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Abstract: Numerous recent,epidemiological studies reveal that Western populations are growing more and more 
deficient in daily Mg intake which have been linked to etiology of cardiovascular (CV) diseases. A growing body of 
evidence suggests that a major missing link to this dilemma may reside within the sphingolipid-ceramide pathways. 
For the past 25 years , our labs have been focusing on these pathways in Mg-deficient mammals. The objective 
of this paper is two-fold: 1) to test various hypotheses and 2) to review the current status of the field and how 
protein kinase C isoforms may be pivotal to solving some of the CV attributes of Mg deficiency. Below, we test the 
hypotheses that: 1) short-term dietary deficiency of magnesium (MgD) would result in the upregulation of protein 
kinase C (PKC) isoforms in left ventricular (LV) and aortic smooth muscle (ASM) and serum; 2) MgD would result in 
a release of select cytokines and an upregulation of NF-kB in LV and ASM, and in primary cultured aortic smooth 
muscle cells (PCASMC); 3) MgD would result in an activation of the sphingolipid salvage pathway in LV and ASM, 
and in PCASMC; 4) MgD would result in a synthesis of sphingosine, but not sphinganine, in PCASMC which could be 
inhibited by fumonisin B1 (FB) an inhibitor of ceramide synthase (CS), but not scyphostatin an inhibitor of neutral 
sphingomyelinase (N-SMase); 5) incubation of PCASMC (in low Mg2+) with the PKC-mimic PMA would result in re-
lease and synthesis of NF-kB, cytokines, and ceramide but not sphingosine. The new data indicate that short-term 
MgD (10% normal dietary intake) result in an upregulation of all three classes of PKC isoforms in LV, aortic muscle 
and in serum coupled to the upregulation of ceramide, NF-kB activation, and cytokines. High degrees of linear cor-
relation were found to exist between upregulation of PKC isoforms, p65 and cytokine release, suggesting cross-talk 
between these molecules and molecular pathways. Our experiments with PCASMCs demonstrated that MgD caused 
a pronounced synthesis of sphingosine (but not sphinganine), which could be inhibited with fumonisin B1, but not by 
scyphostatin; use of PMA stimulation released ceramide but not sphingosine suggesting a role for the “sphingolipid 
salvage pathway” in MgD vascular muscle. Use of different PKC pharmacological inhibitors suggested that although 
all three classes of PKC molecules, i.e., classical, novel, and atypical, play roles in MgD-induced synthesis/release 
of ceramide, sphingosine, and cytokines as well as activation of NF-kB, to varying degrees, PKC-zeta appears to play 
a greater role in these events than any of the other PKC isoforms; a specific PKC-zeta inhibitory peptide inhibited 
formation of sphingosine. Even low levels of water-borne Mg (e.g., 15 mg/l/day) either prevented or ameliorated 
the upregulation of all three classes of PKC isoforms. An attempt is made to integrate our new data with previous 
information in order to possibly explain many of the cardiovascular effects of MgD.
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Introduction

Animal and human studies indicate a statistical 
relationship between reduced dietary intake of 

magnesium (Mg) and cardiovascular disease 
[1-7]. Mg2+ has been demonstrated to modulate 
basal vascular tone, myogenic tone and con-
tractile responsiveness of vascular smooth 
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muscle (VSM) cells as well as cardiac contrac-
tility, coronary blood flow and excitability of car-
diac muscle [8-17]. Low levels of extracellular 
Mg ([Mg2+]0) results in contraction , elevation of 
vascular tone and vasospasm in a variety of 
mammalian arteries and arterioles [8, 9, 11, 
13, 15-19] as well as decreases in coronary 
blood flows, decreases in cardiac output, and 
disturbances in cardiac rhythm [1, 10, 15, 18, 
20].

Numerous studies over the past five decades 
have demonstrated that a reduction in the 
dietary intake of Mg, as well as low Mg content 
of drinking water, is a risk factor for the devel-
opment of hypertension, atherosclerosis, vaso-
spasm, sudden cardiac death, stroke, and 
inflammatory conditions by ill-defined mecha-
nisms [1-3, 5, 7-9, 18, 19, 21-24]. Hyper- 
magnesemic diets have been demonstrated to 
ameliorate hypertension, cardiac arrhythmias, 
and atherogenesis [1, 7, 9, 12, 13, 18, 19, 
23-26]. Moreover, the myocardial level of Mg 
has consistently been observed to be lower in 
subjects dying from ischemic heart disease in 
soft-water areas than in subjects living in hard-
water areas [2, 3, 5, 6, 14, 15, 21, 22]. At pres-
ent, the average dietary intake of Mg has 
declined from 450-485 mg/day in 1900 to 
approximately 185-225 mg/day for large seg-
ments of the North American population [1, 4, 
6]. A recent study of 10,000 people in the 
U.S.A. indicated that 79% of the individuals sur-
veyed were not ingesting the RDA daily intake of 
Mg [27]. Studies of natives in Greenland, 
Bedouin tribes in the middle east, Aborigines in 
Australia, and the Bantu people of southern 
Africa demonstrate that the incidences of heart 
disease, hypertension, and stroke were low, 
being associated with high levels of Mg in their 
diets and drinking water [5, 18]. However, when 
these peoples moved to urban and industrial-
ized areas, and began eating modern Western 
diets (low in Mg), they developed incidences of 
high blood pressure, hypertension, and heart 
disease as often as peoples living in the indus-
trialized Western countries.

With the advent of sensitive ion-specific Mg2+-
selective electrodes, it has been found that 
patients with hypertension, ischemic heart dis-
ease, stroke, atherosclerosis, and certain 
inflammatory conditions exhibit a depletion of 
serum/plasma ionized, but not total, Mg [1, 11, 
18, 28, 29]. Dietary deficiency of Mg in rats and 

rabbits has been demonstrated to cause vas-
cular remodeling concomitant with hyperten-
sion and atherosclerosis (i.e., arteriolar wall 
hypertrophy and alterations in the matrices) of 
unknown origin [1, 9, 13, 18, 19, 25, 50]. It is 
now clear that multiple and complex signaling 
pathways participate in mechanisms control-
ling peripheral vasoconstriction (and vascular 
tone) as well as that of cardiac contractile force. 
Protein kinase C (PKC) and the thin filament - 
associated proteins have long-been considered 
to contribute in several ways to contractile reg-
ulation in all types of muscle cells [30]. Using 
various specific-pharmacological antagonists, 
our group has shown that low [Mg2+]0-induced 
arterial and arteriolar contractions (and coro-
nary as well as cerebral vasospasms) can be 
attenuated, markedly, with a variety of PKC 
antagonists [16, 31].

As early as 15 years ago, using several types of 
VSM cells in primary cultures, it was demon-
strated that variation in free extracellular Mg2+ 
concentration causes sustained alterations in 
membrane phospholipids and second messen-
gers as well as activation of several lipid signal 
transcription molecules (including PKC) con-
comitant with a significant activation of neutral 
sphingomyelinase (N-SMase) and release of 
ceramide [32, 33]. In these studies, cellular lev-
els of diacylglycerol (DAG), a major activator of 
protein kinase C isozymes, was also shown to 
be altered by low [Mg2+]0 levels [33]. Ceramide 
and other sphingolipids (e.g., sphingosine, 
sphingosine-1-phosphate) have been demon-
strated to alter vascular tone and cardiac func-
tions [1, 34-40].

More recently, using a short-term model (21 
days) of Mg deficiency in intact rats, we have 
found that low dietary Mg intake resulted in 
VSM and cardiac cell upregulation of N-SMase, 
ceramide synthase, sphingomyelin synthase, 
serine palmitoyl-transferases and nuclear-fac-
tor kB (NF-kB) [41-45] with concomitant apop-
tosis and synthesis/release of ceramide as well 
as release of mitochondrial cytochrome C and 
several cytokines and chemokines (e.g., inter-
leukin-1, tumor necrosis factor-alpha, and inter-
feron-gamma) [41-45] which are known to acti-
vate several PKC isoforms, NF-kB and N-SMase 
in several cell types [46-55]. Several lines of 
evidence have pointed to an important role for 
PKC isforms in regulation of activation of NF-kB 
in several tissue types [46, 51-53, 56, 57]. 
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Whether such a signaling pathway exists in car-
diac and vascular tissues is not known , and 
what roles, if any, exist for ceramide and sphin-
gosine in this proposed signaling pathway in 
the cardiovascular system has not been 
identified.

It has recently been suggested that another 
signaling pathway for recruitment of ceramide 
may play an important role in pathophysiologi-
cal processes, termed the “salvage pathway” 
which is often referred to as the “sphingolipid 
recycling pathway” which involves a conversion 
of sphingosine to ceramide via ceramidase 
[58]. Interestingly, we very recently demonstrat-
ed that diets low in Mg result in an activation of 
ceramidase in rat ventricular, atrial and aortic 
smooth muscle [44].

Inflammatory conditions are now known to pro-
vide a milieu for generation of atherogenesis 
and hypertension [59]. Leukocytes and endo-
thelial cells play a pivotal role in modulation of 
inflammatory conditions via the elaboration 
and release of cytokines and chemokines [59]. 
In this context, we have recently demonstrated 
that short-term dietary deficiency of Mg results 
in an upregulation of 12 different cytokines and 
chemokines, such as IL-1beta, IL-6, TNF-alpha, 
RANTES, and MCP-1 in cardiovascular tissues 
and VSM cells in MgD animals [44], key players 
in atherosclerosis and hypertensive vascular 
disease [59]. Interestingly, we have provided 
some evidence that there appears to be cross-
talk between generation of these cytokines 
(and chemokines) and a key enzyme in the 
sphingolipid salvage pathway, viz., ceramide 
synthase [44].

Using a short-term model (21 days) of Mg defi-
ciency in intact rats, and VSM cells in primary 
culture, we now present evidence that low lev-
els of [Mg2+]0 result in increased cellular levels 
of VSM cell ceramide and sphingosine which 
are associated with activation and recruitment 
of different isoforms of PKC in cardiac and VSM 
cells concomitant with activation of NF-kB and 
elevated cardiac and aortic smooth muscle 
cytokine(and chemokine) levels; serum levels 
of the PKC isoforms showed similar changes. 
We also demonstrate that very low levels of 
water-borne Mg (i.e., 15 mg/l/day) either pre-
vented or ameliorated the upregulation of all 
PKC isoforms (investigated in this study) in car-
diac and aortic muscle tissues. In addition, we 

show evidence that 1) The PKC-zeta subspe-
cies appears to play an important role in regula-
tion of NF-kB activation in VSM cells, and 2) The 
PKC-zeta isoform appears to be involved in 
ceramide generation via the “salvage sphingo-
lipid pathway” in Mg-deficient VSM cells.

Materials and methods

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

Mature male and female rats 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 mag-
nesium deficient (MgD; 60 ppm) pellet diets 
were obtained from DYETS (AIN-93 G diets, 
Bethlehem, PA). All animals were given their 
respective diets for 21 days as previously 
described [41-45]. MgD animals were allowed 
to drink triply distilled water (Mg2+<10-6 M) con-
taining one of four different levels of Mg aspar-
tate-HCl (0, 15, 40, or 100 mg/l Mg; Verla 
Pharm, Tutzing, Germany). All control animals 
received a normal Mg-containing diet (i.e., 600 
ppm) as well as triply distilled water to drink. On 
the 22nd day, sera and tissues (the LVs and 
abdominal aorta between the superior mesen-
teric arteries, and renal arteries, cleaned of all 
connective tissues) were collected quickly after 
anesthesia (45 mg/kg im pentobarbital sodi-
um). Tissues were stored rapidly under liquid 
nitrogen (-85°C) until use. Whole blood was col-
lected under anaerobic conditions in red-stop-
pered (no anticoagulant present) tubes, allowed 
to clot under anaerobic conditions, and then 
centrifuged under anaerobic conditions in 
capped vacutainer tubes [41-45]. The sera 
were then collected into additional red-stop-
pered tubes under anaerobic conditions for 
processing shortly thereafter, similar to previ-
ously described methods [28, 41-45]. Serum 
samples were then analyzed within 2 hr after 
collection, as previously described [41-45]. 
Total Mg levels were measured by standard 
techniques in our laboratory (Kodak DT-60 ana-
lyzer; Ektachem Colorimetric Instruments, 
Rochester, NY). The method compares favor-
ably with atomic absorption techniques for total 
Mg [28]. A Mg2+-selective ion electrode with a 
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novel neutral carrier-based membrane (NOVA 8 
Analyzer; NOVA Biomedical Instruments, Wal- 
tham, MA) was utilized to measure the free 
divalent cation in the sera [28]. The ion-selec-
tive electrode was used in accordance with pro-
cedures developed in our laboratory having an 
accuracy and precision of 3% [28].

Biochemical measurements of PKC isoforms in 
LV, aortic smooth muscles and sera

PKC family members are a diverse group of pro-
teins that phosphorylate a wide variety of pro-
tein targets known to be involved in multiple 
signaling pathways [50, 53, 60]. Most of these 
family members also serve as major receptors 
for phorbol esters [50, 53, 60]. Each PKC family 
member has a specific protein expression 
which is believed to play important role(s) in 
diverse cell types. Members of the PKC family 
can be subdivided into three categories: con-
ventional (i.e., alpha, beta1, beta11, gamma), 
novel (delta, epsilon, eta, mu), and atypical 
(lambda, zeta). Using ELISA assays, we chose 
to measure PKC-alpha, PKC-beta1, PKC-
gamma, PKC-delta, PKC-epsilon, PKC-mu, PKC-
theta, and PKC-zeta, representative of all three 
categories. We chose to utilize recently devel-
oped ELISA assay kits for PKC subtypes (PRT 
KIN C [PKC] KT; EMD Millipore Chemicals, 
Billerica, MA) as our laboratory has a great deal 
of experience using ELISA assays [41-45]. The 
techniques employed for tissue preparation for 
the assays (using specific antibodies for each 
PKC subtype) were followed, similar to that 
described by EMD Millipore Corporation. The 
absorbance (optical density) of each well was 
read with a plate reader at 450 nm. Standard 
curves were used to measure the concentra-
tions of the proteins.

Isolation of vascular muscles and primary 
culture of aortic VSM cells

Rat aortic VSM cells were isolated from anes-
thetized animals as we have described, previ-
ously, according to established methods in our 
laboratory (n=6-10 animals/group) and cul-
tured in 1.2 mmol/l [Mg2+]0-normal Krebs-
Ringer bicarbonate, FCS, and antibiotics at 
37°C in a humidified atmosphere composed of 
95% air-5% CO2 [17, 40, 61-63]. After conflu-
ence had been reached, VSM cells were placed 
in normal Krebs-Ringer bicarbonate media con-
taining 0.3 or 1.2 mmol/l [Mg2+]0 for varying 

periods of time (i.e., 2 or 24 hr). It should be 
stressed here that the experiments using cell 
cultures and those below on primary VSM cells 
in culture were never part of the whole animal 
nutritional experiments (described above); 
these experiments and others were separate 
from the nutritional experiments.

Influence of 4-beta-phorbol 12-myristate 
13-acetate (PMA) on ceramide, sphingosine 
and NF-kB levels in aortic VSM cells in primary 
culture

Inasmuch as that the classical group of PKC 
isozymes are activated by 1,2-diacylglycerol 
(DAG) and calcium, and that PMA is a mimic, we 
hypothesized that: 1) Prolonged stimulation of 
VSM cells in culture with PMA (200 nM; 
CalBiochem, CA) in normal [Mg2+]0 would result 
in some hydrolysis of SM and release of 
ceramide concomitant with activation of NF-kB 
as determined from activation of the p65 sub-
unit of the DNA-binding proteins; 2) Doing the 
latter experiment in low [Mg2+]0 would result in 
increased levels of ceramide and greater acti-
vation of NF-kB; 3) Exposure of the VSM cells 
(in normal Mg2+) to both PMA (200 nM) and scy-
phostatin (75 uM; Sigma Aldrich, St. Louis, MO) 
(an inhibitor of N-SMase) would attenuate the 
PMA-induced rise in total cellular ceramide and 
NF-kB activation either not at all or only slightly, 
but repetition of the latter protocol in low Mg2+ 
would result in considerable inhibition of rises 
in VSM cell ceramide and pulsed-labeled 
ceramide as well as NF-kB activation; 4) doing 
the latter experiments in the presence of 
fumonisin B1 (75 uM, Sigma Aldrich, St Louis, 
MO), an inhibitor of ceramide synthase (via 
action on the precursor of ceramide, viz., sphin-
gosine, in the “salvage pathway”) [58] would 
result in considerable inhibition of pulsed-
labeled ceramide, sphingosine levels and 
NF-kB activation.

Measurement of cellular levels of ceramide, 
sphingosine and [3H]-labeled ceramide

Cellular levels of pulse-labeled ceramide were 
measured utilizing methods we have published 
previously [43-45]. Briefly, the aortic cells, in 
primary cultures, were exposed to [3H] palmitic 
acid (4-20 uCi/ml) at 37°C, rinsed with fresh 
normal Krebs-Ringer bicarbonate (NKRB) solu-
tion and transferred to NKRB (under 95%-5% 
CO2) for 3 hr. The labeled cells were washed for 
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5-10 min with unlabeled medium, transferred 
to culture medium containing either 0.3 or 1.2 
mmol/l Mg2+ and either 200 nM PMA, 75 uM 
scyphostatin, both PMA and scyphostatin, or 
no additions (controls) for 18 hr. Lipid extrac-
tions were performed for phospholipid analysis 
using techniques similar to those we have 
reported previously. Total ceramide cellular lev-
els were determined similar to methods we 

and measured the amount of free sphingosine 
base formed over 6h after the VSM cells were 
first exposed to low [Mg2+]0 (0.3 mM) for 2 h; 2) 
These experiments were repeated in the pres-
ence of either scyphostatin (75 uM) or fumoni-
sin B1 (75 uM). We rationalized that no or little 
[3H] serine labeling would appear in the sphin-
gosine whereas [3H] palmitate labeling would 
appear in the sphingosine. Moreover, our 

Figure 1. PKC isoform levels in left ventricular (LV) muscle in normal 
and Mg-deficient (MgD) rats with and without Mg added to the drink-
ing water. N=10-14 animals per group. Mean values (± S.E.) for MgD 
animals are significantly different from all other groups for all PKC 
isoforms, except PKC-epsilon (ANOVA, P<0.01).

Figure 2. PKC isoform levels in abdominal aortic smooth muscle in 
normal and MgD rats with and without Mg added to the drinking wa-
ter. Mean values (± SE) for MgD animals are significantly different 
from all other groups for all isoforms except for PKC-epsilon (ANOVA, 
P<0.01).

have used recently employing con-
version of ceramide into ceramide-
1-[32P] phosphate by Escherichica 
coli DAG kinase followed by lipid 
separation on high-performance 
TLC plates [43-45]. After autoradi-
ography, spots corresponding to 
ceramide-1-phosphate were careful-
ly scraped into vials, and the radio-
activity counted in a scintillation 
counter (LS-6500; Beckman). Qu- 
antitation of ceramide levels and 
results as picomoles per 106 cells 
were determined. For determination 
of sphingosine levels, we employed 
the methodology of Merrill et al [64], 
modified by Riley et al [65] which uti-
lizes an HPLC procedure for micro-
quantities of tissue/cell samples as 
modified by Yoo et al [66]. Free 
sphingosine was extracted from the 
VSM cells following the methods of 
Yoo et al [66]. Sphingosine was 
quantitated by using recovery of a 
C20 sphinganine internal standard 
[65]. The results were expressed as 
pmol/ug protein using a Bradford 
reagent for total protein (Bio-Rad 
Laboratories, Hercules, CA) follow-
ing the manufacturer’s protocol 
using a 96-well plate.

Differentiation of origin of free 
sphingosine in VSM cells: de novo 
biosynthesis vs.complex sphingolip-
ids (i.e., salvage pathway)

In order to determine whether the 
free sphingosine base generated in 
cultured VSM cells is derived from 
de novo biosynthesis or from com-
plex sphingolipids, we employed 
several techniques: 1) We labeled 
cells with either [3H] serine (10-50 
uCi) or [3H] palmitate (10-20 uCi) 
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hypothesis, if proven, would dem-
onstrate that scyphostatin incuba-
tion would not affect the levels of 
sphingosine generated by the low 
[Mg2+]0 but incubation with fumo- 
nisinB1 would either greatly reduce 
the amount of sphingosine formed 
or inhibit its formation.

Analysis of NF-kB expression 
in cardiovascular tissues and 
primary cultured VSMCs exposed 
to low [Mg2+]0 with and without 
inhibitors

For analysis of NF-kB expression, 
in the primary cultured VSMCs, we 
employed EMSA techniques similar 
to those we have reported previ-
ously [61, 62]. Briefly, for the aortic 
VSM cells, in culture, nuclear pro-
tein extracts were separated by 
SDS/PAGE on 7.5% (wt/vol) poly-
acrylamide gels made in a buffer 
containing a Tris/boric acid/EDTA 
mixture followed by electrophore-
sis at a constant voltage of 100 V 
for 90 min [61, 62]. For the super-
shift assays, nuclear proteins were 
incubated with antibodies specific 
for p65 (Santa Cruz Biotechnology, 
Santa Cruz, CA) before gamma-32P 
labeled. NF-kB oligonucleotides 
were added as described previous-
ly [61, 62]. These experiments 
employed an identical regimen we 
used for evaluation of the effects 
of low [Mg2+]0 in absence or pres-
ence of PMA (with and without scy-
phostatin) or in the presence of 
fumonisinB1, as in the above stud-
ies for SM, sphingosine and 
ceramide.

For measurement of NF-kB expres-
sion in ventricular and aortic tissue 
obtained from MgD animals, we 
utilized a highly sensitive ELISA kit 
(TransAM NF-kB family transcrip-
tion factor assay kit; Active Motif 
North America, Carlsbad, CA) to 
measure the expression of p65 
which our group recently reported 
on [44].

Figure 3. Linear correlation between LV PKC isoform levels and ionized 
Mg in normal and MgD rats with and without Mg added to the drinking 
water; n=10-12 animals per group. PKC-alpha is diamond (linear re-
gression equation: y=-0.367x + 0.5121; r=0.9237); PKC-beta is square 
(linear regression equation: y=-0.241x + 0.9349; r=0.8326); PKC-
gamma is triangle (linear regression equation: y=-0.1868x + 0.3371; 
r=0.8513); PKC-delta is x (linear regression equation: y=-0.3555x + 
0.1568; r=0.7329); PKC-mu is circle(linear regression equation: y=-
0.1292x + 3.1296; r=0.8365); and PKC-zeta is minus (linear regres-
sion equation: y=-0.2339x + 1.0013; r=0.8005). PKC-epsilon is not 
shown as there were no significant differences in levels of this isoform 
in animals fed MgD diets (P>0.05).

Figure 4. Linear correlation between aortic smooth muscle PKC iso-
form levels and ionized Mg in normal and MgD rats with and without 
Mg added to the drinking water; n=10-12. PKC alpha is diamond (lin-
ear regression equation: y=-0.262x +1.2252; r=0.892); PKC-beta is 
square (linear regression equation: y=-0.2805x + 0.9159; r=0.8946); 
PKC-gamma is triangle (near regression equation: y=-0.2747x + 
0.0943; r=0.7784); PKC-delta is x (linear regression equation: y=-
0.1731 + 1.8653; r=0.8303); PKC-mu is circle (linear regression equa-
tion : y=- 0.2273x + 1.3598; r=0.7901); and PKC-zeta is minus (linear 
regression equation: y=- 0.1868 + 0.3371; r=0.8513). PKC-epsilon is 
not shown as there were no significant differences in levels of this iso-
form in animals fed MgD diets (P>0.05).
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Influence of pharmacological inhibitors of PKC 
activation on ceramide and sphingosine levels 
and expression of p65 in VSM cells exposed to 
low [Mg2+]0

The classical and novel PKCs when activated by 
phorbol esters signal primarily through proteins 

inhibitors (above) for 18 hr, as above. The NF-kB 
p65 DNA-binding protein was then measured in 
the cells with and without the PKC inhibitors.

In the third set of experiments, VSM cells, in 
culture, were exposed to NKRB for 2 hr, and we 
then determined the sphingosine level in cells 

Figure 5. PKC isoform levels in sera of control and MgD rats with 
and without Mg added to the drinking water. Mean values (± SE) for 
MgD animals are significantly different from control groups except 
for PKC epsilon.

Figure 6. Linear correlation between serum PKC isoform levels and 
serum ionized Mg in normal MgD rats with and without Mg added to 
the drinking water. n=10-12. PKC-alpha is diamond (linear regres-
sion equation: y=-18.816x + 13.701; r=0.9214); PKC-beta is square 
(linear regression equation: y= -13.183x + 9.9808; r=0.9461); PKC-
gamma is triangle (linear regression equation: y=-8.6959 + 6.6374; 
r=0.7008); PKC-delta is x (linear regression equation: y=-19.891 + 
13.395; r=-0.871); PKC-mu is star (linear regression equation: y=-
7.0848x + 7.9879; r=0.9544); PKC=theta is circle (linear regres-
sion equation: y=- 8.6959x + 6.6374; r=0.7008); and PKC-zeta is 
plus (linear regression equation: y=13.206x + 10.873; r=0.9685). 
PKC-epsilon is not shown as there were no significant differences in 
levels of this isoform in animals fed MgD diets (P>0.05).

with C1 domains. In order to investi-
gate the possible involvement of one 
or more PKCs in hydrolysis of SM (acti-
vated by low [Mg2+]0), thus releasing 
ceramide, we used a panel of inhibi-
tors that block different classes of 
PKCs, i.e., bisindolemaleimide I (2 uM, 
Sigma, St Louis, MO) an inhibitor of 
classical and novel PKCs; rottlerin (10 
uM, Sigma St, MO) an inhibitor of PKC-
delta; GO 6976 (5 uM, Sigma, St Louis, 
MO) an inhibitor of classical PKCs 
(e.g., alpha and beta1), and an iso-
form-specific inhibitory myristoylated 
peptide derived from the pseudosub-
strate (PS) region of PKC-zeta (10 uM; 
Biomol) to inhibit PKC-zeta. All of the 
VSMs, in culture, were first exposed to 
NKRB (with normal Mg2+) for 2 hr as 
done previously containing either one 
of the four PKC antagonists or a com-
parable volume of saline (controls). 
We then exposed the cells to either 
0.3 or 1.2 mmol/l Mg2+, containing 
one of the four PKC antagonists, for 
18 hr.

In one set of experiments, we extract-
ed the lipids in the cells as we have 
detailed elsewhere [43, 44]. The 
ceramide was next converted into 
ceramide-1-[32P] phosphate by 
Escherichia coli DAG kinase, and the 
lipids separated on high-performance 
TLC plates as described elsewhere 
[43, 44]. After autoradiography and 
counting of the radioactivity (in a scin-
tillation counter, LS-6500; Beckman), 
the ceramide levels were quantified 
and results reported as picomoles per 
108 cells.

In the second set of experiments, VSM 
cells, in culture, were exposed to 
NKRB for 2 hr, and we then deter-
mined the expression of p65 in cells 
exposed to either 0.3 or 1.2 mmol/l 
Mg2+ containing one of the four PKC 
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exposed to either 0.3 or 1.2 mmol/l Mg2+ con-
taining one of the four PKC inhibitors (above) for 
2 hr, as above.

Assay of cytokines and chemokines in cardio-
vascular tissues, sera and VSM cells in culture 
exposed to low Mg2+ with and without inhibi-
tors

For the assays in sera and cardiovascular tis-
sues, we utilized methods recently employed in 
our laboratory [44]. Sera and tissues were har-
vested from the control and MgD animals, as 
described above, and kept frozen (-85°C) until 
biochemical analysis [44]. Multi-Analyte 
ELISArray kits were used for the quantitative 
measurement of different cytokines (i.e., 
IL-1beta, IL-2, IL-6, IL-10, IL-12, IFN-gamma and 
TNF-alpha) [44]. We read the absorbances at 
450 nm within 30 min of stopping the reaction. 
Standards were used, standard curves were 
plotted, and the experimental cytokine values 
were calculated.

For analysis of select cytokine (IL-1beta, IL-6, 
IL-8, and TNF-alpha) and chemokine [monocyte 
chemoattractant protein-1 (MCP-1)] concentra-
tions in aortic VSM cells in culture, we used 
select antibodies similar to those reported 

recently [44]. Briefly, the VSM cell experiments 
employed an identical regimen we used for 
evaluation of the effects of low [Mg2+]0 in the 
presence or absence of PMA (with and without 
scyphostatin) or in the presence of fumonisin 
B1, as in the above studies for SM, sphingosine 
and ceramide.

Statistical analyses

Where appropriate, means and means ± 
S.E.M.s were calculated. Differences between 
means were assessed for statistical signifi-
cance by Student’s t-test and ANOVA followed 
by a Newman-Keuls test. In some cases, corre-
lation coefficients were calculated by the meth-
od of least squares. P values of<0.05 were con-
sidered significant.

Results

Serum total and ionized Mg levels

Feeding the animals the synthetic pellet diet 
(n=18-20 animals/group) resulted in a total 
serum Mg level of 1.05 ± 0.03 mM/l, whereas 
the animals that received the MgD diet demon-
strated a serum total Mg level of 0.40 ± 0.004 
mM/l (P<0.01). The serum level of ionized Mg in 

Table 1. Influence of PMA on total ceramide (pmol/108 cells), [3H]-labeled ceramide (cpm x 103/mg 
wet wt), sphingosine (pmol/ug protein), and p65 DNA-binding protein of NF-kB (% control) in single 
aortic smooth muscle cells in the presence and absence of either scyphostatin or fumonisin B1 in 
Mg2+-NKRB

Total ceramide [3H]-ceramide sphingosine p65
Controls 33 ± 3.3 0.52 ± 0.05 0.0015 ± 0.0003 100
PMA 48 ± 3.6* 0.70 ± 0.08* 0.0018 ± 0.0005 147 ± 12*

PMA + Scyph 42 ± 3.1* 0.66 ± 0.04* 0.0020 ± 0.0006 140 ± 14*

PMA + Fum 37 ± 3.3 0.58 ± 0.04 0.0022 ± 0.0006 124 ± 8*

Values are means ± SE; n=6-8 animals per group. *P<0.01 compared to controls.

Table 2. Influence of PMA on total ceramide (pmol/108 cells), [3H]-labeled ceramide (cpm x 103/mg 
wet wt.), sphingosine (pmol/ug protein), and p65 DNA-binding protein of NF-kB (% control) in single 
aortic smooth muscle cells in the presence and absence of either scyphostatin or fumonisin B1 in 
low [Mg2+]0-NKRB

Total ceramide [3H]-ceramide sphingosine p65
Controls (low Mg) 62 ± 5.8* 1.04 ± 0.08* 0.0038 ± 0.0008* 192 ± 16*

PMA (+ low Mg) 82 ± 5.2** 1.32 ± 0.12** 0.0042 ± 0.0010* 198 ± 18*

PMA (+ low Mg) w/scy 76 ± 5.2** 1.28 ± 0.10** 0.0036 ± 0.0008* 188 ± 18*

PMA (+ low Mg) w/fum 74 ± 5.2** 1.08 ± 0.06** 0.0044 ± 0.0010* 146 ± 12*

Values are means ± SE; n=6-8. *Significantly different from mean values in normal-NKRB (P<0.01; Table 1). **Significantly dif-
ferent from mean values in low [Mg2+]0 (P<0.01).
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the normal, control group was 0.58 ± 0.002 
mM/l, whereas in the MgD group the mean 
serum ionized Mg level was lowered to 0.28 ± 
0.004 mM/l (P<0.01). Feeding the animals vari-
ous levels of Mg in their drinking water (as 
shown previously, [42-45]) resulted in concen-
tration-dependent rises in both the total and 
ionized levels of serum Mg. Use of 15 and 40 
mg/l/day of Mg2+ in their drinking water elevat-
ed the total Mg to 68 (0.69 ± 0.005 mM/l) and 
85% (0.84 ± 0.007 mM/l), respectively, of nor-
mal whereas feeding 100 mg/l/day raised the 
total serum Mg level to 0.98 ± 0.004 mM/l 
(n=18-20/group). With respect to the serum 
ionized levels , feeding animals 100 mg/l/day 
of Mg2+ restored the level of ionized Mg to nor-
mal while feeding 15 and 40 mg/l/day of Mg2+ 
in the drinking water raised the serum ionized 
Mg levels to 68% and 72%, respectively , of nor-
mal (n=16-18; P<0.05).

Influence of dietary Mg intake on PKC isozyme 
levels in cardiac and vascular smooth muscles 
and in sera: relationship to serum ionized Mg

Figure 1 shows that feeding rats a MgD diet for 
21 days resulted in 300-400% rises in all of the 
PKC isoforms in LV muscle, except for PKC-
epsilon, while aortic smooth muscle demon-
strated 300-500% elevations in the levels of all 
isoforms, except for PKC-epsilon (Figure 2). 
Interestingly, feeding the MgD animals as little 
as 15 mg/l/day of Mg in the drinking water in LV 
and aortic smooth muscles reduced the rises in 
some of the PKC isoforms, but not all , whereas 
feeding 100 mg/l/day of Mg2+ restored all of 
the PKC isoform levels to normal (P<0.01, 
ANOVA; see Figures 1 and 2). From linear 
regression analysis of the data (Figures 3 and 

ionized Mg, the higher the levels of PKC iso-
forms (r=0.70-0.96, P<0.01) with PKC zeta 
showing the highest inverse correlation to the 
ionized Mg level.

Influence of PMA on ceramide, [3H] ceramide, 
sphingosine and expression of NF-kB levels 
in primary cultured aortic cells: effects of scy-
phostatin and fumonisin B1

The data presented in Table 1 indicate that pro-
longed incubation of single aortic VSM cells 
with PMA (in NKRB solution, containing normal 
Mg2+) caused significant rises in the content of 
ceramide and expression of p65; levels of 
sphingosine were not altered significantly. 
However, the addition of the N-SMase inhibitor 
(i.e., scyphostatin) to the cell cultures only 
slightly attenuated the PMA-induced rises in 
total ceramide, [3H]-labeled ceramide, and p65. 
A repeat of the same experimental protocol 
(with PMA) using the CS inhibitor fumonisin B1, 
in place of scyphostatin, resulted in consider-
able inhibition of the rises in total cellular 
ceramide, and [3H]-labeled ceramide as well as 
NF-kB activation (Table 1); sphingosine levels 
were not altered significantly. Incubation of the 
single cells in low Mg (in absence of PMA) 
resulted in rises in total ceramide, [3H]-ceramide, 
sphingosine, and p65 (Table 2) compared to 
results in normal Mg-containing-NKRB (see 
Table 1). Using low [Mg2+]0-KRB (containing 
PMA) in place of NKRB resulted in greater rises 
in cellular levels of total ceramide and 
[3H]-labeled ceramide as well as steep rises in 
NF-kB activation (Table 2); sphingosine levels 
were, however, not elevated over and above 
that seen in absence of PMA.

Table 3. Influence of pharmacological inhibitors of PKC isozyme 
activation on total ceramide (pmol/108 cells), [3H]-labeled 
ceramide (cpm x 103/mg wet wt.), and sphingosine (pmol/ug 
protein) in single aortic VSM cells exposed to low [Mg2+]0

Total ceramide [3H]-ceramide sphingosine
Controls-low Mg2 65 ± 5.3* 0.98 ± 0.06* 0.0036 ± 0.0008*

Bisindolem I 42 ± 3.8** 0.88 ± 0.04** 0.0032 ± 0.0008*

Rottlerin 58 ± 5.6* 1.02 ± 0.08* 0.0040 ± 0.0010*

GO 6976 52 ± 5.0** 0.90 ± 0.06** 0.0038 ± 0.0006*

PKCzeta pept 60 ± 5.8* 0.74 ± 0.04** 0.0026 ± 0.0004**

Values are means ± SE; n=6-8 per group. *Significantly different from mean val-
ues in normal Mg2+-containing NKRB (compared to values in Table 1; P<0.01). 
**Significantly different from mean control values in low Mg2+.

4), it is clear that the lower the 
serum level of ionized Mg, the 
greater the rises in the levels of 
all PKC isoforms, except for PKC-
epsilon (r=0.73-0.92, P<0.01). 
There were either no or weak cor-
relations (e.g., 0.3-0.4) between 
total serum Mg and the PKC iso-
form data (data not shown). 
Figure 5 indicates that the sera 
levels of the eight PKC isoforms 
paralleled the relative levels in 
the LV. From linear regression 
analysis of these data (Figure 6), 
it is clear that the lower the serum 
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Influence of pharmacological inhibitors of 
PKC activation on total cellular ceramide 
levels, sphingosine, [3H]-labeled ceramide and 
expression of p65 in VSM cells exposed to low 
[Mg2+]0

Exposure of aortic VSM cells, in culture (with 
0.3 mM/l Mg2+), for 18 hr in the presence of a 
variety of both classical and novel PKC inhibi-
tors, resulted in varying falls in the elevated lev-
els of total cellular ceramide and expression of 
the p65 DNA-binding protein (subunit of NF-kB) 
which has been demonstrated recently to be 
expressed in cultured VSM cells incubated in 
low [Mg2+]0 [44, 61, 62] (Table 3); the 
[3H]-labeled fraction of ceramide was only mod-
erately attenuated in the presence of the clas-
sical and novel PKC antagonists. However, 
exposure of the VSM cells, in low [Mg2+]0-KRB, 
to the PS-PKC-zeta inhibitor resulted in the 
greatest attenuation in the [3H]-labeled rises in 
ceramide and p65; sphingosine levels also 
appeared to be lowered (Table 4).

In contrast to the effects of the PKC inhibitors 
on the pulsed-labeled ceramide levels, the four 
different PKC antagonists exerted varying 
effects on the cellular levels of expression of 
p65 in VSMCs exposed to low [Mg2+]0. For 
example, bisindolemaleimide I reduced the 
level of the stimulated (in low Mg)-active form 
of p65 approximately 40%, whereas exposure 
of the MgD cells to rottlerin reduced p65 levels 
by approximately 12-18% (Table 4). Incubation 
of the MgD VSMCs with Go6976 resulted in a 
15-20% reduction in active p65, whereas expo-
sure of the MgD cells to the isoform-specific 
inhibitory peptide against PKC zeta resulted in 
a 30-35% reduction in the activation of p65.

Correlation of PKC isoform levels in LV and aor-
tic muscle tissues with levels of activated p65

Inasmuch as the above suggested that that 
there may be cross-talk between activated lev-
els of PKC isoforms and NF-kB activation, we 
hypothesized that several of the PKC isoforms 
(e.g., alpha, beta, delta, gamma, mu, and zeta) 
would be correlated to different degrees to acti-
vated levels of p65 in LV and aortic muscle 
obtained from the MgD rats. As indicated in 
Figure 7, the LV and aortic smooth muscles, 
obtained from the MgD animals, demonstrate 
marked elevations in p65 levels, similar to that 
reported previously, while feeding the animals 
as little as 15 mg/l Mg2+ in the drinking water 
reduced the expression of p65. The data shown 
in Figures 8 and 9 seem to support our hypoth-
esis that correlations between the PKC iso-
forms and p65 levels in MgD animals are quite 
high (i.e., r=0.81-0.94, P<0.01).

Determination of origin of free sphingosine in 
VSM cells: de novo biosynthesis vs. complex 
sphingolipids

The results shown in Figures 10 and 11 indi-
cate that when aortic VSM cells in culture are 
exposed to low [Mg2+]0, there is a gradual rise in 
[3H] palmitate-labeled sphingosine, but not [3H] 
serine-labeled sphingosine, over 6 hr, suggest-
ing that the sphingosine arises from complex 
sphingolpids. Repeating these experiments in 

Table 4. Influence of pharmacological inhibi-
tors of PKC isozymes on expression of p65 
DNA-binding protein of NF-kB in single aortic 
VSM cells exposed to low [Mg2+]0

p65 (% control)
Bisindolem I 148 ± 12*

Rottlerin 182 ± 14*

GO 6976 166 ± 12*

PKCzeta peptide 128 ± 8**

Values are means ± SE; n=6-10. *Significantly different 
from mean control values in Mg2+-deficient NKRB (com-
pared to mean values in Table 2; P<0.01). **Significantly 
different from mean control values in Mg2+-deficient 
NKRB (Table 2) and all other mean values in this Table 
(P<0.01; ANOVA). Figure 7. p65 levels in LV and aortic vascular muscle 

in normal and MgD rats with and without Mg2+ added 
to the drinking water; n=8-12 animals per group. 
Bars are SEs. Open bar ( ) = control; dark filled-in 
bar = MgD; horizontal lines = MgD + 15 mg/l/day of 
Mg2+; vertical lines = MgD + 40 mg/l/day Mg2+; and 
cross-hatched = MgD + 100 mg/l/day.



Mg deficiency, PKC isoforms and ceramide

11 Int J Clin Exp Med 2014;7(1):1-21

the presence of fumonisin B1 dem-
onstrates inhibition of the [3H] palmi-
tate-labeled sphingosine, seeming to 
confirm this hypothesis. Use of scy-
phostatin under the same protocol, 
in low [Mg2+]0, failed to inhibit the for-
mation of [3H] palmitate-labeled 
sphingosine.

Assay of cytokines and chemokines 
in cardiovascular tissues, sera and 
primary cultured VSM cells with and 
without inhibitors: correlation of PKC 
isoform levels in LV and aortic mus-
cle tissues with levels of cytokines

The results shown in Table 5 demon-
strate that pre-incubation of the pri-
mary cells (exposed to low Mg2+) with 
bisindolemaleimide I resulted in sig-
nificant reductions in the cellular lev-
els of the cytokines IL-1beta, IL-6, 
IL-8, and TNF-alpha as well as the 
chemokine MCP-1. However, pre-
incubation of the cultured cells with 
either rottlerin or GO 6976 also 
resulted in some reductions in all of 
the cytokines as well as MCP-1, 
although at somewhat less inhibitory 
levels (Table 5). Interestingly, pre-
incubation of the VSM cells (exposed 
to low Mg2+) with the PKC zeta inhibi-
tor, i.e., isoform-specific-myristoylat-
ed peptide (see Methods), also 
resulted in significant reductions in 
the cellular levels of the cytokines 
and chemokine (Table 5).

The results shown in Figure 12 con-
firm recently reported data [44] 
which indicate that cardiovascular 
tissues harvested from MgD animals 
show 3-10 fold rises in cytokine and 
chemokine levels whereas MgD ani-
mals fed as little as 15-40 mg/l Mg 
in their drinking water largely pre-
vented the rises in levels of cytokines 
and chemokines. The data summa-
rized in Figures 13-15, using multiple 
regression analysis, indicates high 
degrees of correlation (0.69-0.99, 
P<0.001) of LV and aortic muscle 
PKC isoform levels to cytokine levels 
in tissues obtained from the MgD 
animals. Although not shown, all of 

Figure 8. Linear correlation between PKC isoform levels in LV and p65 
in normal and MgD rats with and without Mg2+ added to the drinking 
water; n=8-12 animals per group. PKC-alpha is diamond (linear re-
gression equation: y=0.224x + 1.249; r=0.9405); PKC-beta is square 
(linear regression equation: y=0.1478x + 1.4016; r=0.8651); PKC-
gamma is triangle (linear regression equation: y=0.1173x + 0.7038; 
r=0.837); PKC-delta is x (linear regression equation: y=0.243x + 
0.1241; r=0.9452); PKC-mu is star (linear regression equation: y= 
0.0768x + 0.8153; r=0.8153); PKC-theta is (linear regression equa-
tion: y=0.1119x + 0.7424; r=0.844); circle and PKC-zeta is plus (lin-
ear regression equation: y=0.1418x +2.3825; r=0.812). PKC-epsilon 
is not shown as there were no significant differences in levels of this 
isoform in animals fed MgD diets (P>0.05).

Figure 9. Linear correlation between PKC isoform levels in aortic vas-
cular muscle in normal and MgD rats with and without Mg added 
to the drinking water; n=8-12 animals per group. PKC-alpha is dia-
mond (linear regression equation: y=0.262x + 1.2252; r=0.8924); 
PKC-beta is square (linear regression equation: y=0.2805x + 0.9159; 
r=0.8946); PKC-gamma is triangle (linear regression equation: 
y=0.2747x + 0.0943; r=0.7784); PKC-delta is x (linear regression 
equation: y=0.1731x + 1.8653; r=0.8303); PKC-mu is star (linear re-
gression equation: y=0.2273x + 1.3598; r=0.7901); PKC-theta is cir-
cle (linear regression equation: y= 0.3779x + 0.1487; r=0.9554); and 
PKC-zeta is plus (linear regression equation: y= 0.1868x + 0.3371; 
r= 0.8513).



Mg deficiency, PKC isoforms and ceramide

12 Int J Clin Exp Med 2014;7(1):1-21

the cytokines assayed in this study demon-
strated a high degree of linear correlation 
(0.72-0.99, P<0.01) to all the PKC isoforms, 
except for PKC-epsilon.

Discussion

The results reported, herein, are the first dem-
onstration that short-term deficiency of Mg in 
an intact mammal results in activation of all 
classes of PKC isoforms (i.e., classical, novel, 
and atypical PKCs) in cardiac and VSM tissues 
and cells. To our knowledge, this the first time 

lular levels of SM, PC, DAG and ceramide [32, 
33]. Ceramide, either released as a conse-
quence of SMase acting on SM and/or activa-
tion of either SPT or SMS or activation of CS is 
now thought to play important roles in funda-
mental pathological processes such as cell pro-
liferation, angiogenesis, immune inflammatory 
responses, cell adhesion, atherogenesis, 
microcirculatory functions, membrane-receptor 
functions, senescence, and programmed cell 
death as well as transport and distribution of 
Mg2+ in VSM cells [32, 33, 35, 38, 42-45, 
66-68, 71, 72, 74-81].

Figure 10. [3H]-palmitate and [3H]-serine incorporation into free sphin-
gosine free base in primary cultured single aortic VSM cells exposed 
to 0.3 mM [Mg] (with and without fumonisin B1 (FB1) - see Methods) 
over time; n=6-8.

Figure 11. [3H]-serine and [3H]-palmitate incorporation into free sphin-
ganine base in primary cultured single aortic VSM cells exposed to 0.3 
mM [Mg] - see Methods over time. N=6-8.

anyone has shown an upregulation 
of all classes of PKC isoforms by 
MgD in any cell type in any species. 
We also demonstrate for the first 
time that there is cross-talk 
between the ceramide, sphingo-
sine, NF-kB, cytokine and PKC path-
ways in cardiovascular cells in MgD 
animals. In addition, we demon-
strate that as little as 15 mg/l of 
Mg2+ added to drinking water pre-
vents the upregulation of the PKC 
isoforms in both intact cardiac and 
VSM produced by low [Mg2+]0. We 
also demonstrate that blood levels, 
in the MgD animals, of the PKC iso-
forms parallel those found in the LV 
(the significance of this is discussed 
below). Lastly, we provide evidence 
for a role for the “sphingolipid sal-
vage pathway” in VSM cells.

Molecular pathways for synthesis 
of ceramides and low Mg

The molecular pathways via which 
ceramides are synthesized are 
known to be highly conserved 
between yeast and mammals [67-
69]. The de novo synthesis of SM is 
brought about via the action of ser-
ine palmitoyl-CoA transferase (SPT), 
3-ketosphinganine reductase, CS, 
dihydroceramide desaturase and 
SM synthase (SMS) [35, 64, 68-74]. 
This reaction directly affects SM, 
phosphatidylcholine (PC), and 
ceramide as well as DAG levels. 
Three of us have previously noted, 
using primary cerebral and periph-
eral VSM cells in culture, that a vari-
ation in [Mg2+]0 influences the cel-
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Low Mg, PKC isoforms and ceramide via sphin-
golipid salvage pathway

Although the activation of N-SMase, SPT-1, 
SPT-2 as well as SMS by low [Mg2+]0 results in 
(and ensures) ceramide production in cardio-
vascular tissues [42-45], the activation of CS 
(by low Mg2+) via the “salvage pathway” could 
result in additional levels of de novo ceramide 
along with elevated levels of sphingosine [58]. 
The present studies, we believe, provide new 
evidence for the existence of the latter (“sal-
vage”) pathway in cardiovascular tissues via 
activation of several isoforms of PKC. Our pres-
ent experiments employing 4-beta-phorbol 
12-myristate 13-acetate to stimulate both the 
novel and classical PKC pathways in vascular 
tissue, with and without specific antagonists of 
all three classes of PKC isoforms, suggest that 
activation of PKC-zeta appears to play a domi-
nant role in de novo formation of ceramide 
(along with sphingosine) via the “salvage path-
way”. The failure of PMA stimulation on palmi-
tate-labeling of ceramide seems to demon-
strate that PMA, in our experiments, must 
perforce result in the accumulation of ceramide 
from pre-labeled precursors other than sphin-
gosine, particularly as PMA does not stimulate 
PKC-zeta. We hypothesize such a scenario 
implicates the salvage pathway. We believe the 
present work is the first to implicate the sal-
vage pathway in cardiovascular tissues via 
cross-talk with the PKC isoform-PKC-zeta. If 
confirmed, our results could be suggestive of 
new therapeutic and prophylactic approaches 
in the management of some cardiovascular dis-
eases, e.g., hypertension, coronary ischemic 
syndromes and atherosclerosis.

Since we have reported, previously, that low 
[Mg2+]0 environments can result in activation of 

N-SMases, SPT-1, and SPT-2 which result in 
production of elevated ceramide levels in car-
diac and VSM cells [42-45], the results in this 
study, when taken together with our previous 
data suggest that the resultant production of 
ceramide is, most likely, recruiting all three 
classes of PKC molecules, with a great effect 
on the recruitment of PKC zeta. A number of 
previously published studies, using a variety of 
cell types (including VSM), have found that the 
atypical isoforms of the PKC superfamily, e.g., 
PKC zeta, is directly or indirectly regulated by 
several lipids including ceramides [25, 27, 32, 
40, 48, 53, 54, 67, 73]. Over the past decade a 
number of studies have accumulated to sug-
gest that PKC zeta plays fundamental roles in 
cardiac ischemic-reperfusion events, the cardi-
ac endothelial synthesis of nitric oxide (NO), 
release of reactive oxygen species, proathero-
sclerotic events, mitogenesis and proliferation 
in VSM cells, diabetic-vascular events, and 
apoptosis [48, 49, 54-57, 82-85]. It is impor-
tant to note, here, that we have shown that 
MgD environments result in synthesis of NO in 
cardiac, vascular smooth muscle as well as 
microvessels [86] concomitant with release of 
reactive oxygen species, proatherosclerotic 
events, and apoptosis [42-45, 86]. In view of 
the present findings, it is of interest to point 
out, here, that In vitro studies on working and 
perfused rat hearts obtained from MgD ani-
mals clearly demonstrate that even short-term 
MgD results in reduction in a variety of hemody-
namic functions, e.g., falls in cardiac output, 
coronary flow, stroke volume, developed pres-
sures and ischemia concomitant with a lower-
ing of high-energy phosphates [10, 20, 24]. 
Obviously, such findings would be compatible 
with a release/synthesis of ceramides and acti-
vation of PKC isoforms (e.g., zeta) along with 
several other PKC isoforms suggested by the 

Table 5. Influence of PKC isozyme enzyme inhibitors on cytokine/chemokine levels released from 
aortic VSM cells (in culture) exposed to low [Mg2+]0

[Mg], mM IL-1beta, pg/ml IL-6, pg/ml IL-8, pg/ml TNF, pg/ml MCP-1, ng/ml
Control 1.2 mM 4.8 ± 0.4 224 ± 28 0.22 ± 0.06 6.2 ± 1.0 0.32 ± 0.06
0.3 38.4 ± 3.2* 622 ± 44* 2.28 ± 0.24* 26.4 ± 4.2* 2.88 ± 0.4*

w/Bisindole 24.2 ± 2.6** 428 ± 36** 1.56 ± 0.14** 16.8 ± 2.4** 1.98 ± 0.2**

w/Rottlerin 32.2 ± 2.8* 518 ± 38* 1.98 ± 0.18* 22.4 ± 1.8* 2.42 ± 0.4*

w/GO 6976 30.4 ± 2.2** 484 ± 32** 1.76 ± 0.14** 20.6 ± 1.6* 2.22 ± 0.2**

w/PKCzetpep 26.8 ± 2.2** 460 ± 34** 1.64 ± 0.12** 18.6 ± 2.2** 2.08 ± 0.2**

Values are means ± SE; n=6-10 per group. *Significantly different from mean values in 1.2 mM Mg2+ (P<0.01). **Significantly 
different from mean values in 1.2 and 0.3 mM Mg2+ (P<0.01; ANOVA).
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present studies. In this context, it has been 
demonstrated, recently, that specific inhibition 
of PKC zeta exerts protective effects on isch-
emia-reperfusion injury events in rat heart 
preparations [84]. The fact that our new results 
demonstrate a parallel rise of PKC isoforms in 
the sera of the MgD animals, similar to those in 
the highly-muscularized LV, indicates that the 
dietary deficiency of Mg used herein (and previ-
ously) must perforce damage the cardiac cells 
to allow PKC isozymes (MW=70-100 kD) to leak 
out of the cells into the blood stream. Previously, 

grammed cell death in both cardiac and 
vascular smooth muscles may be, at least, in 
part, a result of ceramide-mediated PKC zeta 
activation.

A prime function of ceramide’s role in patho-
physiological events is its ability to induce cell 
transformation and differentiation [35, 67, 71, 
75, 79]. Abnormal cell differentiation, transfor-
mation, and growth are major factors in the 
development of both atherogenesis and hyper-
tension [59, 89-92]. Hyperplasia and cardio-

Figure 12. Cytokine levels in LV and aortic vascular muscle in normal and 
MgD rats with and without Mg2+ added to the drinking water; n=8-12 ani-
mals per group.

Figure 13. Multiple regression analysis of left ventricular (LV) and aortic 
vascular muscle PKC-alpha and beta isoform levels with IL-1beta levels. 
Regression equations with r-values are shown in the figure. n=10-12.

using the same model of MgD, 
we reported leakage of lactic 
acid dehydrogenase (MW=140-
230 kD), creatine phosphoki-
nase (80-85 kD), and SGOT 
(MW=90-95 kD) [45]. 

Potential role of PKC isoforms 
as biomarkers in Mg deficiency

At present, there is no way to 
positively identify the presence 
of a MgD in patients or animals 
other than subjecting the hosts 
to a Mg-load test or a serum ion-
ized Mg test. Since neither of 
these is in clinical use, as yet, 
we believe our new findings of 
high levels of several PKC iso-
forms in sera of MgD animals 
may point to a new method for 
determining the presence of a 
MgD, clinically. This hypothesis 
should be put to rigorous testing 
in the future for its potential 
implications.

Potential role of PKC zeta acti-
vation linked to NF-kB in MgD-, 
programmed cell death, cell 
transformation and differentia-
tion

Recently, it was shown that MgD 
results in apoptotic events in 
both cardiac and VSM cells [41, 
87, 88]. Since it has been shown 
that the ceramide-mediated 
PKC zeta activation can lead to 
inhibition of cell growth in some 
cells [50, 54, 55, 57], it is tempt-
ing to speculate that our find-
ings of MgD-induced pro-
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vascular hypertrophy are common events in 
hypertension and key elements in target organ 
damage [59, 90, 91, 93]. But, the precise 
mechanisms regulating alterations in tissue 
mass, transformation of VSM cell phenotypes, 
plaque formation in vascular walls, and lipid 
deposition are not completely understood [59, 
89, 90, 92]. Activation of NF-kB DNA-binding 
proteins is known to play important roles in ath-
erogenesis and hypertension [59, 93]. NF-kB is 

way”). It is important to point out, here, that 
ceramide and activation of NF-kB (and p53; 
see [43]) are known to induce cell cycle arrest 
(and senescence), induce programmed cell 
death, and are associated with DNA damage 
(genotoxic events) [59, 67, 75-77, 93]. MgD can 
induce all of these pathophysiological phenom-
ena in multiple cell types [1, 18, 42-45, 87, 88, 
90]. Our present findings could be used to sug-
gest that MgD environments drive ceramide 

Figure 14. Multiple regression analysis of LV and aortic vascular muscle PKC-
delta and zet isoform levels with TNF-alpha levels . Regression equations with 
r-values are shown in the figure. n=10-12.

Figure 15. Multiple regression analysis of LV and aortic vascular muscle PKC-
gamma and mu isoform levels with IFN-gamma levels. Regression equations 
with r-values are shown in the figure. n=10-12.

a transcription factor and a 
pleiotrophic regulator of numer 
ous genes important in inflam-
matory processes involved in 
atherogenesis and hyperten-
sion. It is not, as yet, clear as  
to what factor(s) initiate these 
molecular and cellular events. 
Recently, we demonstrated in 
the same model of MgD used, 
herein, that the key NF-kB 
DNA-binding proteins, p65 and 
cRel, are activated along with 
ceramide [44], a number of 
cytokines/chemokines [44], 
and p53 [43]; the latter tumor 
suppressor protein is known to 
play key roles in regulation of 
cell growth and apoptosis [92, 
93], important events in gen-
eration of atherogenesis and 
hypertension. The present 
studies confirm the associa-
tion of NF-kB activation with 
simultaneous elevation in 
ceramide levels. The present 
work shows that the former 
(i.e., NF-kB activation) is asso-
ciated with an activation of 
several PKC isoforms, with 
PKC zeta having a large role in 
these events. Moreover, our 
findings indicate that this acti-
vation of PKC zeta is, in large 
measure, dependent upon a 
rise in pulsed-labeled cera- 
mide, which, to us, suggests 
that the activation of PKC zeta, 
at least in primary cultured rat 
aortic cells, is most likely 
dependent on generation of 
ceramide (and probably sphin-
gosine via “the salvage path-
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synthesis, at least, in part, in VSM cells via the 
CS and “salvage pathways”.

MgD results in activation of sphingolipids, 
vasospasm and inflammation: relation to cyto-
kine and chemokine release

It should be recalled here that Mg2+-deficient 
environments, both in vivo and in vitro, have 
been repeatedly shown to produce arterial and 
arteriolar contraction and vasospasm (see [1-5, 
8, 16, 17, 24]). Up to the present studies, it has 
generally been thought that these contractile 
response of blood vessels are dependent, pri-
marily, on both an influx of [Ca2+]0 and an intra-
cellular release of [Ca2+]i [1, 8, 11, 16-18, 63]. 
Since ceramides, sphingosine, and sphingo-
sine-1-phosphate have been demonstrated to 
induce contraction of diverse VSM as well as 
vasospasm of blood vessels [1, 34, 36, 37, 39, 
40], we hypothesize, based on the studies pre-
sented herein, that activation of several PKC 
isoforms, including PKC-zeta probably play 
major roles in coronary and cerebral vaso-
spasm seen under clinical conditions as well as 
in hypertensive and stroke events. Several 
recent studies have implicated PKC zeta in ath-
erosclerotic plaque formation (and rupture), 
monocyte- and endothelial-oxidation of LDL, 
and fibroblast proliferation (see [57] for review). 
All of these events are inflammatory in nature 
and involve synthesis and release of different 
cytokines and chemokines. In this context, our 
present data, when viewed in light of other 
recent studies (see [44]), show clear relation-
ships to generation of these cytokines (and 
chemokines) and activation of PKC isoforms 
(particularly PKC zeta) coupled to release and 
generation of ceramide and sphingosine in 
MgD animals. We, thus, believe prolonged MgD 
states result in inflammatory conditions which 
can give rise to hyperlipidemic states [1, 14, 
18, 23, 25, 32, 33, 45], atherogenesis [25], 
hypertension [9, 13, 19, 26, 50], and cardiac 
damage, possibly in large measure due to 
cross-talk between PKC isoforms, activation of 
de novo biosynthetic pathways for ceramide 
release, generation of ceramide and sphingo-
sine via the salvage pathway coupled to release 
of cytokines and chemokines and activation of 
NF-kB.

MgD states result in upregulation of NF-kB 
linked to PKC activation

NF-kB is kept in the cytosol of quiescent cells 
via the inhibitor proteins IkB; the latter being 

degraded with cell activation via a diverse num-
ber of stimuli [51, 52, 57], of which MgD states 
appears to be one [1, 11, 44, 61, 62]. These 
stimuli are known to include cytokines and che-
mokines, including IL-2, IL4, TNF-alpha, and 
MCP-1 [51, 52], which we have shown herein 
and elsewhere to be upregulated by MgD states 
[44]. Degradation of IkB occurs when it under-
goes ubiquination via a proteasome system 
[57]. Atypical PKCs, particularly PKC zeta, have 
been suggested to be important mediators in 
control of cell survival via activation of NF-kB 
[51, 57]. We, herein, clearly demonstrate that 
upregulation of PKC zeta by MgD in cardiovas-
cular tissues and cells is linked to activation of 
NFkB. Recently, we reported that MgD in car-
diovascular tissues and cells leads to phos-
phorylation of IkB by the IKK complex [44, 61, 
62], a pivotal step in the release and transloca-
tion of NF-kB to the nucleus [57]. PKC-zeta has 
been demonstrated recently in other types of 
tissues and cells to control phosphorylation of 
the RelA subunit (e.g., p65) of the NF-kB com-
plex, thus enabling transcription and subse-
quent gene expression [51, 52, 57]. Our experi-
ments reveal that MgD upregulates p65. We, 
thus, believe our present findings, together with 
those published by our group recently [44, 61, 
62], are compatible with ,and support this 
hypothesis. Since MgD appears to be prevalent 
in the North American population, adequate 
dietary intake of Mg would seem to us to be 
pivotal in preventing and alleviation of the 
potential activation (trigerring?) of these 
diverse interacting pathways which cross-talk 
to one another.

Is Mg vasodilator action linked to PKC zeta 
activation?

Although it has time and again been demon-
strated that prolonged administration of Mg2+ 
(oral and intravenous) can lower arterial blood 
pressure in both experimental and clinical 
forms of hypertension, as well as stabilize and 
prevent cardiac arrhythmias [1, 12, 13, 18, 24, 
94], the precise mechanisms are not known. It 
has, often, been suggested that Mg2+ lowers 
blood pressure by promoting vasodilation and 
decreasing work load on the heart via direct 
actions on Ca2+ channels (and cellular redistri-
bution) in vascular and cardiac muscle cells. In 
view of the present work, and other studies 
recently published [1, 8, 40, 42-45], we believe 
that ceramide (and sphingolipid metabolism) 
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and activation of PKC-zeta must now be taken 
into consideration in helping to explain the 
blood pressure-lowering actions of this divalent 
cation.

Cardiovascular death rates linked to water 
hardness and Mg levels

Approximately 55 years ago, Kobayashi demon-
strated in an epidemiological study that where 
the hardness of drinking water was elevated, 
the rate of death from cardiovascular diseases 
decreased [95]. This notion has gained consid-
erable credibility over the past five decades 
from a large number of epidemiological studies 
from different parts of the globe; the death 
rates from sudden cardiac death are lower in 
hard-water areas than in soft-water areas [1-6, 
15, 18, 21, 22]. Even though the hardness of 
water is due to the concentration of Ca2+ and 
Mg2+, the overwhelming evidence, to date, sup-
ports the idea that it is the Mg content that is 
responsible for the protective effects of hard-
water. Approximately 30 years ago, it was sug-
gested (on the basis of epidemiological data) 
that as little as 15-30 mg/l/day of Mg2+ in 
drinking water should be cardioprotective [5, 
22]. Recently, using the same model of dietary 
deficiency of Mg as in the present study (21 
days of MgD), we demonstrated, for the first 
time, in well-controlled experiments that as lit-
tle as 15 mg Mg2+/l/day in drinking water, either 
prevented or ameliorated the formation of reac-
tive oxygen species, DNA fragmentation, cas-
pase-3 activation, activation of p53, mitochon-
drial release of cytochrome c, lipid peroxidation, 
activation of apoptosis, hydrolysis of mem-
brane sphingomyelin, upregulation of SPT-1 
and SPT-2, activation of SMS, as well as activa-
tion of CS [42-45]. Although the present work 
indicates that as little as 15 mg/l/day of Mg2+ 
in water can prevent/ameliorate the upregula-
tion/synthesis of a variety of numerous PKC 
isoforms, including PKC-zeta, in both cardiac 
and VSM, in some cases something between 
15 and 40 mg/l/day of Mg2+ in water must be 
imbibed to prevent the upregulation of certain 
PKC isoforms. From the present findings, and 
previously published studies, we hypothesize 
that between 15 and 40 mg/l/day of Mg2+ of 
water-borne Mg2+ should be both cardioprotec-
tive and vascular protective.

As suggested recently [42-45], we believe that 
water intake (e.g., from tap waters, well waters, 

bottled waters, and beverages using tap/well/
spring waters) in humans varying between 1 
and 2 l/day, with Mg2+ intakes varying from <5 
to >100 mg/l, may represent an excellent way 
to overcome and control marginal intakes of Mg 
obtained with most Western diets. In view of 
the present results, and other data shown else-
where, it is probably propitious to suggest that 
all desalinated-purified recovered/recycled 
waters, harvested rain waters, as well as well-
waters, tap waters, and all bottled waters given 
to humans should be supplemented with bio-
available Mg2+ to ameliorate/prevent the induc-
tion of cardiovascular risk factors and disease 
processes worldwide. In the past few months, 
based on our studies and others, a pilot study 
has been initiated, in a large population, in 
Southern Israel ,to determine if Mg2+

 
added to 

the area’s desalinated drinking water will be 
cardioprotective (e.g., see March 2012 issue of 
The Jerusalem Post).
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