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Abstract—In this review, a rationale is presented for how hyperc lemia, hypertension, diabetes
mellitus, end-stage renal disease, renal dialysis, and lon ;s can all lead to atherosclerosis, ischemic
heart disease, and stroke. The data indicate that

eficiency caused either by poor diet and/or errors

in Mg metabolism may be a missing link between diverse cardiovascular risk factors a@@
Data from our laboratories and others indicate that reduction in extracellular and intracellular free Mg
jons (Mg’') can induce an entire array of pathophysiological phenomena known to be important in athero-
genesis, that is, vasospasm, increased vascular reactivity, elevation in [Ca®'];, formation of proinflammatory
agents, oxygen radicals, platelet aggegation, reduction in cardiac bioenergetics, cardiac failure, oxidation
of lipoproteins, gender-related modulation of endothelial-derived relaxing factor/NO, changes in membrane
fatty acid saturation, changes in membrane plasmalogens and N-phospholipids (suggesting changes in
intracellular phospholipid signals), and probably transcription factors.
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Ion selective electrodes

INTRODUCTION

‘Hypercholesterolemia, hypertension, diabetes mellitus,
mmune injury, end-stage renal disease (ESRD), renal
sis, and prolonged stress all are widely accepted
k factors for atherosclerosis. No common link has
n identified that forms a rational underlying basis
these disorders and atherogenesis. Moreover, it is
clear how lipoproteins, Ca’", and macrophages
n access to the normally impermeable arterial walls
Or what allows plyable physiologic vascular smooth
muscle (VSM) cells to change their state (phenotype)
M a contractile cell to a noncontractile synthetic (or
latory ) cell (Ross, 1993: Schwartz et al, 1995),
I§ it clear how these diverse risk factors lead to
mic heart disease (IHPY) and stroke.
During the past two decades, information and data
accumulated to suggest that magnesium deficiency
ed either by poor diet and/or errors in body Mg

To whom correspondence should be addressed.

metabolism may be a missing link between the diverse
cardiovascular risk factors and atherosclerosis ( Altura
and Altura, 1990, 1994, 1995a). New evidence from
our laboratories points to potential intracellular signals
linking Mg** deficiency to etiology of atherogenesis
and vascular disease.

PROBLEMS IN DAILY INTAKE OF MAGNESIUM,
WATER HARDNESS, AND CARDIOVASCULAR-IHD
DEATH RATES

At a typical daily total fluid intake (approximately
2 1), Mg intake from water can be as low in
some parts of the United States, South Africa, Europe,
and Canada) or as high as 350 mg (in parts of Texas).
The extremes of Mg content in drinking water are
<6 mg/l in Newfoundland and >400 mg/] in certain
regions of Italy, France, and the former Yugoslavia.
This wide range has confounded correlations between
epidemiologic studies done in hard vs. soft water areas
(Altura and Altura, 1990).
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However. it is now clear from several studies in
which Mg levels were carefully ascertained that &
is an inverse relationship between \:frg“dl\b m@
sudden cardiac death, and hyperte vascular
ease (Altura and Altura, 1990). Support comes from

a recent report by Bloom and Perlc- ‘oha (1989) that
the frequency of

after cardiac death Lorrclaled']n\«urs"l‘y 0o Mg le\els
in the drinking water.

Moreover, the death rate from cardiovascular dis-
eases in the eastern United States has long been known
to be significantly higher than in western states: 429
* 39 vs. 366 * 32 per 100,000 population/y (p <

0.01) (Masironi, 1979). O average, the hardness
of drinking water in the eastepn United States is ap-
proximately one-half that in the western states. Similar
phenomena have been observed in Canada, Finland,
South Africa, and some parts of Europe (Altura and
Altura, 1990).

Patients who have lived in areas of soft water and
Mg-poor soil and who die of [HD or sudden cardiac
death demonstrate on average a 20% loss of intracar-
diac Mg at autopsy. Mg is the only metal decreased
to this extent consistently in such cardiac deaths ( Chip-
perfield and Chipperfield, 1973, 1978). In addition, the

Wﬁ@f such patients often show deficits of
30=40% in total Mg content. A concomitant elevation
in Ca is seen in both tissues ( Altura and Altura, 1984;
Crawford and Crawford, 1967; Chipperfield and Chip-
perfield, 1973, 1978).

Average dietary intake of Mg in the United States
was abo 485 mg/d at the turn of the century.
It has been Steadily du.rc‘bwl (Table 1); the most
recent figures indicate a typical daily intake of about
185-260 mg/d for men and about 172—-235 mg/d for
women. The Recommended Daily Allowance is 350
mg/d, so there is a typical dietary shortfall of 90—-178
mg/d in this country. Surveys in Europe and Canada
reveal similar shortfalls ( Altura and Altura, 1995b).
Thus, the typical daily Mg intake in the United States
is somewhere between 35% and 75% of the desired

Table 1. Progressive Decline in Dietary
Intake of Magnesium Over Past 90 Years

Years Mg Intake/d
19001908 475-500
1909-1913 415-435
1915-1929 385-398
1935-1939 360-375
1947-1949 358-370
19571959 340-360
1965-1976 300-340
19781985 225-318
19871992 175-248

amount. Such pronounced deficits raise the Possibility
of important health effects because so many biochemj.
cal and physiologic functions could be compromised
(Table 2).

According to recent epidemologic studies, in which
dietary variables were assessed in volunteers by the 24.
h recall mclhod,@kw strongly and inversely
associated with{blood pr@s’u_r}J(l\ltura and Altura,
1995a; Joffres et al., 1987). Strict vegetarians exhibjt
significantly decreased incidences of ischemic heart
disease, sudden cardiac death, and hypertension, and
they generally have above-average dietary Mg intakes
(Marier, 1986; Miller et al., 1992; Rouse et al., 1983),

egumes, beans, nuts, soybeans, green leafy vegeta-
bles, and unprocessed cereals are rich in Mg and form
the basis of vegetarian diets.

In addition to a probable dietary deficiency of Mg,
in the average human subject’s diet in North America
and Europe, it should be stressed that we tend to forget
that when foods (containing Mg) are d and pro-
cessed (or refined), most food staples lose more than
65% of the Mg content (Altura and Altura, 1995b).
Such a situation perforce results in further reductions
in dietary intake of Mg.

MAGNESIUM DEPLETION FROM BODY IS COMMON

; s

A variety of commonly used drugs, such a:-;.ka_lg@].
diuretics, chemotherapeutic agents (e.g., cisplatin,
bleomyecin, cyclosporine ), certain aﬁg@ﬁ’cs (ampho-
tericin B and other fungicides ), and cardiac glycosides,
among others (Altura and Altura, 1984, 1995b), pro-
duce a loss of body Mg, with alcohol being the most
notorious Mg waster. Diarrhea, malnutrition, vomiting,
dehydration, high salt diets, malabsorption syndromes,
and certain renal disorders also result in considerable
body loss of Mg.

Six to 50% of alf hospitali patients exhibit low
serum Mg; patients with numerous different cardiovas-
cular disorders (hypertension, diabetes mellitus, con-
gestive heart failure, Prinzmetal angina, cardiac ar-
rhythmias. and so on) associated with atherogenesis
demonstrate the most profound deficits in body Mg
(Altura et al., 1994b; Gottlieb et al., 1990; Keller and
Aronson, 1990; Miyagi et al., 1989; Millane et al,
1992; Sheehan, 1992). Did the disease(s) produce the
Mg deficiency or was an existing Mg deficiency re-
sponsible, in part, for the etiology of the disease state?

MAGNESIUM EXISTS IN THREE STATES IN BLOOD

Blood normally contains magnesium ions (Mg**)
in three states: bound to proteins; complexed to small
anion ligands such as bicarbonate, phosphate, citrate,
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Table 2. Physiologic Functions of Magnesium

Enzyme Functions Structural Functions

Membrane Functions Calcium Antagonist

7 Glycolytic enzymes Proteins

41 CA cycle enzymes Polyribosomes
Membrane-bound ATPases Nucleic acids
Kinases, €.2., creatine kinase Mitochondra

Alkaline phosphatase
12 Photosynthetic enzymes

Multienzyme complexes, e.g.. G-proteins, NMDA

Muscle contraction/relaxation
Neurotransmitter release
Action potential conduction
In nodal tissue

Hormone-receptor binding
Gating of Ca’' channels
Transmembrane flux of ions
Adenylate cyclase system
Ca’'-Ca'' release

TCA, tricarboxylic acid; NMDA, M-methyl-p-aspartic acid.

lactate, acetate, and so on; and free. In tissues, most of
the Mg*" is bound to ATP. Most clinical laboratories
measure total Mg (TMg) levels by colorimetry or
atomic absorption spectroscopy. However, it is the free
ionized form of Mg that is physiologically active in
blood and body fluids. Usual estimates of free Mg*’
concentration have relied on TMg measurements in
protein-free ultrafiltrates that, of course, exclude the
protein-bound Mg (D’Costa and Cheng, 1983).

Because the levels of anions can vary significantly
in pathologic states and in view of the role apparently
played by Mg in cellular homeostasis (Table 2) (Ai-
kawa, 1981), it is desirable to directly measure free
Mg?* in blood and other body fluids (Altura, 1994).
With this in mind, Mg” " -sensitive ion-selective elec-
trodes (ISEs) have been designed to obtain these mea-
surements in the presence of potential cationic interfer-
ences and other interferents (Altura and Lewenstam,
1994).

MAGNESIUM MODULATION OF HYPERTENSIVE
EVENTS

Animal studies provide evidence for Mg modulation
of hypertensive events. With respect to experimental
and genetically induced hypertension, several reports
support the concept that Mg deficiency or derange-
ments in Mg metabolism can result in high blood pres-
sure ( Altura and Altara, 1990, 1994, 1995b; Altura et
al., 1993a).

Experiments from our laboratory indicate that in
rats, dietary deficiency of Mg results in elevation of
arterial blood pressure; decreased arteriolar, venular,
and precapillary lumen sizes; and decreased numbers
of microvessels (rarefaction) concomitant with de-
creased flow in the capillaries (Altura et al., 1984,
1992). An elevated ratio of Ca*" to Mg*" is found in
the vascular walls, which would be expected to result
in enhanced vascular tone (decreased lumen size), en-
hanced reactivity to endogenous vasoconstrictors, and
diminished reactivity to endogenous vasodilators.
Stress-induced hypertension and alcohol-induced hy-

pertension are also associated with Mg deficiency ( Alt-
ura and Altura, 1994; Altura et al., 1992).

In addition to the inverse relationship between pre-
capillary lumen size and serum Mg concentration in
these dietary studies (Altura et al., 1992), we have
found that ultrafilterable Mg?" is significantly attenu-
ated and that there is an elevated Ca/Mg ratio in spon-
taneously hypertensive rats (Altura and Altura, 1983,
1995¢). It has been reported recently that intracellular
free Mg®* ([Mg”" ) is lowered in striated muscle and
aortic smooth muscle of these rats (Ng et al., 1992).
Overall, these findings suggest that the level of free
ionized Mg”" in the extracellular fluid and at the level
of the vascular smooth muscle cell membrane plays
an important role in controlling vascular tone, contrac-
tility of blood vessels, and eventual prevention of hy-
pertensive vascular disease,

At least 10 independent clinical studies show that
patients with hypertension of diverse etiologies exhibit
hypomagnesemia either in serum or in tissues, or both
(Altura and Altura, 1990, 1995a). On the average,
patients with long-term hypertension have at least a
15% deficit in total serum Mg. Reports from a number
of groups around the globe clearly demonstrate inverse
correlations between total Mg concentrations in serum
or tissue and arterial blood pressure. Nadler and associ-
ates (1987) showed that controlled short-term (4
weeks) dietary deprivation of Mg in humans signifi-
cantly elevates arterial blood pressure, similar to our
rat studies (Altura et al., 1984 ). Other studies provide
evidence that certain hypertensive patients exhibit re-
duced urinary excretion of Mg, which is inversely cor-
related with diastolic blood pressure levels ( Altura and
Altura, 1990).

We have noted that even borderline hypertensives
(140/90-150/95 mm Hg) often have depressed serum
ionized (IMg?"), but not total, Mg levels (Table 3).
Essential hypertensive subjects, diagnosed on the basis
of elevated blood pressure readings found repeatedly
to be in excess of 150/95 mmHg, in the absence of
secondary hypertension, exhibited significant low-
ered serum IMg*' and elevated serum ionized Ca*"
(ICa”")/ionized Mg (IMg”") levels (Table 4). We




350 B. M., Attura and B. T. ALTURA

Table 3. Serum lonized Magnesium, Total Magnesium, and lonized Calcium to lonized
Magnesium Ratios in Normotensive vs. Hypertensive Subjects

Mg (mM/1) |
Group n IMg*' TMg 1Ca* ' IMg™*
Normotensive controls 6l 0.620 = 0.007 0.88 = 0.01 1.96 = 0.03
Hypertensives 23 0.584 = 0.011* 0.82 = 0.02 213 = 0.04*

Values are means + SEM. Adapted from Resnick et al.. 1995,
* Significantly different from normotensive controls (p < 0.01).

had noted previously that elevated ICa*' /IMg*" levels
were associated with enhanced vasomotor tone, spasm,
and atherogenesis (Altura and Altura, 1974, 1990; Alt-
ura et al., 1990).

MAGNESIUM MODULATES BLOOD LIPIDS AND
ATHEROGENESIS

Evidence from both animals and humans suggests
that dietary and blood levels of Mg”" may modulate
serum levels of lipids and lipoproteins (Altura, 1982,
1988: Altura and Altura, 1990, 1995¢; Altura et al.,
1990; Altura et al., 1993; Davis et al., 1984; Rasmussen
et al., 1989; Rayssiguier, 1986). Using rabbits, our
laboratory has reported that the dietary level of Mg
modulates the serum level of cholesterol and triglycer-
ides in normal animals; the lower the Mg intake, the
higher the serum lipid levels (Altura et al., 1990; Alt-
ura and Altura, 1995¢c).

In rabbits fed a high-cholesterol diet, Mg deficiency,
comparable with the reduced dietary intake seen today
(i.e., 30—40% normal) in the adult population, exacer-
bates atherogenesis and lipid deposition in arterial
muscle (Fig. 1) and stimulates macrophages. Pretreat-
ment with orally administered Mg aspartate attenuated
the atherosclerotic state (Fig. 1) and lowered serum
cholesterol and triglycerides (Altura et al., 1990; Alt-
ura and Altura, 1995c¢). In these studies, the extent of
atherogenic lesions was poorly correlated with the
level of serum cholesterol and highly dependent on the
level of dietary Mg and on the Ca/Mg ratio.

ngh blood levels of lipids and lipoproteins can mask g

“true”’ Mg-deficient state (Altura et al., 1990), A gmim.
hidden state of Mg deficiency has been observed
group in renal transplant patients (Markell et al , |
and in ESRD (Markell et al., 1993b). These people are
characterized by extensive unexplained atherogenesis. In
all such patients, we found a marked lowering of free
but not total Mg, decreased urinary output of Mg, hm
insulinemia, and elevated total serum cholesterol or tri-
glycerides, or both.

ICa”" /IMg*" ratios, signs of elevated vascular tone,
increased vascular reactivity, and risk of atherogenesis
were also significantly elevated in our stable renal trans-
plant recipients and subjects with ESRD. TMg in these
patients is usually normal or elevated, respectively, sug-
gesting that in advanced atherogenesis and states of hy-
perlipidemia, a normal TMg level would often be seen,
despite the fact that the body and, specifically, the vascu-
lar walls would be deficient in free Mg**.

EXTRACELLULAR AND INTRACELLULAR
MAGNESIUM DEFICIENCY IS COMMONLY SEEN IN
DIABETES

In the hypertensive-diabetic patient population, hyper-
insulinemia, insulin resistance, and hypertensive vascular
disease are often associated with decreased serum high-
density lipoprotein (HDL) cholesterol, increased low-
density lipoprotein (LDL) cholesterol, and elevated tri-
glyceride levels (Moller, 1993). These lipid, LDL, and
HDL changes are the subject of much speculation.

Table 4. Serum lonized Magnesium, Total Mg, and Serum lonized Calcium (o Magnesium
Ratios in Normotensive vs. Subjects with Untreated Essential Hypertension

Mg (mM/1)

Group n

iMg*

T™Mg ICa’* /IMg™”

Normotensive 40
Essential hypertensive 44

0.622 = 0.008 0.84 = 0.02 1.98 + 0.04
0.522 = 0.011% 083 = 0.04

2.36 = 0.05*

Values are means + SEM.

* Significantly different from normotensive controls (p < 0.01).
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Fig. 1. Influence of varying Mg intake on thickness and intima/
media ratio of intimal atheroma in rabbits fed 2% cholesterol. Values
are means + SD (n = 4 or 5 each). All high Mg and low Mg values
are significantly different from their respective normal Mg values
(p < 0.02, Student’s t test). See Altura et al (1990) for details.

With respect to experimental diabetes and Mg, a
number of studies point to a firm relationship between
the disease state and Mg deficiency (Altura and Altura,
1990, 1995a,b; Altura et al., 1993). Both streptozo-
tocin-induced and alloxan-induced diabetes in rats are
associated with an intense magnesuria, glycosuria, and
polyuria. Studying alloxan-induced diabetes in rats, we
found that serum TMg is often reduced after 8 weeks
in many animals, but ultrafilterable Mg*" is reduced
relatively more consistently (Table 5) (Altura and Alt-
ura, 1995¢). Most importantly, the few animals that
develop high blood pressure show marked deficits in
ultrafilterable Mg?'. These animals also demonstrate
considerable elevation in serum total cholesterol and
triglycerides, suggesting a rational basis for diabetic
(atherosclerotic) vascular disease linked to Mg defi-
ciency. Concomitant with these substantive vascular
risk factors, the arterial walls of alloxan-treated dia-
betic rats show increases in exchangeable, membrane-
bound, and intracellular *Ca with an accompanying
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reduction in cellular Mg content ( Altura and Altura,
1983, 1995¢). Such data are consistent with the idea
of increased vessel wall tone, increased vascular reac-
tivity, and angiopathy known to be present in diabetes
mellitus.

Evidence has accumulated during the past decade to
suggest a strong association between clinical diabetes,
hypertension, dyslipidemias, and abnormal glucose tol-
erance. Data scattered in the literature collectively sug-
gest that control of diabetes is inversely related to Mg
deficiency (Altura et al., 1993; Altura and Altura,
1995a). Diabetic retinopathy is clearly associated with
a state of Mg deficiency (Hatwal et al., 1989; McNair
et al 1978; Wada et al., 1983). Both insulin-dependent
and noninsulin-dependent (type II) diabetes mellitus
(NIDDM ) are associated with reduced serum TMg and
intracellular Mg concentration and increased urinary
loss of Mg (Altura et al., 1979; Bachem et al., 1980;
Johansson et al., 1981; Paolisso et al., 1989; Sheehan,
1992: Sjogren et al., 1988). Even though not all dia-
betic patients studied exhibit a simultaneous reduction
in serum TMg and intracellular free Mg®", oral treat-
ment with Mg salts improves control of both types of
diabetes, in the few studies done so far (Paolisso et
al., 1989, 1992).

Using ISEs to measure free IMg®" in fasting sub-
jects with and without type II diabetes and *'P-nuclear
magnetic resonance (NMR) spectroscopy to measure
intracellular free Mg’' in red blood cells. we found
that both Mg?® levels were significantly reduced in
diabetics compared with nondiabetic subjects (Table
6) (Resnick et al., 1993). A close relationship (r =
0.725, p < 0.001) was noted between serum IMg*’
and intracellular free Mg®' . Studying women who de-
velop diabetes during pregnancy (gestational diabe-
tes), we recently reported similar data (Bardicef et
al., 1995). Very recently, working with euglycemic-
clamped NIDDM insulin-resistant vs. insulin-sensitive
subjects, we noted inverse correlations of IMg*" levels
with arterial blood pressure and serum lipids in many
of the insulin-resistant subjects only (Barron, Altura,
Leibovitz, and Altura, unpublished data, 1995).

We thus propose that Mg deficiency, both extracel-

Table 5. Total and Ultrafilterable Magnesium in Alloxan-Diabetic Rats*

Ultrafilterable Mg % Ultrafilterable

Group n TMg (mM) (mM) Mg
Saline controls 36 092 =002 0.60 = 0.03 652> 172
Alloxan 18 0.73 = 0.057 0.42 = 0.061 57.5 = 1.03¢

* Experimental animals received 150 mg/kg alloxan i.p.; serum and ultrafiltration ob-
tained at 8 wk. Values are means * SE.
f Significantly different from saline controls (p < 0.01).

- - —_— = — ——
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Table 6. Extracellular lomzed and Intracellular Free Mg Levels in Normal and NIDDM

Subjects
Serum {(mM/1)
RBC [Mg?*],
Group n T™g Mg (pM)
Normal controls 30 .86 = 0.01 0.630 = 0.008 2233 + 83
NIDDM 22 0.81 £ 0.05 0.552 + 0.008* 184.1 = 137

Values are means + SEM. Adapted from Resnick et al. (1993).

*p < 0.001 vs. normal controls.

lular and intracellular, is a characteristic of chronic
stable mild NIDDM and may predispose patients to
the excess cardiovascular mortality of the diabetic
state. By adequately reflecting cellular Mg metabolism,
free Mg”" measurements should provide a more useful
tool than has heretofore been available to analyze Mg
metabolism in diabetes.

MAGNESIUM METABOLISM IN IHD, ACUTE
MYOCARDIAL INFARCTION, AND STROKE

If deficiency in cardiac and vascular tissue Mg”"'
does play a role in etiology of atherogenesis and vascu-
lar disease, as the above suggests, then one would
anticipate that a large number of patients with IHD,
acute myocardial infarction (AMI), and stroke should
demonstrate blood, cardiac, and vascular tissue defi-
ciency of Mg. Although some evidence for decreased
content of blood TMg, cardiac and coronary VSM
TMg has been seen in some patients with [HD, AMI,
and stroke, the data are not consistent ( Altura, 1979;
Altura and Altura, 1982, 1984; Chipperfield and Chip-
perfield, 1973; Seelig, 1980); most of the consistent
data has been noted in cardiac tissue (i.e., mean 20%
loss of TMg in hearts) of patients who died of sudden
death THD (Alwra, 1979, 1988; Altura and Altura,
1984, 1990, 1995a; Crawford and Crawford, 1967;
Chipperfield and Chipperfield, 1973, 1978; Seelig,
1980). We believe a great deal of these inconsisten-
cies, until recently, have been due to the inability to
measure serum IMg*®" and [Mg”" ..

Data obtained recently by our group clearly shows,
for the first time, consistent deficits in serum IMg?'
in many IHD patients (New York Heart Association
classes 2—4) (Table 7), patients early after AMI (Ta-
ble 8), and patients early after stroke (e.g., cerebral
infarction, subarachnoid hemorrhage, cerebral hemor-
rhage ) (Table 9). Measurements on [Mg™" ], in cardiac
and vascular tissue are not as yet available. Because we
recently demonstrated a close correspondence between
extracellular serum IMg’' measurements (but not
TMg) and red blood cell [Mg’"' ], measurements in

untreated hypertension ( Altura and Altura, 1995¢; Al
ura et al., 1994b), NIDDM (Resnick et al., 1993),
gestational diabetes in pregnant women (Bardicef et
al., 1995), and ESRD patients (see below ), we believe
that the deficits in IMg”' noted in the IHD, AMI, and
stroke patients are most likely reflecting cardiovascular
cell and tissue loss of [Mg*],.

EXTRACELLULAR AND INTRACELLULAR DEFICITS
OF Mg ARE OBSERVED IN ESRD

If deficits in blood and tissue Mg”' are causative
in the etiology of the widespread atherogenesis and
hypertensive disease noted in ESRD, then we should
expect to observe significant reductions in both extra-
and intracellular Mg®' in ESRD patients. Studying 26
hemodialysis patients (HEMO) and 10 continuous am-
bulatory peritoneal dialysis (CAPD) patients on dial-
ysis for approximately 12 and 48 months, respectively,
we found a 10—15% reduction in serum IMg”" in the
HEMO patients and a 15-25% reduction in IMg”" in
the CAPD patients (Markell et al., 1993b); ICa’"/
IMg*" ratios were significantly elevated in both
groups, suggesting the presence of peripheral vasocon-
striction, increased vascular reactivity, and atheroscle-
rosis. Because almost one-half of these subjects had
underlying diabetic vascular disease and most were
hypertensive, the IMg®" and ICa’'/IMg’" data sup-
port our hypothesis.

Table 7. Plasma lonized Magnesium vs. Total Magnesium
in Ischemic Heart Disease Patients Scheduled
for Coronary Bypass Surgery

Mgz (mM/D)

Group n IMg™" TMg

Controls 42
IHD 35

0.60 = 0.005
0.50 = 0.008*

0.84 + 0.008
0.82 + 0.006

IMg"" obtained with NOVA ISE on Stat Profile 8 Ana
lyzer; TMg obtained with AAS. Values are means + SEM.
* Significantly different from controls (p < 0.001).

o
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Table 8. Serum lonized Mg, Total Mg and Percent lonized Mg
Levels in Patients Early After Acute Myocardial Infarction

Serum Mg (mM/1)

Group n l]\’lg:' TMg "/.":IMg" ‘
Controls 60 0.59 = 0.003 0.82 = 0.02 71.9 = 0.57
AMI 6 052 +0018% 08330024 622+ 1.58*

Values are means = SEM.
*p < 0.001 vs. controls.

HOW DOES A PROLONGED STATE OF MAGNESIUM ff'
DEFICIENCY CAUSE ATHEROGENESIS AND f

VASCULAR DISEASE? -

Low [Mg*" |, produces vasospasm, increased
vascular tone, and elevation in [Ca’" ],

Approximately 25 years ago, we demonstrated, for
the first time, that reduction in [Mg*'], resulted in
sustained vasospasm of most types of small peripheral
and cerebral blood vessels; the lower the [Mgl' ].» the
greater the developed tension and decreased arteriolar
lumen sizes (Altura and Altura, 1974, 1978, 1980).
Reduction of [Mg”'], also resulted in potentiation of
most vasoconstrictor and pressor agents and decreased
responses to dilator agents (Turlapaty and Altura,
1980: Altura and Altura, 1981a). The end result of
lowered serum IMg’' and [Mg*'], would be vaso-
spasm, increased vascular tone, increased vascular re-
activity, reduction in peripheral blood flow (hypoxia).
and thus local vascular injury, a potent stimulus for
hypertension and atherogenesis (Ross, 1993).

Using a combination of radiolabeled *’Ca, digital
image analysis with fluorescent probes and confocal
laser scanning microscopy with fluorescent probes, we
found that Mg®" gates special membrane Ca’' chan-
nels in both VSM and endothelial cells and controls
the release of intracellular free cytosolic Ca’’
([Ca®*];) from these cells (Altura and Altura, 1981a.b,
1995a.c; Altura et al., 1982, 1987; Turlapaty and Alt-
ura, 1978; Zhang et al., 1991b, 1992a, 1993). The
entry and release of [Ca’'], and loss of membrane-
Mg?' most likely initiates a number of intracellular
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signals (i.e., growth factors, adhesion factors, cyto-
kines, and phospholipids: see below ) that could result
in VSM cell profiferation (and cell transformation),
alteration in endothelial cell wall permeability,
macrophage attraction, adhesion and cell entry. Low
[Mg*' ],-induced vasospasm could accelerate uptake
of oxidized lipids and/or stimulate generation of oxy-
gen radicals (see below).

Low [Mg"" |, results in formation of proinflammatory
agents

Feeding rats and hamsters diets deficient in Mg,
for periods of 14-21 days, results in cardiomyopathic
lesions, cytokine formation and release (e.g., interleu-
kins 1, 2, and 6; tumor necrosis factor-« ), and endo-
thelin formation (Freedman et al., 1990, 1991; Weg-
licki et al., 1992). Although other growth factors (e.g.,
transforming growth factor 3; fibroblast growth factor)
have not as yet been identified in Mg deficient states,
it is likely that Mg” ' -deficiency will be found to cause
production of many of the well-known growth factors
implicated in atherogenesis (Ross, 1993; Schwartz et
al., 1995).

Low [Mg’'], results in lipid peroxidation and free
radicals

Until recently, it was not known how Mg deficiency
could promote cardiovascular damage. During the past
5 years, reports from several laboratories, including
ours, have suggested that Mg deficiency can lead to
formation of ferrylmyoglobin and lipid peroxidation
products.

We suggest that the link between Ca’" overload
induced by Mg deficiency and cardiac myocyte mem-
brane damage is formation and action of the ferrylmyo-
globin radical (Wu et al., 1994). Using rat perfused
working hearts, we have prevented such injury by us-
ing one-electron reductants such as ascorbate (Wu et
al., 1994).

Other lipid peroxidation products appear 7—-21 days
after dietary Mg deficiency is initiated in rats and ham-

Table 9. Serum lonized Mg®", Ca’", and pH and Total Mg Assessed by lon Selective
Electrodes Early After Stroke in Men and Women

Group n IMg™ (mM/1) TMg (mM/1) ICa™ /IMg™" pH
Controls 40 0.58 = 0.008 0.85 = 0.009 204 £ 0.03 743 = 0.02
Stroke 65 0.51 = 0.005* 0.83 = 0.007 2.29 + ){M4* 742 + 0.04

Values are means + SEM. Stroke = subarachnoid hemorrhage, cerebral infarction, intracerebral

hemorrhage.

* Significantly different from healthy control subjects (p < 0.01).
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sters ( Dickens et al., 1992; Weglicki et al., 1992; Weg-
licki, personal communication, 1995 ). Several different
antioxidants have been reported to afford complete
protection against myocardial necrosis in these animal
models (Atrakchi et al., 1992; Freedman et al., 1990,
1991 ) and against cardiac failure in our perfused hearts
(Wu et al., 1994). strengthening the idea that free
radicals are important in vascular injury induced by Mg
deprivation. It is also possible that these antioxidants
prevent loss of cellular Mg”" or promote enhanced
transport of Mg”" into the vascular, endothelial, and
cardiac cells.

Low [Mg" 1, enhances platelet aggregation and
thrombotic tendencies

Several studies dating back to the late 1950s indi-
cate that low [Mg’'], promotes blood coagulation
(Seelig, 1980; Weaver, 1980). More recently, several
investigators have demonstrated that platelet agrega-
tion is enhanced in low [Mg?' ], environments ( Nadler
et al.,, 1993) and that megakaryocyte numbers and
white cell counts are increased in Mg-deficient ham-
sters (Rishi et al., 1990). Such pathways would obvi-
ously tend to produce thrombotic tendencies in athero-
genesis and might play important roles in the *‘crack-
ing and bleeding’” of atherosclerotic plaques known to
be seen in IHD and AMI patients.

Low [Mg*' ], results in deficits in coronary flow,
reduced cardiac bioenergetic reserves, and cardiac
failure

Although Prinzmetal angina, sudden death ischemic
heart disease, and AMI all can lead to arrhythmias and
cardiac failure, until recently it has not been possible
to explain these events as due to a Mg deficient state.
Using intact perfused working rat hearts exposed to
low, normal, or high [Mg”'],, we have been able to
establish a rational basis for how Mg*" deficiency
might provoke cardiac failure.

In vitro "'P-NMR spectroscopy studies performed
in our laboratories, on the intact perfused rat heart,
indicates that acute elevation of extracellular free
Mg~”* concentrations can increase phosphocreatine lev-
els, intracellular pH, and intracellular free Mg*" levels
(Barbour et al., 1992) (Table 10). Intracellular inor-
ganic phosphate levels decreased and the cytosolic
phosphorylation potential and free energy of ATP hy-
drolysis increased accordingly (Barbour et al., 1992).
Elevated levels of [Mg®' ], also resulted in increases
in coronary flow, cardiac output, and stroke volume,
and there was a concomitant fall in oxygen consump-
tion (Barbour et al., 1992; Wu et al., 1992). Many of

these beneficial hemodynamic effects were also oh.
served in intact dog hearts in vivo (Friedman et al,
1987).

Acute reductions in [Mg®' ], result in opposite ef-
fects on cardiac pertomnn(x high-energy phosphaws
intracellular pH, [Mg’" ];, cytosolic phogphorylatlon
potential, and free energy of ATP hydrolvq;s (Table
10) (Altura et al., 1993b). Low [Mg ], also TLSUlled
in decreased coronary flow, stroke volume, and cardiac
output, leading to cardiac failure. These observationg
suggest that Mg” " regulates cardiac performance, oxy-
genation, and substrate delivery in the myocardiym,
Elevated intracellular free Mg** and pH could be ex-
pected to enhance creatine kinase activity as wel] as
that of other myocardial cellular enzymes, mr.reasmg
cardiac efficiency, stroke volume, and coronary flow,
whereas reductions in [Mg ]; and pH (cytosolic aci-
dosis) would do the opposite.

Low [Mg*" ], results in oxidation of LDL

Oxidized modification of lipoproteins is a well-rec-
ognized step in atherogenesis (Morel and Chisolm,
1989; Ross, 1993), and Mg deficiency is known to
result in alterations in plasma lipoproteins and triglyc-
erides (see above) (Altura et al.,, 1990; Rasmussen,
1993; Raysigguier, 1986). A recent study from France
has now clearly demonstrated that Mg levels affect the
susceptibility of lipoproteins to peroxidation (Raysig-
guier et al., 1993). Oxidized lipoproteins (e.g., oxi-
dized very-low density lipoproteins [vIDL] and LDL)
are clearly cytotoxic to cells in culture (Morel and
Chisolm, 1989; Ross, 1993). This Mg*" -mediated
pathway may be an important step whereby oxidized
LDL stimulates monocyte adhesion as has been shown
recently for LDL treatment of endothelial cells (Berli-
ner et al., 1990).

Gender-related hemodynamic differences appear to
involve Mg*' : Roles of EDRF and NO

Gender-related differences in hemodynamic charac-
teristics have received attention because premeno-
pausal women are known to be less susceptible than
men to numerous cardiovascular disorders, including
atherogenesis.

In the early 1980s, a variety of endogenous and
exogenous vasodilators were demonstrated to exert
their effects by acting on endothelial cells (Furchgott
and Zawadzki, 1980). These investigators demon-
strated that endothelial cells released a substance, or
substances, termed EDRF, in response to vascular
smooth muscle relaxants. It is now believed most
EDREF activity is attributed to nitric oxide.
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Table 10. Effects of Different Concentrations of Extracellular Mg on Cytoplasmic
Phosphates, Phosphorylation Potential, Intracellular Free Mg,
and Intracellular pH in Working Rat Perfused Hearts

[Mg!' Ju P ATP PCr CPP [Mg™]

(mM) (mM) {mM) (mM) (mM™") (M) pH,
4.8 22 + 06* 62+ 04% 113 =05% 112 £ 24* 1210 = 120% 7.21 = 0.004%
1.2 4.7 % 1.2 35 ikl 92 =05 384 = 102 651 = 55 T7.14 = 0.044
03 139 +35% 47 x0.1* 63 =0.7* 7.6 + 20* 426 = 54* 7.00 = 0.050%

Values are means * SEM.

Adapted from Altura et al. (1993b) and Barbour et al. (1992).

=p < 0.01; fp < 0.05.

P.. intracellular phosphorous; PCr, phosphocreatine; CPP. cytosolic phosphorylation potential;

pH.. intracellular pH.

Our laboratory has demonstrated gender-related dif-
ferences in endothelial-cell dependent vascular respon-
siveness (Zhang et al., 1990, 1991a.b, 1992b). In
aortas isolated from male rats, withdrawal of [Mg"‘ I,
and concomitant reduction in extracellular sodium
([Na'],) induced significant increases of basal tone.
Surprisingly, this did not occur in intact aortas removed
from female rats, although it was observed in endothe-
lium-denuded preparations from both sexes (Zhang et
al., 1992b).

The observed gender-related differences were not
dependent on animal strain or type of tissue prepara-
tion. No tension development was observed in aortas
from castrated males treated with estradiol. Aortic tis-
sues of sexually immature male and female rats, how-
ever, exhibited marked tension development when ex-
posed to zero [Mg’'], and low [Na" ],. These studies
suggest that sex steroid hormones, probably | 7-83 estra-
diol, can influence contractile responsiveness of VSM,
and Mg’' may regulate internal Na ' -dependent Ca™
influx in endothelial cells. These data may help to
explain why Mg-deficient women, unlike men, are pro-
tected against IHD, hypertensive vascular disease, and
cerebrovascular disease until menopause.

MAGNESIUM-DEPENDENT CHANGES IN FATTY ACID
SATURATION AND PLASMALOGEN CONTENT OF
VSM: POSSIBLE RELATION TO INTRACELLULAR

SIGNALING PATHWAYS

In atherogenesis and vascular disease, it has been
demonstrated that membrane phospholipids are altered.
The failure to focus on the latter may be one of the
chief reasons that neither the frequency of restenosis
after percutaneous transluminal coronary angioplasty
has improved nor have the varied recommended treat-
ments met with success. Approximately 8 years ago,
our laboratory reported that dietary Mg deficiency in
rats results in alterations of membrane phospholipids

and fatty acid saturation in intact cardiac tissue
(Brautbar and Alwra, 1987). This early finding may
be particularly important in light of recent evidence
that indicates that phosphoinositide-derived second
messengers are important in regulation of Ca’" in
VSM (Nahorski et al., 1994).

With such a background, we recently investigated
whether Mg®* modulated fatty acid saturation and
plasmalogen (a.S-unsaturated ether) content in rat
aortic and canine cerebral VSM membranes ( Kostel-
low et al., 1995a). In our preliminary observations,
using ion exchange chromatography to separate lipids
and 'H-NMR spectroscopy, we noted that exposure of
primary cultured aortic VSM cells to low [Mg** ], for
18 h increased the fatty acid content of aortic VSM
about 3-fold (Fig. 2). Fatty acid saturation clearly was
increased 2-fold when aortic VSM cells were exposed
to a medium containing 0.17 mM [Mg’"], vs. one
containing 1.2 mM [Mg*" ],. These data show that the
level of fatty acid unsaturation is quite sensitive to
[Mg’" |, concentrations over the human pathophysio-
logic range (0.3—-0.6 mM) found by our ISEs in pa-
tients with hypertension, ESRD, IHD, AMI, NIDDM,
and stroke (see above). Although not shown here, a
similar Mg”' -dependent increase in fatty acid satura-
tion was observed in segments of canine cerebrovascu-
lar smooth muscle (Kostellow et al., 1995a).

We also found changes in the a,B-unsaturated ether
protons of extracts of canine cerebrovascular smooth
muscle cells incubated for 18 h in different [Mg*"],
(Fig. 3) (Kostellow et al., 1995a). In contrast to the
classic double bonds, discussed above, the a,3-unsatu-
rated ether content of the N-containing phospholipid
fraction increases in VSM cells as the [Mg*'], de-
creases. Collectively. such data, when viewed in light
of our earlier data on cardiac muscle (Brautbar and
Altura, 1987), suggest that Mg*" can modulate phos-
pholipid moieties and content in VSM cell membranes.
Such attributes of Mg”" could be pivotal in generating
and controlling intracellular signal pathways.
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Fig. 2. Effect of [** ], on the saturated fatty acid content of rat aortic
smooth muscle cells in culture. Primary cell cultures were incubated
for 18 h in media containing the [** |, concentrations indicated ( Kos-
tellow et al., 1995a).

DOES MAGNESIUM MODULATE INTRACELLULAR
FREE CALCIUM COMPARTMENTATION AND
TRANSCRIPTION FACTOR NUCLEAR FACTOR-xf?

Two years ago, it was suggested by Collins (1993)
that endothelial nuclear factor-xf (NF-xf3) might be
a pivotal factor in the initiation of the atherosclerotic
lesion. He reviewed data suggesting that genes for a
number of the endothelial-leukocyte adhesion mole-
cules implicated in the etiology of atherogenesis con-
tain functional NF-x/ binding sites that are needed for
cytokine induction in endothelial cells. Because the
above indicates that Mg*' -deficient states can generate
cytokines, activation of this pleiotropic family of tran-
scription factors may be important in the diversity of
growth factor and cytokine gene expression associated
with the dysfunctional endothelial and VSM cells seen
in atherosclerosis. The fact that reduced [Mg®' ], can
result in oxygen radical generation and oxidation of
LDL and VLDL (reviewed above) would support the
ideas of oxidant stress-activation of the NF-«x/3 family
of transcription factors, linking ‘‘the atherosclerotic
lesion into a final common pathway for induced endo-
thelial gene activation,”’ as suggested for NF-x3 by
Collins (1993). But, the missing link in this hypothesis
may be [Mg*'].

Using aortic and cerebral VSM primary cell cul-
tures, Kostellow, Morrill, Altura, Altura, and Gupta
(unpublished data, 1995) have found presumptive pre-
liminary evidence for the idea that low [Mg’"], can
result in activation of the NF-«/ family of transcription

factors. This, and the proposed phospholipid intrace|jy.
lar sig:\ml.\'. may be a consequence of a translocatiop
of [Ca™" ], by reduction in [Mg’" ],. Using primary rag
aortic and canine cerebral VSM cell cultures. fura-
2 (and fluo-3), digital image microscopy. and laser
scanning confocal microscopy, we found that a redye.
tion of [Mg”" |, by 35-40% can result in an approxi-
mate 35-fold rise in nuclear [Ca®' ], but only a 6- anq
10-fold rise, respectively, in perinuclear and cytosolic
cell [Ca®']; (Altura et al.. 1993a: Altura and Altura,
1995a). Because large pre-RNA and (RNA transcrip-
tion could be activated by such rises in nuclear [Ca* i
it is possible that this rapid elevation in [Ca’'], jg
pivotal in setting all other subcellular signaling and
molecular events into motion.

CONCLUSIONS

This short review does not cover all the interactions
between Mg** and the cardiovascular system. We have
not touched on basic Mg”* biochemistry, electrophysi-
ologic aspects of Mg*', or membrane transport pro-
cesses. Instead, we attempted to put together a working
hypothesis that has evolved over our 30-plus years of
research in the Mg®' field, that is, to show the impor-
tance of measuring Mg*" in patients with cardiovascu-
lar-renal disorders and how such measurements with
ion-selective electrodes and "'P-NMR spectroscopy
can be useful in diagnosing and potentially preventing
some of these diseases. By demonstrating that reduc-
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Fig. 3. '"H-NMR measurements of the a,f#-unsaturated ether of plas-
malogen and double bond protons in total lipid extracts of canine
cerebrovascular smooth muscle segments. Segments were incubated
for 18 h in the [*" ], concentrations shown. Values are means ~ SD
for three dogs (Kostellow et al., 1995a).
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ion in [Mg>' ], can induce an entire array of patho-
physmlogic phenomena (e.g., vasospasm, increased
yascular reactivity, elevation in [Ca’'],, formation of
proinflammatory agents, oxygen radicals, platelet ag-
gregation, reduction in cardiac bioenergetics, cardiac
failure, oxidation of lipoproteins, gender-related modu-
lation of EDRF-NO, changes in membrane fatty acid
saturation, plasmalogen content and N-phospholipids
[suggesting changes in intracellular signals], and prob-
ably the transcription factor nuclear factor-«f3), we
provide a rationale for how Mg deficiency could result
in hypertensive vascular disease, atherogenesis, THD,
AMI and stroke. Inadequate dietary intake of Mg or
errors in Mg metabolism could result in dyslipidemias,
insulin resistance, atherosclerosis, vascular thrombo-
sis. stroke, and sudden cardiac death.
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