varying between 1 and 2 liters/day,
with Mg?* intakes varying from <5 to >100
mg/l, may, as we have suggested recently [6-8,
51, 81], represent an excellent way to over-
come and control the marginal intakes of Mg
obtained with most Western diets. In addition,
in view of our previous findings and those pre-
sented here, it is probably propitious to suggest
that all desalinated-purified recovered/recycled
waters, harvested rainwaters, well waters, tap
waters, and all bottled waters given to humans
should be supplemented with bioavailable Mg?*
to ameliorate/prevent the induction of cardio-
vascular risk factors and disease processes
worldwide.
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