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Zheng T, Li W, Altura BT, Shah NC, Altura BM- Sphingo­
lipids regulate [Mg2 +]0 uptake and [Mg2 +]; content in vascular 
smooth muscle cells: potential mechanisms and importance to 
membrane transport of Mg2 + . Am J Physiol Heart Circ Physiol 
300: H486- H492, 2011. First published November 26, 20 I 0; 
doi: 1 0.1152/ajpheart.00976.20 1 0.-Sphingolipids have a variety of 
important signaling roles in mammalian cells. We tested the hypoth­
esis that certain sphingolipids and neutral sphingomyelinase 
(N-SMase) can regulate intracellular free magnesium ions ([Mg2 +];) in 
vascular smooth muscle (VSM) cells. Herein, we show that several 
sphingolipids, including Crceramide, C8-ceramide, C wceramide, 
and sphingosine, as well as N-SMase, have potent and direct effects 
on content and mobilization of [Mg2 +]; in primary cultured rat aortic 
smooth muscle cells. All of these sphingolipid molecules increase, 
rapidly, [Mg2 +]; in these vascular cells in a concentration-dependent 
manner. The increments of [Mg2 +];, induced by these agents, are 
derived from influx of extracellular Mg2 + and are extracellular Ca2 + 

concentration-dependent. Phospholipase C and Ca2 + /calmodulin/ 
Ca2 + -A TPase activity appear to be important in the sphingolipid­
induced rises of [Mg2 + ];. Activation of certain PKC isozymes may 
also be required for sphingolipid-induced rises in [Mg2 +];. These 
novel results suggest that sphingolipids may be homeostatic regulators 
of extracellular Mg2 + concentration influx (and transport) and 
[Mg2 +]; content in vascular muscle cells. 

intracellular magnesium; magnesium ion membrane transporters; aor­
tic smooth muscle cells; neutral sphingomyelinase; signal transduc­
tion 

THERE IS NOW CONSIDERABLE evidence that body (cellular) deple­
tion of Mg2 + is a risk factor for atherogenesis, sudden death 
ischemic heart disease, congestive heart failure, hypertension, 
diabetic-vascular disease, inflammatory conditions, preeclamp­
sia-eclampsia, and stroke (see 3-5, 9, 11, 17, 19, 23, 24, 28 33, 
38-40, 41, 45, 47). It has long been suspected that it is 
difficult, if not impossible, to replete certain soft tissue (e.g., 
heart, blood vessel) stores of Mg2+ (for reviews, see Refs. 3, 4, 
17, 40, 41). Four decades ago, it was first demonstrated that the 
concentration of extracellular Mg2 + ([Mg2 +] 0 ) modulates vas­
cular tone and vascular reactivity to vasoconstrictor and vaso­
dilator agonists on peripheral and cerebral blood vessels (1- 3). 
Furthermore, it has been shown that short-term dietary defi­
ciency of Mg in rats resulted in hypertension and narrowing of 
arterioles and venules in the microcirculation (5). These ac­
tions were subsequently demonstrated to be coupled to modu-
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lation of membrane, extracellular, and intracellular stores of 
free calcium ions by [Mg2+] 0 (3, 4, 6, , 54, 56-59). It is 
currently believed that Mg2 + influx in mammalian vascular 
smooth muscle (VSM) cells occurs, primarily, via diffusion 
from the slightly higher [Mg2+] 0 , transported through several 
types of membrane channels (e.g., transient receptor potential 
melastatin channels, MagT, Na/Mg exchangers/antiporters) 
(13, 14, 18, 37, 44), promoted by the membrane potential, 
being negative on the cytosolic side (14, 18). However, the 
precise molecular basis for cellular uptake of [Mg2+] 0 and 
regulation of cytosolic free Mg2 + ([Mg2+]i) and its heteroge­
neous subcellular distribution (3, 4, 55 ) in VSM cells still 
remains to be clearly identified. 

We have shown in primary cerebral and peripheral VSM 
cells, in culture, that a variation in [Mg2+] 0 causes sustained 
changes in membrane phospholipids and second messengers 
(35, 36), as well as truncation and oxidation of membrane fatty 
acids (35). Decreases in [Mg2 +] 0 produced a fall in membrane 
sphingomyelin (SM), whereas increases in [Mg2+] 0 resulted in 
increases in SM and phosphatidylcholine (36). Intracellular 
ceramide formation was inversely proportional to Mg2 + (36). 
It is known that sphingolipids are involved in many cellular 
signaling processes, such as immune processes, apoptosis, 
inflammation, cell adhesion, transport systems, ion channels, 
cell growth processes, membrane receptors, and excitation­
contraction coupling (3, 4, 6-8, 21, 25-27, 29, 32, 34-36, 42, 
48, 49, 56-59). These lipid molecules behave directly as 
second messengers or act as precursors and facilitators of 
several other bioactive molecules (7, 8, 21,25-27, 30, 34, 49). 
There is growing evidence, in smooth muscle cells, that sphin­
golipid release and biosynthesis may be relevant to adequate 
Ca and Mg levels in animals and humans and regulation of 
vascular function, per se (7, 8, 21, 35, 36, 42, 48). Extracellular 
free magnesium has been shown to regulate fatty acid chain 
length in VSM, oxidation of membrane fatty acids in VSM, 
some physical properties of VSM membranes, and specific 
phospholipid signaling pathways in VSM cells (3, 4, 6-8, 10, 
35, 36). 

We have recently reported in a series of papers that short­
term dietary deficiency of Mg in rats results in decreased levels 
of serum SM, lipid peroxidation, and apoptosis in cardiac and 
VSM cell levels as well as upregulation of serine palmitoyl 
transferase and sphingomyelin synthase with de novo synthesis 
of ceramides in cardiovascular tissues and cells (7, 8). In view 
of these and the previous findings, we hypothesized that, since 
both acute and short-term Mg deficiency can upregulate several 
key enzymes in the sphingolipid pathway in cardiovascular 
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tissues and cells, it could be possible that some of these lipid 
molecules might be natural modulators of uptake and transport 
of [Mg2+)0 in VSM cells and could, thus, provide a potential 
mechanism for [Mg2+]-mediated regulation of vascular tone, 
angiogenesis, and diverse forms of vascular pathology. We, 
therefore, designed experiments to test the hypothesis that 
certain sphingolipids (e.g., ceramides, sphingosine) and neutral 
sphingomyelinase (N-SMase) can regulate [Mg2+]i levels in 
VSM cells. We report, herein, a novel effect of sphingolipids 
on cellular transport and regulation of [Mg2+]i in primary 
cultured rat aortic VSM cells. In addition, insights into how 
sphingolipids may regulate [Mg2+] 0 influx and [Mg2+]i in 
VSM cells are provided. 

MATERIALS AND METHODS 

Animals, procedures for primary cell culture, and cytosolic free 
Ca2 + and [Mg2 + ]; studies in single cultured rat aortic smooth muscle 
cells. All experiments were approved by the Animal Use and 
Care Committee of the State University of New York Downstate 
Medical Center. The experiments were carried out on adult Wistar male 
rats (weighing 200-250 g) after rapid decapitation. The procedure 
employed to isolate and culture single primary aortic VSM cells and 
the use of digital imaging microscopy with fluorescent indicators has 
been reported (52, 54-59). Briefly, the primary single cells were 
cultured in Dulbecco's modified Eagle's medium at 37°C in an 
humidified atmosphere composed of 95% air-5% C02 (52, 54-59). 
For image analysis, cells were cultured in monolayers (52, 54-59). 
The distribution of cytosolic free Ca2 + ([Ca2 +]i) and [Mg2 +]i levels 
in VSM cells was studied using digital imaging microscopy with the 
fluoresent probes fura 2-AM and mag-fura 2-AM (Molecular Probes, 
Eugene, OR) (54, 55). To improve loading efficiency, 0.12% pluronic 
F-127 (Sigma, St. Louis, MO) was used in the loading media (lacking 
FBS) (52, 54-59). Following dye loading, the labeled cells were 
washed three times with a modified HEPES buffer solution (in mM: 
118 NaCl, 4.7 KCl, 2.5 CaClz, 1.2 KHzP04, 1.2 MgS04, 10 glucose, 
and 5 HEPES). Buffer (control), N-SMase, bioactive ceramide mol­
ecules, sphingosine, inactive sphingolipid analogs, and various en­
zyme inhibitors were added to the monolayers in the above setup for 
various intervals of time (2-60 min). Because the results at 20 and 60 
min were similar, only the results for 20 min are shown. The pH was 
adjusted to 7.4 with NaOH at 37°C. The cover slips containing the 
fura 2-loaded or mag-fura 2-loaded cells were affixed to holders that 
were placed on the temperature-controlled stage of the fluorescence 
microscope. [Mg2 +]i or [Ca2 +]i of single cultured VSM cells was 
calculated by using the following equation (54, 55) [Various concen­
trations of the lipids were used (10-9 to 10-4 M).]. 

[Divalent cation 1 = Kd X B X [ (R- Rmi0 )/ (Rmax - R)] 

The dissociation constant (Kd) of 224 nM was used for the fura 
2/Ca2 + complex and a Kd of 1.9 mM for the mag-fura 2/Mg2 + 

complex (52, 54- 59). Calibration of Kd requires measurements of the 
completely ion-free and ion-saturated indicator as well as measure­
ments of the indicator in the presence of known Ca2 + or Mg2 + 

concentrations; this Kd was based on previous experiments with these 
cells (52, 54-59). B is the ratio of fluorescence intensity of fura 2 to 
Ca-bound fura 2 at 380 nm or free mag-fura 2 to Mg-bound mag-fura 
2 at 370 nm at 37°C. Calibration showed that our 340:380 and 
335:370 ratios fell on the linear portion of the calibration curves. 
Particular care was taken to minimize photobleaching of the dyes. 
Experiments were carried out in total darkness, and exposure to 
excitation light was <2 s in all experiments. 

Chemicals and reagents. N-SMase, neomycin, verapamil, bisin­
dolylmaleimide I, and phosphorylcholine were obtained from Sigma. 
Crceramide, Cs-ceramide, C 16-ceramide, C8-ceramide ! -phosphate, 
sphingosine, DL-threo-dihydrosphingosine, C2-dihydroceramide, N,N-

dimethylesphingosine, calmidazolium chloride, and U-73122 were 
purchased from BIOMOL Research Laboratories (Plymouth, P A). 
Fura 2-AM, mag-fura 2-AM and the acetylmethyl ester of bis(o­
aminophenoxy)ethane-N,N,N' ,N'-tetraacetic acid (BAPTA-AM) were 
purchased from Molecular Probes . Calphostin C was obtained from 
CALBIOCHEM-NOV ABIOCHEM (La Jolla, CA). All other organic 
and inorganic chemicals were purchased from Fisher Scientific (Fair 
Lawn, NJ) and were of the highest purity. 

Statistical analyses. Where appropriate, results are expressed as 
means ::!:: SE. Differences between means were analyzed using non­
paired t-test or ANOVA followed by ANOVA using Scheffe's con­
trast test. Statistical significance was assumed when P < 0.05. 

RESULTS 

Influence of sphingolipids and N-SMase on cytosolic free 
{Ca2+]; and [Mg2 +]; in single primary cultured resting rat 
aortic smooth muscle cells. The basal [Ca2+]i in resting un­
stimulated primary cultured aortic VSM cells, estimated from 
the fluorescence ratio at 340 nm to 380 nm, obtained with 
digital image analysis and the fluorescent probe fura 2-AM was 
-90.7 ::!:: 7.3 nM (n = 45). C2-ceramide, Cs-ceramide, C 16-
ceramide, C8-ceramide ! -phosphate, and N-SMase did not 
elicit any significant changes in resting distribution of [Ca2+] i 
in the single VSM cells (Table 1 ), but maximal concentrations 
of sphingosine caused a rapid significant elevation in [Ca2+]i 
from the resting level to -170 ::!:: 8.1 nM, P < 0.01 (Table 
I) . Upon exposure of the cultured VSM cells to sphingosine, 
in the absence of [Ca2+] 0 , the sphingosine-induced rise of 
[Ca2+]i was inhibited completely (170::!:: 8 .1 vs. 95 .6::!:: 6.8 , 
n = 35), suggesting that the mobilization of [Ca2+]i elicited 
by sphingosine is probably derived from the influx of 
extracellular Ca2+ . 

At rest, in normal 1.2 mM Mg2+, [Mg2+]i, as determined by 
digital image analysis and the fluorescent probe mag-fura 
2-AM (55), possess internal free magnesium of -530 ::!:: 60 
fLM (n = 45), similar to values reported previously for these 
primary VSM cells (55) . When the vascular cells were incu­
bated with the diverse biologically active sphingolipids (i.e. , 
C2-ceramide, C8-ceramide, Cwceramide, and sphingosine) 

Table I . Influence of sphingolipids and N-SMase on 
cytosolic free [Ca2 +]; and [Mg2 +]; in single primary 
cultured resting rat aortic smooth muscle cells ascertained 
at 20 min of incubation 

Sphingolipids 

Control-placebo 
Cz-ceramide (lo-s M) 
Cs-ceramide (10- 5 M) 
C16-ceramide (10-5 M) 
Cs-Ceramide !-phosphate (10- 5 M) 
N-SMase (0.1 Ulml) 
Sphingosine (10- 5 M) 

[Ca2+],, nM 

90.7::!: 7.3 
89.9::!: 6.3 
93.1 ::!: 7.9 
90.5::!: 6.7 
85 .6::!: 8.2 
97.3::!: 6.8 
170::!: 8.1 ** 

[Mg2+];, f!.M 

530 ::!: 60.1 
713 ::!: 72.3** 
730::!: 55.3** 
829 ::!: 68.5** 
551 ::!: 49.9 
723::!: 60.3** 
776::!: 87.6** 

All values are means ::!: SE of at least 35-40 cells each. N-SMase, neutral 
sphingomyelinase; [Ca2+];, cytosolic free Ca2+; [Mg2+]i, cytosolic free Mg2+. 
The cover slips containing the fura 2-loaded or mag-fura 2-loaded cells were 
affixed to holders that were placed on the temperature-controlled stage of the 
fluorescence microscope. Sphingolipids (i.e., C2- , C8- , and C16-ceramide, 
Cs-ceramide !-phosphate, sphingosine, and negative analog controls) and 
N-SMase were incubated with primary cultured VSM cells for 20 min in 37"C. 
Measurements for [Ca2+], and [Mg2+]; were undertaken at 20 min after 
exposure of these cultured cells to sphingolipids and N-SMase. Significantly 
different from controls (** P < 0.01 , paired t-test). 
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Fig. I . Relative concentration-dependent effects of sphingosine, C,-ceramide, 
C8-ceramide, and C16-ceramide on cytosolic free Mg2+ ([Mg2+];) in single 
primary cultured rat aortic smooth muscle cells. Sphingosine (lo-s to 10- s 
M), C2-ceramide (lo- s to 10-s M), Cs-ceramide (lo- s to 10-5 M), and 
Cwceramide (lo- s to 10-s M) were incubated with primary cultured vascular 
smooth muscle cells for 20 min at 37°C. Results are means :t SE from 4- 6 
different cover slips. Mean values for 100% maximal responses are given in 
Table I. 

and N-SMase sphingomyelinase for 20 min [Mg2 +]; was sig­
nificantly increased in a concentration-dependent manner and 
remained constant for the duration of incubation, i.e., 30-60 
min (Table 1; Figs. 1 and 2). Sphingosine and C 16-ceramide 
were more potent (P < 0.05) than either C8-ceramide or 
C2-ceramide in inducing elevation of [Mg2+]; (Fig. 1). DL­

Threo-dihydrosphingosine, C2-dihydroceramide, N,N-dimeth­
ylsphingosine, and phosphorylcholine were tested widely as 
negative controls, as well as ceramide !-phosphate, but none of 
these molecules altered resting levels of [Mg2+]; (n ~ 35 cells 
each, P > 0.05, e.g., Table 2). 

Effects of BAPTA-AM, [Ca2 + l o-free media, verapamil, and 
calmidazolium on sphingolipid- and N-SMase-induced rises of 
[Mg2 +}; in single primary cultured rat aortic smooth muscle 
cells. To determine the trigger for [Mg2 +]; elevation, induced 
by sphingolipids, and the relationships with [Ca2 +] 0 and 
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Fig. 2. Concentration-dependent effects of neutral sphingomyelinase on 
[Mg2+]; in single primary cultured rat aortic smooth muscle cells. Experimen­
tal conditions are identical to those in Fig. I . Neutral sphingomyelinase 
(0.001-0.1 U/ml) was incubated with primary cultured vascular smooth 
muscle cells for 20-min periods at 37°C. Results are means :t SE from 4-6 
different cover slips. Mean values for 100% maximal responses are given in 
Table I. 

Table 2. Failure of DL-threo-dihydrosphingosine, 
C2-dihydroceramide, N,N-dimethylsphingosine, and PH to 
alter [Mg2 +}; levels in primary cultured resting aortic 
smooth muscle cells 

Sphingolipid-PH 

Control-placebo 
DL-threo-dihydrosphingosine (10-s M) 
C2-dihyroceramide (lo-s M) 
N,N-dimethylsphingosine (10- 5 M ) 
PH (10- 4 M) 

550 :t 65 .3 
576 :t 72.5 
527 :t 68.6 
585 :t 72.8 
538 :t 63.5 

All values are means :t SE. PH, phosphorylcholine. See Table I for 
protocol. 

[Ca2 +]; in relation to [Mg2 +];, primary cultured VSM cells 
were incubated, acutely , with sphingolipids in either 
BAPTA-AM [a chelator of intracellular free Ca2+ (5 X 10- 6 

M)] alone in Ca2+ -containing media or Ca2+ -free media (with 
2 mM EDTA added), an L-type Ca2+ channel blocker (vera­
pamil, 10-5 M) alone (in Ca2+ -containing media), or in Ca2+­
free media (with 2 mM EDTA) with BAPTA-AM (5 X 10-6 

M) added, as well as in Mg2+ -free incubation media for 20 
min. Cz-ceramide (10-5 M)-, C8-ceramide (10-5 M)-, C16-
ceramide (10- 5 M)-, and sphingosine (10- 5 M)-induced ele­
vations of [Mg2+]; were inhibited completely (n = 45) by 
BAPTA-AM (with [Ca2+] 0 present) (Table 3). However, N­
SMase-induced rises in [Mg2+]; were not inhibited by 
BAPTA-AM (n = 45, with [Ca2+] 0 present). In [Ca2 +] 0 -free 
media, verapamil alone (in Ca2+ -containing media) or in 
[Ca2 +]0 -free media with BAPTA-AM, C2-ceramide-, N-SMase-, 
and sphingosine-induced changes of [Mg2+]; were inhibited 
completely, but C8-ceramide and C16-ceramide changes in 
[Mg2+]; were only inhibited partially by verapamil (22-30%) 
(Table 3). These results suggest that C2-ceramide, C8-cer­
amide, N-SMase-, and sphingosine-induced transport of 
[Mg2+] 0 and mobilization of [Mg2 +]; in rat aortic smooth 
muscle cells is [Ca2+]0 -dependent, whereas those changes 
induced by Cs- and C16-ceramide appear to be partially 
[Ca2+] 0 -dependent. 

Calmidazolium (5 X w-6 M), a specific inhibitor of calm­
odulin-dependent phosphodiesterase and Ca2 + -ATPase, signif­
icantly attenuated the rises of [Mg2+]; elicited by maximal 
concentrations (10-5 M) of Cz-ceramide and sphingosine but 
not that induced by either N-SMase, C8-ceramide, or C16-
ceramide (Table 3). These results suggest that the transport of 
[Mg2+] 0 and mobilization of [Mg2+]; induced by Cz-ceramide 
and sphingosine may be Ca2 + /calmodulin/Ca2 + -A TPase-de­
pendent. Inhibition of both calmidazolium-dependent phospho­
diesterase and Ca-A TPase would seem to support the idea 
offered here that [Mg2+]0 uptake and [Mg2 +]; are Ca-depen­
dent since both enzymes regulate Ca2+ metabolism. Moreover, 
all sphingolipid-induced increases of [Mg2+]; were completely 
inhibited in Mg2 + -free media (as well as following the addition 
of 1.2 mM [Mg2+]o 20 min after exposure to 0 mM [Mg2+]0 ) 

and also after exposure to 0.3 or 0.6 mM extracellular Mg2+ 
(n = 30 cells each, data not shown), suggesting that the rises 
of [Mg2+]; are derived from Mg2 + influx across the plasma 
membrane; these data also indicate that [Mg2 +]o transport 
across the aortic VSM cell membrane requires an extracellular 
Mg2 + >0.6 mM. 
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Table 3. Effects of BAPTA-AM, [Ca2 + ]0 -free media, verapamil, and calmidazolium on sphingolipid- and N-SMase-induced 
rises of [Mg2+]; in single primary cultured rat aortic smooth muscle cells 

[Mg2+ ];. 1-LM 

Sphingolipid BAPTA-AM BAPTA-AM [Ca2+]o·free [Ca2+]o-free Verapamil Calmidazolium 
Sphingolipids Control (placebo) Alone With SPs With SPs With SPs With SPs With SPs 

C2-ceramide (10- 5 M) 598::!:: 52.2 713 ::!:: 72.3** 598::!:: 49.9 573 ::!:: 52.5 560::!::48.1 564::!:: 47.7 596::!:: 50.2 

Cs-ceramide (lo-s M) 585::!:: 49.2 730::!:: 55.3** 645::!:: 51.9 594::!:: 68.5 579::!:: 52.1 698::!:: 58.3* 712::!::55.1** 
Cwceramide (10- 5 M) 594::!:: 50.8 818::!: 84 606::!: 66 612 ::!: 58.2 602::!: 68 744::!: 68.2* 810::!:: 78** 

N-SMase (0.1 U/ml) 570::!:: 42.6 723 ::!: 60.3** 795 ::!: 68.1 ** 593::!: 51.1 552::!: 50.3 597::!: 52.1 689::!: 59.1* 
Sphingosine (I o-s M) 585 ::!:: 55.9 776::!: 87.6** 608::!: 45.9 578 ::!: 52.9 564::!: 49.3 589::!: 51.1 558::!: 52.3 

Values are means ::!: SE of at least 35- 40 cells each. [Mg2+]; measurements were made under conditions identical to those in Table I. Cells were incubated 
with sphingolipids (SP) and N-SMase in either BAPTA-AM (5 X 10- 6 M) alone ( in Ca2+ -containing media), BAPTA-AM in [Ca2+]o·free media, Ca2+ -free 
media (with 2 mM EDTA), verapamil (lo-s M) alone (in Ca2+-containing media), as well as in calmidazolium (5 X 10-6 M) (in Ca2+-containing media). 
Measurements of [Mg2+]; were undertaken at 20 min after exposure of these cultured cells to sphingolipids and N-SMase. Significantly different from controls 
(*P < 0.05, **P < O.QJ , paried t-test) . 

Effects of inhibitors of PKC on [Mg2 + }; in single primary 
cultured rat aortic smooth muscle cells. It has been suggested, 
previously, that activation of PKC may be involved in hor­
mone-induced increases in Mg2+ influx and in contractions of 
arterial smooth muscle induced by low [Mg2+]0 (50, 52). To 
consider the possibility that PKC activation might also be 
involved in [Mg2+]i mobilization, induced by sphingolipids in 
VSM cells, we compared the effects of four different PKC 
inhibitors. A specific PKC inhibitor, calphostin C (2 X 10-6 

M), that is Ca2+ /phospholipid independent and that competes 
with 1 ,2-diacylglycerol binding sites was chosen first. Interest­
ingly, we found that calphostin C did not attenuate [Mg2+]i 
alterations induced by either C2-ceramide, C8-ceramide, Cw 
ceramide, or sphingosine but did significantly abolish the rise 
of [Mg2+]i induced by N-SMase ( -70%) (P < 0.05) (Table 4), 
suggesting that the action of certain ceramides and N-SMase­
induced mobilization of [Mg2+]i might involve PKC activa­
tion. Moreover, another potent and selective inhibitor of PKC, 
viz., chelerythrine (a competitive inhibitor with respect to the 
phosphate acceptor), was also used. The latter, however, could 
not inhibit either N-SMase- or sphingosine-induced rises of 
[Mg2+]i but did inhibit Crceramide-, C8-cerarnide-, and Cw 
ceramide-induced elevations in [Mg2+]i (Table 4). We also 
examined two highly selective cell-permeable but phospholip­
id/Ca2+ -dependent PKC inhibitors, namely staurosporine (5 X 
10-7 to 5 X 10-6 M) and Go-6976 (l X 10-6 to 3 X 10-6 M), 
that selectively inhibit PKC-a and PKC-f3 1 (52). These phos­
pholipid/Ca2+ -dependent PKC inhibitors, i.e., Go-6976 (3 X 
10-6 M) and staurosporine (5 X 1 o-6 M), inhibited all sphin-

golipid-induced elevation of [Mg2+]i, except for sphingosine 
(Table 4). 

Effects of phospholipase C inhibitors on [Mg2 +]; in single 
primary cultured rat aortic smooth muscle cells. Some sphin­
golipids, for example, sphingosine, have been demonstrated to 
stimulate polyphosphoinositide breakdown through activation 
of phospholipase C (PLC) (25, 26). To gain a better under­
standing of the possible role of PLC activation in sphingolipid­
induced [Mg2+]i responses, two PLC inhibitors (neomycin and 
U-73122) were next used in our experiments. Both neomycin 
and U-73122 inhibited, completely, the Crcerarnide-, N-SMase-, 
and sphingosine-induced increases of [Mg2+]i in the cultured 
single vascular cells; neomycin and U-73122, however, did not 
attenuate the rises in [Mg2+]i induced by C8-ceramide and 
Cwceramide (Table 5). 

DISCUSSION 

Collectively, we present, herein, the first observations that: 
1) Crceramide, Cs-cerarnide, Cwceramide, and sphingosine, 
as well as N-SMase, increase [Mg2+]i in single rat aortic 
cultured VSM cells in a concentration-dependent manner; 
2) the increments in [Mg2+]i induced by these lipid-putative 
second messengers are derived from influx of extracellular 
Mg2+; 3) the increases of [Mg2+]i induced by Crceramide, 
Cs-ceramide, Cwceramide, sphingosine, and N-SMase are all 
[Ca2+]0 -dependent; 4) PLC and Ca2 +/calmodulin/Ca2+­
A TPase activity appear to be important in the mobilization of 
[Mg2 +]i induced by ceramides, N-SMase, and sphingosine; 

Table 4. Effects of inhibitors of PKC on [Mg2+]; in single primary cultured rat aortic smooth muscle cells 

[Mg2+];. !J.M 

Sphingolipids Calphostin C Chelerythrine Staurosporine Go-6976 

Control-placebo 563::!: 58.9 765 ::!: 59.2 786::!: 51.6 742::!: 69.6 
C2-ceramide (10-5 M) 683 ::!: 57.4** 758::!: 51.4 791 ::!:: 75 .3 737::!: 76.1 
Cs-ceramide (lo- s M) 884::!: 63.4** 820::!: 63 .7 819::!:: 60.5 729::!: 73.4 
Cwceramide (lo-s M) 926::!: 88.2** 798::!: 80.4 822::!:: 78 804::!:: 76.2 
N-SMase (0.1 U/ml) 587::!: 48.1 914::!: 69.8** 816::!:: 72.4 751 ::!: 78.3 
Sphingosine (lo-s M) 667::!: 45.9** 913::!: 67.1** 860::!:: 70.9* 859 ::!: 80.2** 

Values are means ::!: SE of at least 35-40 cells each. Cells were incubated with different PKC inhibitors [i.e. , calphostin C (2 X 10- 6 M), chelerythrine (10- 6 

M), staurosporine (5 X 10-6 M), and Go;-6976 (3 X 10- 6 M)] for 15 min before addition of sphingolipids and N-SMase at 37°C. Measurements of [Mg2 +]; 
were made at 20 min after exposure of these cultured cells to sphingolipids and N-SMase. Control values for the respective sphingolipids (alone) are found in 
Table 3). Significantly different from controls (**P < 0.01 and *P < 0.05). 
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Table 5. Effects of phospholipase C inhibitors on fMl+]; in single primary cultured rat aortic smooth muscle cells 

Sphingolipids 

Control-placebo 
C2-ceramide (lo-s M) 
Cs-ceramide (lo-s M) 
C,6-ceramide (lo-s M) 
N-SMase (0.1 U/ml) 
Sphingosine (I o-s M) 

Sphingolipid Alone 

530:!: 60.1 
713:!: 72.3** 
730:!: 55.3** 
818:!: 84** 
723:!: 60.3** 
776:!: 87.6** 

Neomycin (With SPs) 

548:!: 44.7 
550:!: 42.2 
681 :!: 53.8** 
716:!:56.4 
559:!: 50.1 
566 + 49.3 

U-73122 (With SPs) 

570:!: 53.1 
577:!: 48.2 
702:!: 58.2** 
704:!: 62.2 
569 + 50.0 
589 + 51.3 

Values are means :!: SE of at least 35-40 cells each. Cells were incubated with neomycin (2 X w-s M) or U-73122 ( I X w-s M) for IS min before addition 
of sphingolipids and N-SMase at 37°C. Measurements of [Mg2+ ]; were made at 20 min after exposure of these cultured cells to sphingolipids and N-SMase. 
Significantly different from controls (**P < 0.01). 

and 5) activation of several PKC isozymes, varying with the 
precise sphingolipid, may also be required for sphingolipid­
induced rises in [Mg2 +]i. These differential responses to the 
diverse PKC inhibitors suggest that different PKC isozymes 
are probably stimulated by the different sphingolipid agonists . 
These new results raise the possibility that novel and classical 
PKC isozymes may perform different and potentially important 
roles in sphingolipid modulation of Mg2 + uptake, transport, 
and content in VSM cells. We believe this hypothesis merits 
further study. 

Because the elevation of [Mg2+]i caused by the major 
potential sphingolipid product of sphingomyelinase, namely 
ceramide, was not inhibited consistently by the PKC inhibitors, 
we cannot as yet pinpoint the specific sphingolipid molecule 
that may be the bioactive species causing elevation of [Mg2+]i 
upon addition of N-SMase. However, because the naturally 
occurring ceramide, viz, Cwceramide (21 , 49), is clearly the 
most potent in inducing Mg2+ uptake, we are tempted to 
implicate this ceramide in regulation of Mg2 + uptake and 
transport, at least in rat aortic smooth muscle cells. It cannot be 
phosphorylcholine, since the latter exerts neither any effect on 
contraction, vascular tone (Ref. 59 and unpublished observa­
tions), nor [Mg2+]i mobilization in these VSM cells (e.g., 
Table 2). Although ceramide kinase is present in aortic smooth 
muscle (21 ), and could form ceramide !-phosphate, the latter 
was found (10-8 to w-s M) not to exert either any relaxant 
action on vasomotor tone in these cells (unpublished findings) 
or any action on [Mg2+]i (e.g., Table 2). An important question 
that immediately arises from our findings is concerned with the 
molecular mechanism(s) whereby sphingolipids bind to their 
direct targets. It has long been known that numerous lipid 
molecules function as structural components of all cell mem­
branes and can act as second messengers (21, 25, 30, 32, 34, 
43, 46, 49). Moreover, many of these molecules are vital in 
very complex intracellular cell signaling pathways (21, 25, 26, 
30, 34, 49). A number of these molecules have been demon­
strated to bind to target proteins and induce conformational 
changes in proteins important in cell membrane functions, e.g., 
opening ion channels (21, 25, 26, 30, 32, 34, 43, 49). 

Cholesterol and sphingolipids serve as major components of 
lipid rafts and related microdomains in animal cell membranes 
(21, 32). Lipid raft domains are believed to be involved in the 
regulation of numerous cellular functions, such as protein 
functions, lipid trafficking, and signal transduction (20, 31 , 43). 
Membrane sphingolipids demonstrate an extensive range of 
headgroup structures, varying from ceramide to glycososphin­
golipids exhibiting rather diverse and often complex oligosac-

charide residues. Membrane partitioning of sphingolipids into 
ordered domains is fostered, in part, by their ceramide moi­
eties, which become enriched in molecular species having long 
(i .e., >C 12) saturated N-acyl chains (15, 43). Ceramide is now 
known to, preferentially, partition into lipid raft domains and 
displace cholesterol from the lipid rafts (31 , 53). It is believed 
that, "when ceramide is generated in situ by a SMase, instead 
of being premixed with the other lipids gel-like domain for­
mation occurs" (22). Surprisingly, it is unlikely that ceramide 
!-phosphate would interact in this latter manner (22), which 
would support our observations of a lack of effect of this 
molecule on uptake and transport of [Mg2+] 0 across the VSM 
cell membranes. Very little, however, is known regarding the 
effects of various headgroups on the affinities of diverse 
sphingolipids for ordered membrane lipid domains and lipid 
rafts (15, 26, 43). Ceramides, surprisingly, exhibit higher 
affinities for ordered membrane domains than do other sphin­
golipids ( 46) and appear to be dependent on the length of the 
saturated N-acyl chains. In this regard, it is clear from our 
concentration-response data presented in Fig. 1 that there is a 
significant relative potency of the ceramides, where Ct6- > 
C8- > C2-ceramide in promoting the transport of Mg2 + across 
the VSM membranes of the primary cultured aortic smooth 
muscle cells (ANOV A, P < 0.05). Such membrane partition­
ing could be responsible, at least in part, for the increased 
uptake of [Mg2+] 0 in our experiments. In this regard, it might 
be of considerable interest to determine whether, with both 
cholesterol-free and cholesterol-containing lipid bilayers, di­
verse ceramides increase Mg2 + uptake in the relative order 
predicted by our present studies. 

Because we have demonstrated in living rats, made Mg­
deficient, that serum SM levels are altered significantly (i.e. , 
decreased, see Ref. 7), that such Mg-deficient diets result in de 
novo synthesis of ceramides (Refs. I 0 and 11 and unpublished 
observations), and that primary cerebral and peripheral VSM 
cells also demonstrate de novo synthesis of ceramides when 
exposed to low [Mg2+] 0 (36), we hypothesize there is a natural 
feedback mechanism that attempts to restore VSM cell [Mg2 +]i 
balance by stimulating de novo synthesis of ceramides to 
facilitate uptake and transport of Mg2 + in the Mg2 + -depleted 
VSM cells. Although the present investigation does not define 
the specific transport mechanism, it is distinctly possible that 
the de novo generation of the ceramides stimulates transporter 
molecules like the transient receptor potential melastatin ion 
channel molecules and/or other recently discovered transporter 
molecules to facilitate Mg2+ uptake and membrane transport in 
VSM cells (18, 37, 42, 44, 48). 
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The precise mechanism(s) involved, and the specific iso­
forms, in the contribution of PKC activation/inhibition to 
sphingolipid-induced increases of [Mg2 +]i will remain un­
known, pending further investigation. In view of our present 
novel findings, it may be entertained that sphingolipid-induced 
relaxation of intact and isolated blood vessels reported else­
where (4, 21, 29, 56-58) may, in part, be a consequence of the 
direct rise of cytosolic free Mg2 + that has recently been shown 
to result in biosynthesis and release of nitric oxide in the 
microcirculation (51). 

A few additional words with respect to Mg2 + and N-SMase 
appear to be in order. Recently, it has been demonstrated that 
N-SMase relaxant actions in rat aortic VSM are Mg2+ -depen­
dent (58). This raises an interesting question in relation to the 
present findings, which show that N-SMase is a potent stimu­
lator of [Mg2+]i mobilization. The question is, since N-SMase 
relaxant action is Mg2+ -dependent, can this enzyme bring 
about and perpetuate its own actions by mobilization of 
[Mg2+p 

These new observations, shown herein, lead us to speculate 
that sphingolipid-induced [Mg2+]i mobilization in rat aortic 
VSM cells probably involves an activation ofPLC. The precise 
relationship(s) between the three various molecular signaling 
pathways identified by our new studies (i.e., Ca2+ /calmodulin, 
PKC, and PLC), however, remains to be uncovered. It should 
be pointed out that these three signaling pathways are known to 
be intimately involved in various activities and functions of 
sphingolipids (6, 21, 25, 30, 34, 49). Although it is clear that 
further studies will be necessary to determine the precise 
molecular pathways through which sphingolipids regulate the 
influx, membrane transport, and cytosolic content of Mg2+ in 
VSM cells, our new data provide the first clear-cut evidence 
that sphingolipids may be prime physiological (homeostatic?) 
regulators of Mg2+ transport and content in vascular muscle 
cells. We believe that, since nanomolar concentrations of all of 
the sphingolipids induce significant increases in Mg uptake and 
content of the vascular cells (see Fig. 1), the use of the term 
"physiological" here is justified. In addition, the results in this 
report could be used to suggest a new therapeutic approach for 
elevating cellular and tissue [Mg2+]i in clinical states of 
hypomagnesemia, particularly those known to be refractory to 
acute oral and systemic administration ofMg salts (6, 9, 10, 33, 
40, 41). Last, it must be entertained that a great deal of the 
cellular tissue deficits in Mg2 + noted recently in diverse 
cardiovascular pregnancy-vascular aberrations, gestational di­
abetes, and type 1 and 2 diabetic-related vascular diseases (for 
specifics, see Refs. 3, 4, 11, 12, 17, 23, 24, 40, 41) may be, in 
large measure, due to disturbances in vascular and endothelial 
cell membrane N-SMase and the inability of these cells to 
generate and release sphingolipids needed for magnesium 
transport and homeostasis, rather than renal loss of magnesium, 
per se. In view of the latter clinical possibilities, we believe this 
hypothesis deserves further investigation. 
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