Reprinted f rom Myocardiology, Volume 1 of the series entitled Recent Advances in
Studies on Cardiac Structure and Metabolism. edited by E. Bajusz and G. Ro na.
University Park Press, Baltimore, London, Tokyo, 1972.
Schering Corporation, Bloomfield, N.J .,
New Yo rk Medical College, Phannacology Departmen t,
Maimonides Medical Center, New York, N.Y., USA

MYOCARDIAL LOSS OF FUNCTIONAL MAGNESIUM
I. EFFECT ON MITOCHONDRIAL INTEGRITY
AND POTASSIUM RETENTION
M. S. SEELI G

There is growing interest in the importance of magnesium in myocardial
structure and function. Most clinicians in the United States still place greatest
emphasis on potassium loss in the e tiology or intensifica tion of cardiomyopa thy .
This paper presents an analysis of the data that indicate th at the magnesium loss
from the heart , as from other tissues, interferes with the cellular machinery
without which cardiac potassium cannot be maintained. Thus, magnesium loss
predisposes to potassium loss.
The cardiac loss of potassium seen in magnesium deficiency was first
attribute d by Vitale and his associates ( 14 , 57) to the necessity of magnesium
for the normal functionin g and structural integrity of heart mitochondria. They
correlated the decreased oxidat ive activity and/or uncoupling of oxidative
phosphorylation by cardiac mitochondri a from thei r magnesium-deficient
anim als ( 14, 55 , 58) with the bioche mically dem onstrated importance of
oxidative phosphorylation in the active transport of potassium (33 , 54). Welt
and his associa tes (59- 6 1) have implicated defective func tioning of membrane
adenosine triphosph atase (ATPase) as a probable cause of the loss of K by
Mg-deficient cells. On the basis of the biochemical work on subcellular
membrane particles that showed that Na• -J<> -ATPase is Mg-depe ndent and is
involved in the t ransport of Na+ and K', they concluded that magnesium is
necessary for the acti on of "pump" ATPase. Without its optimal activity, the
cells apparently Jose the capacity to maintain an appropriate concentration
gradient across the cell membranes (table 1).
Skou (49- 52), first utilizing microsomes from crab nerves and then from
mammalian brain and kidney preparations, showed th at Mlf is necessary for the
activity of ATPase in active transport of Na• and K'" across an electrochem ical
gra dient. Post eta/. (38) using ery th rocyte membranes showed that both Na• and
K' -dependent and independent ATPases are activated by Mlf. Dunham and
Glynn ( I S, 19) h ave also demonstra ted that the ATPases require Mlf for full
activity, and that Na+ -K'" -ATPase is direc tly involved in the ionic pump . The
presence of Mg-dependent, Na•-K'-ATPase has been demonstra ted in cardiac
microsomes by Auditore and Mu rray ( 1, 2) and by Sch wa rtz and Laseter (42,

44).
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Table I
Magn es.ium~ependent

Investigators
Skou (49-52)

Post eta/. (38)

Particulate Adenosine Triphosphatases

Source of ATPasc

Role of Mg"

Microsomal particle
(Crab nerve, guinea pig, rat, rabbit)
Brain
Kidney
Human red blood cell ghosts
Guinea pig kidney

Mg++ req uiremen t for
Na'-K' transport across
electrochemical gradien t

Dunham and Glynn ( 15)
Glynn (19)

Human red blood cells
Microsomes (electric organ)

Auditore (1)
Auditore and Murray (2)

Mitochondria; microsomes
Rabbit heart

Schwartz (41)
Schwartz and Laseter (44)

Microsomes
Rat heart

Mg++ requirement for
dependent
Na'-K'<
independent
ATPase
Mg" requirement for
dependen t
Na'-K'<
independent
ATPase
ATPase role in ionic pump
Mg" activates:
dependent
Na'-K' <
independent
ATPase
Mg" -Na' -K' ATPase
Mg"-A TPase

Inhibitors
Ca" (of Mg-ATPase)
Strophanthin
(of Na-K-Mg ATPase)

Ca"
Cardiac glycosides

G-Strophanthin

Ouabain
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Because under most circums tances magnesium deficie ncy is associated with
hypercalcemia and because agen ts that cause hype rcalcemia have cardi otoxic
potential , the demonstration by some investigators (I 5, 19, 49- 52) of inhibition
by Ca++ of Mg-activated ATPase is especially interesting. The inhibition by
cardiotonic agents of the ATPase th at is dependent on Na•, ~ , and Mg+ (1 , 2,
IS , 19, 42, 44) is also important, because of the loss of myocardial Mg from
hearts of animals with digitalis intoxication (25), the increased se nsitivity to
glycosides of Mg-deficient anim als (3 I , 4 5, 56, 57), an d the efficiency of
magnesium in counte rac ting digitalis toxicity (45 , 53 , 62).
Review of some of the bas.ic work on the role of magnesium in mitochondrial
structure and in the activity of microsomal A TPase reveals a pivotal position of
this cation in normal physiology; the present paper cann ot encompass the many
additional Mg-dependent enzyme systems. The efficacy of Mg in preven ting and
reversing early damage to mitoch ondria caused by a variety of ch allenges
provides a clue to the efficacy of magnesium salts against a number of diverse
cardiotoxic agents (for reviews of card ioprotective effect of Mg sal ts, see 3, 4 ,
46, 47).
Wherever possible, data have been selected from studies with cardiac
mitochondria, because of evidence th at mitochondria from the heart differ from
the parenchymal mitochondria that have been more commonly used in the basic
studies. Green and Fleischer (20) h ave observed th at cardiac mitochondria are
jam-packed with cristae , whereas live r mitochondria have relatively few cristae,
and they are more widely spaced . The greater the oxidative-phosphorylative
activity of the cells, the tigl1ter the arrangement of c ristae. DiGiorgio et al. (14)
observed th at heart mitochondria are more susceptible than are liver o r kidney
mitochondria to the impairment of oxidative phosphorylation th at is caused by
magnesium deficiency and/or thyroxine. Carafoli eta/. ( 10) observed that active
accumulation of Mg+ and ca++ by the live r mitochondria they employed was not
great, whereas the heart mitochondria used by Brierley et a/. ( 7 , 8) had
considerable avidity for M(" and inorganic Pions, coincident with which lf was
released. Ernster (16) has considered the evidence that mitochondrial accumulation of divalent ca tions with inorganic phosphate fun ctions as a buffe ring
system.
Mitoch ondrial membranes h ave been described by Gebicki and Hunter (18) as
forming a backbone on which the components of the electron transport system
and oxidative phosphorylation system are arranged. Green and Fleische r (20)
have described the mitochondrion as the structure that provides utilizable energy
for the basic cellular functions (table II). Mitochondria are devices for oxidative
phosphorylation, or coupling the synthesis o f ATP to the oxida tive reactions of
the citric acid cycle, for fatty acid oxidation, and for utiliza tion of fatty acids in
the forma tion of acetyl coenzyme A. The electron transport syste m , which
participates in oxidation-reduction reactions and active ion transport , is also a
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Table 11

Mitochondrial Functions
• Provides utilizable energy for basic cellular function s
• Oxidative-phosphorylation (couples synthesis of ATP to
the oxidative steps of the citric acid cycle)
• Fatty acid oxidation (in heart mitochondria)
• Fatty acid conversion to acetyl coenzy me A (coupling
fatty acid to citric acid oxidatio n)
• Electron transport system: respiratory chain ox idationreduction reactions
• Energy for active ion transport

mitochondrial subunit. The arrangement and o rganization of enzymes and
substrates of the mitochondrion implement its functions in cellular metabolism
(20) . Physiologic swelling and contraction of the mit ocho ndria lead to altere d
biochemical activity in response to changes in cellular activity ; pathologic
swelling and disruption of the mitochondria lead to abnormalities in biochemical
activity and ultimate ly to cell death.
Magnesium is intimately involved in mitoch ondrial structure and function
(fig. I). It is necessary for fo rmation of the compact Mg-ATP complex (5 , 17,
36) a t which phase the mitochondrion is "contracted." Calcium , on the other
hand , favors the release of ATP from the mitochondria. Ernster and Low ( 17)
have described the mitochondrial arrangeme nt as then being "loose." This is the
swollen mitocho ndrion. As Ca++ is taken up by mitochondria (liver), there is an
inc rease in intramitoch ondrial Na+ and a dec rease in K" , with reve rsal of the
K : Na ratio (10). It has recently been suggested th at , at this phase, there is
ATP-induce d uptake of Ca++ by sarcosomal me mbranes ( II), which is associated
with contracti on of muscles. (21 ) . Mg++, possibly under the influence of
parathyroid horm one, enters the mit ochondria in associati on with phosphate,
complexes with ATP in the mitochondria, which then contract. At this phase , K"
enters the mitochondria and Na+ leaves 1 . Magnesium's complexing with
diphosphopyridine nucleotide (DPN) participates as part of the electron-transport respiratory chain in activation of mitochondrial ATPase (37 , 48).
Recent findings by Schwartz and his colleagues {28, 29, 43) indicate that K"
efflu x from mitochondria is an energy-dependent p rocess th at is effected by
polycationic proteins, including parathyroid h ormone and histone. These
authors have suggested that histone may enter the mitoch ondrion with
phosphate via an energy-depe ndent uptake mechanism . Within the mitochondrion , the histone-P04 complex would lead t o efflux of K" , and possibly of
'For m ore d etailed and additional information on the steps involved in the ion transfer
reactions, see: Carafoli eta/. (10), Ernster (16), Rasmussen eta/. (30, 39), and Sallis eta/.
(41).
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Fig. 1 Physiologic mitocho ndrial processes.

Mg+ , in exchange fo r the poly cationic protein. The mitochondrial swelling and
~ efflux thus induced is prevented by addition of Mg+ .

In their detailed review of the literature on the respiratory chain and
oxidative phosphoryla tion up to 1956, Chance and Williams ( 12) considered the
evidence substantial that Mg acts to preserve the mitocho ndrial structure. They
observed that this function logically explains the prevention by magnesium of
the mitochondrial swelling caused either by ca++ or thyroxine. Ernster and his
associates ( 17 , 48), Baltscheffsky (5), and Hunter et al. (26) have attributed
magnesium's stabiliza tion of mitochondria to its complexing with chemical
groups on its membrane.
Magnesium deficiency thus causes cellular loss of potassium by several means:
a) through decreased microsomal Mg-Na-K-ATPase activity, as a result of which
there is decreased ability to maintain an appropriate concentration gradient ; b)
through basic protein (i.e., histone)-induced ~ efflux from the mitoch ondrion ;
and finally c) through mitochondrial disruption, with destruction of the cellular
machinery required for cellular activity (fig. 2).
Lehninger (32) has observed that mitochondrial swelling caused by a wide
diversity of chemical agents is preventable or reversible by wh at app ears to be a
single, basic mechanism that is ATP-driven. It should be no ted , here , that
Nanninga (36) has provided evidence that 90% of muscle ATP exists as Mg-ATP,
th e Mg+ probably acting as a bridge, binding substrate to enzyme. In fact , the
extent of the mitoch ondrial swelling has been shown to be inversely proportional to the concentration of Mg+ ( 13) .
Brierley (6) has rece ntly suggested that cardiac mitochondrial membrane
lesions may favor massive accumulation of magnesium and inorganic phosphate.
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Fig. 2 Mitochondrial changes with magnesium deficie ncy.

Isolated mitochondria with tightly coupled oxidative phosphorylation accumulated the magnesium mo re slowly than did those with impaired respiratory control
(caused by mechanical damage or by he avy me tals) . Brierley (6) considers the
resultant precipitation of Mg3 (P0 4 h within the damaged mitocho ndria as a
probable pathologic re ac tion (fig. 2).
This provides the first clear indication that not all of the magnesium in the
heart is necessarily functional. Early studies of cardiac mitocho ndria from
magnesium-deficient animals suggested this possibility . For example, Nakamura
et a/. (35) reported tha t rats on a Mg-deficient diet for 12 days had swollen
cardiac mitochondria that contained about the same amount of magnesium (or
even slightly more) than did the mitochondria from cont rol rats. That these were
not physiologically swollen mitochondria is indica ted by the morphologic
disorganization of the cristae seen on elec tron microscopy. Di Giorgio eta/.
(14} proposed that cardiac sarcosomes from Mg-deficient ducks contained Mg
which was either insufficient or present in a form unsuitable for coupling
of oxidation to phosphorylation.
The particulate electron-dense materi al seen in the cardiac sarcosomes of
Mg-de ficient ·r ats was interpreted by Heggtveit et a/. (22-24) and Mishra and
Herman (34) as probable evidence of calcification (fig . 3). That these granules
were, indeed, probably calcium is indica ted by the observation by Brie rley and
Slauterback (9) that the fixation procedure for prepa ration of cardiac
mitochondrial pellets, employing osmium tetroxide , removes 80% or more of the
inorganic phosphorus associated with magnesium , but only about half that
associated with calcium.
Jennings (27) has very recently observed that the development of dense
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Fig. 3 Degree of filling of mitochondria with electron-dense granules, presumably Ca,
in Mg-deficient, stressed rat, day 29. A. Solid electron-dense particles; B, sarcosome filled
with tightly packed particles. From Heggtveit eta/. (24).

granules in the cardiac mitochondria 20 min afte r coronary occlusion may well
be caused by redistribution of Ca++ or Mg+ within the mitochondria. He has
suggested that the crystallization or binding of essential cofactors like inorganic
phosphate and M(" in the granules might contribute to irreversible mitochondrial failure. Demonstration of this shift from functional to nonfunctional Mg
may have been provided by Hochrein eta/. (25) (table III). The progressive drop
of myocardial Mg, seen in guinea pigs for the first 4 min of asphyxia, and the
Table Ill
Myocardial Magnesium in Asphyxia (Guinea Pigs)
Duration of
asphy xia
(min)

0
0.5
1.0
1.5
2 .0
2.5
4.0
8.0
10.0
10.5

mEq/1

16.6
14.1
11.4
11.4
II. I

10.9
10 .9
I 1.7
12.5
15 .5

Control
Tachycardia
Onset: hypoxic dilatation
Complete : hypoxic dilatation
AV - block I
AV - block II
AV - dissociation
Cardiac arrest (2 min)
Cardiac arrest (4 min)
Cardiac arrest (4.5 min)

Translated from Hochrein et al. {25).
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subsequent rise to almost the control level after 4 I /2 min of cardiac arrest, may
have been caused by acute loss of functional Mg, followed by precipitation of
the inorganic phosphate salt.
Magnesium normally functions in the high energy phosphate reactions
involved in citric acid and fatty acid metabolism, active potassium and sodium
transport, in muscle contraction and relaxation, and in maintenance of
mitochondrial integrity. When present as an insoluble phosphate salt, magnesium
is at best nonfunctional. Whether phosphate precipitates of calcium and
magnesium can contribute to cell damage remains to be proved.
SUMMARY
Magnesium is necessary for mitochondrial function and integrity. Cardiac mitochondria
are most susceptible to loss of magnesium . Under physiologic conditions, the shift of
magnesium out of and of calcium into the mitochondria is associated with impaired
mitochondrial structure and function. Inadequate Mg interferes with activation of
Na•-K•-ATPase , with resultant shifts of K out of and Na in to the cell. With pathologically
decreased magnesium levels, there is irreversible loss of cellular potassium and , ultimately,
mitochondrial disruption and deposition of crystalline phosphates of both calcium and
magnesium into mitochondria and microsomes.
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