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Does hypomagnesemia frequently contribute to myocardial ischemia and myocardial infarction? Will increased dietary intake 
of magnesium lower the risk of ischemic heart disease (IHD) and acute myocardial infarction (AMI)? Does magnesium (Mg) have a 
therapeutic value in preventing IHD and AMIs?

These are very important questions to raise at a time when so much attention and monies are being expended on non-occlusive causes 
of ischemia and infarction. Our work, dating back to 1970 [1-7] has provided insights into these questions. These initial experimental 
studies have stimulated numerous clinical trials around the globe that support roles for increased dietary Mg intake in both the prevention/
amelioration of IHD and AMI as well as the use of Mg therapeutically [8-16]. Experimental studies on numerous mammalian species 
demonstrate that hypomagnesemia can produce coronary arterial vasoconstriction, decreased blood flows, inflammations, atherogenesis, 
and increased vascular reactivity, resulting in continuous coronary arterial vasospasm, and over a period of time, IHD, AMIs, or sudden 
cardiac death (SCD) [3,4,17-31]. This evidence shows that Mg supplements reduce ischemia, and that an increase in dietary Mg intake 
would reduce the incidence of atherosclerosis, coronary arterial diseases and improve the quality of life.

Examination of the sera of approximately 35 cardiac patients in our hospitals, diagnosed with Prinzmetal angina, and using specifically-
designed electrodes for measurement of ionized Mg levels revealed that, on average, there was a 35-40% decrease in ionized Mg levels 
[46-50]. Measurement of interleukin 1a, TNF-alpha, and c-reactive protein indicated a strong inverse correlation to the serum ionized Mg 
level [unpublished findings]. 

In 1768, Dr. William Heberden was the first person to note an occurrence of chest pain attacks (i.e. angina pectoris) that seemed to be 
pathologically –related to occluded coronary arteries. These episodes are triggered by exercise, as well as other forms of exertion, and 
usually relieved by rest and nitroglycerin tablets. Prinzmetal angina is not to be confused with classic cases of angina that occur in the 
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absence of exercise or exertion. It is now agreed that Prinzmetal angina is caused by coronary vasospasm. It has been our contention for 
almost 40 years that a major cause of Prinzmetal angina are low levels of ionized Mg in the sera and coronary vascular smooth muscle 
cells [5,6], as patients given supplemental amounts daily of Mg exhibit markedly reduced Prinzmetal angina attacks when subjected to 
exercise [10,11].

Evidence from hard-water vs. soft-water studies and autopsy studies support role of Mg deficiency 

Evidence which has been accumulating for almost 40 years, since our initial discoveries, consists of data from hard- and soft-water 
studies, autopsy studies, serum measurements of both ionized and total Mg levels following AMIs and IHD attacks, treatment series 
involving Mg, and extensive studies of magnesium’s effects on vascular tone, vascular reactivity and single coronary vascular smooth 
muscle cells [1-50]. There have been a substantial number of both experimental and clinical studies, in various parts of the world, to 
determine whether the mineral content of drinking waters correlate with incidence of cardiovascular diseases (CVDs). The results 
strongly suggest that such a correlation does exist [8,9,14,28,29,51- 59]. As early as 1962, a study in Glasgow, Scotland showed that there 
were 855 cardiac deaths per 100,000 men, ages 45 - 64, who drank soft-waters, but in London where the men , of similar ages, drank 
hard-waters, there were only 581 deaths per 100,00, a very significant difference [51,52,56]. In 1966, an American study showed that in 
Lincoln, Nebraska, where the men drank hard-waters, the cardiac death rate was 300 per 100,00 while in Savannah, Georgia, where the 
men drank soft-waters, the cardiac death rate was 800 per 100, 000, thus almost triple the cardiac death-rate in the men that imbibed 
hard-drinking waters in Nebraska [60]. Finland, the country with one of the highest cardiac death- rates in the world, is also a country 
with very soft-drinking waters, particularly, in the eastern –half [61]. Similar types of studies have been observed in Canada, Scandinavia, 
France, Germany, Italy, and several eastern European nations [8,27,28,54-59]. 

Although these soft-versus hard-water studies have been criticized, and are still in some circles, controversial, in our opinion, the 
overwhelming data with thousands of human subjects, can no longer be ignored. A clear correlation, using meta-analyses, between Mg 
levels in the drinking waters and IHD as well as sudden-cardiac death seems to emerge [60- 62]. This correlation is evident from autopsy 
studies. One well-done study done in the UK, among others, revealed that the coronary arteries obtained from subjects living in hard-
water areas, had significantly higher levels of Mg in cardiac muscle than cardiac muscle obtained from cardiac deaths in subjects living in 
soft-water drinking regions [8,28,62-65]. A Canadian study showed similar results [66,67]. 

Many scientists and physicians have taken issue with these latter associations of Mg levels in drinking waters and the incidence of 
death-rates from IHD and AMIs. In the early 1980’s, an editorial in JAMA suggested that the proposed link between soft-waters and heart 
disease is an unsubstantiated idea [68]. These authors attempted to posit that only an inconsequential proportion of mineral intake 
comes from the water supply. Unfortunately, “they did not do their homework”. Depending upon which geographic region one lives in, the 
intake of Mg ranges from 1 - 2 mg/l to as much as almost 600 mg/l [8,67]. 

Despite these skeptics, there is a clear, overwhelming amount of evidence which demonstrates a strong correlation between water 
intake levels of Mg and the incidence of IHD [51-68]. It must also be pointed out, here, that hard-waters could contain very low levels of 
Mg but very high levels of calcium (Ca); hard-water by definition is made up of only Mg and Ca, Mg alone, or Ca alone. In Lille, France the 
hardness of the drinking -waters is one of the highest in the world, i.e. 661. However, it only contains on average about 15 mg/l of Mg [8, 
67]. This helps to explain the inconsistency among various drinking –waters and the incidence of IHD and sudden cardiac death-rates in 
our opinion. Even though the bulk of Mg dietary intake may not come from drinking-waters, it could provide as much as 450 mg/l/day if 
all beverages imbibed/day is taken into consideration. In regions where water hardness is 400, the drinking water would provide about 
75 mg of Mg/day in an average of two liters of water, or about 25% of the RDA. This could spell the difference 

between an adequate amount of Mg/day versus inadequate, as the daily intakes of Mg/day in the U.S. and European population have 
fallen to 136 - 235 mg of Mg/day (between 30 - 65% of what is needed to sustain multiple bodily functions [28,34,65].
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Clinical evidence linking hypomagnesemia to heart diseases

There is now an overwhelming amount of clinical evidence to show that hypomagnesemia is, indeed, linked to heart diseases. Patients 
on diuretics, those with digitalis toxicity, alcoholics, those taking proton-pump inhibitors, patients on chemotherapeutic drugs, and cancer 
patients subjected to x-irradiation all have a high degree of hypomagnesemia, IHD, AMIs, and sudden-cardiac death, many of whom when 
treated with Mg supplements live longer and have better qualities of life [28,64,69]. In addition, it has been clear for some time that 
various methods commonly used in food preparation often cause tremendous loss of Mg contents [8,28,65]. 

We, therefore, must conclude that dietary intake of Mg, food preparation, and various drugs are clearly masking the role of Mg 
deficiency in Prinzmetal angina, IHD, AMIs, and SCD. Ionized hypomagnesemia should clearly be looked for in all cardiovascular disease 
states and SCD.

Mechanisms involved in Mg-deficiency-induced vasospasm

Ever since two of us first discovered that low Mg2+ environments caused vasospasm of arterial and arteriolar blood vessels, more than 
50 years ago [1-6], we have been interested in what mechanism(s) is responsible for the important, powerful contractions of the arteries 
and arterioles. At first, we found evidence that low Mg2+ resulted in opening membrane channels allowing free calcium ions to flow into 
the vascular smooth muscle cells (both from the extracellular compartment and membrane -bound stores), as well as cause a release of 
Ca2+ from intracellular stores [1-6]. However, on further and deeper investigation, we found a great deal of evidence that several signaling 
pathways, besides Ca2+mobilization, were being activated, as well, by the low Mg2+ [70-85]. An array of numerous cellular signaling 
pathways clearly are now known to be responsible for the arterial vasospasms seen in patients with low Mg levels such as the activation 
of several protein kinase C isozymes [70,90], activation of phosphoinositol-3-kinases [70,91,92], activation of mitogen-activated protein 
kinases [91,92], activation of membrane tyrosine kinases [91,92], activation of proto-oncogenes (i.e., c-jun, c-fos) [73,84], inhibition of 
nitric oxide pathways [34,75,76], inhibition of release of cytokines and chemokines [32,34, 74,83,84,88,90], inhibition of formation of 
reactive oxygen species (ROS) and nitrogen oxygen species (RNS) [34,72,73,81,82,83,87,89,93], regulation of membrane, transmembrane 
and intracellular Mg2+/Ca2+ratio [19,21,22,23,26,34,73,94-99], inhibition of homocysteine formation and release [100] and formation of 
nuclear -factor- kB [70,72-74].

Very recent studies, from our laboratories, indicate that low Mg2+ environments induce formation of several sphingolipids (i.e., 
ceramides, sphingosine, sphingosine-1-phosphate) [34,69,70,74,78-85,90] and induce the formation and release of platelet-activating 
factor (PAF) [69,77,83,84-86]. If each of these cellular signaling pathways is inhibited, with specific molecular antagonists, the vasospasms 
are either attenuated or inhibited [84]. Whether some of these molecular antagonists should be given to Prinzmetal, IHD, or AMI human 
subjects becomes an interesting question which remains to be investigated. 

Magnesium deficiency induces different forms of programmed cell death in cardiovascular tissues and cells

In addition to this latter important question, it should be noted, here, that we have found that experimental short-term Mg deficiency 
in animals causes three different forms of programmed cell death in cardiac atrial, ventricular, and arterial smooth muscle cells, namely 
apoptosis, necroptosis, and ferroptosis [87-89]. Such findings, if extended to human subjects, could be early biomarkers for future 
Prinzmetal attacks, early signs of IHD, and/or early signs of an AMI. We believe it will be quite important to investigate these potential 
scenarios.

The need for adequate daily intake of bioavailable Mg

Last, but not least, our data bolster the idea, we have espoused previously, that daily intake of Mg (from tap waters, well waters, bottled 
waters, beverages using tap/spring/well waters, or desalinated waters) for ingestion by humans should contain at least 25 - 40 mg Mg2+/l 
[34,70,74,79-81,84-86]. The latter amount of Mg in our diets should go a long way towards the prevention of Prinzmetal angina, IHD, 
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AMIs, and SCD and ameliorate the aging process. In 2009, The World Health Organization recommended our guidelines of 25 - 40 mg 
Mg2+/day to be included in drinking waters for human consumption [101].

Acknowledgements

The authors’ original studies, discussed and reported herein, were supported, in part, by N.I.H. grants to B.M. Altura and B.T. Altura. 
These included funding from The National Heart, Blood and Lung Institute, The National Mental Health Institute, The National Institute 
on Drug Abuse, and The National Institute on Alcoholism and Alcohol Abuse, as well as grants from several pharmaceutical companies 
(i.e. The Upjohn Co., Sandoz Pharmaceuticals, Bayer Pharmaceuticals, CIBA-Geigy Corp, and Warner-Lambert Pharmaceuticals). While 
many of our studies were going on, three of our dear colleague and friends, i.e. Professor Lawrence Resnick, Anthony Carella and Toshi 
Murakawa unfortunately passed away. They will be sorely missed by those who knew them.

Bibliography

1.	 Altura BM and Altura BT “Influence of magnesium on drug-induced contractions and ion content in rabbit aorta”. American Journal 
of Physiology 220.4 (1971): 938-944.

2.	 Altura BM and Altura BT “Magnesium and contraction of arterial smooth muscle”. Microvascular Research 7.2 (1974): 145-155.

3.	 Altura BM and Altura BT “Magnesium withdrawal and contraction of arterial smooth muscle: Effects of EDTA, EGTA and divalent 
cations”. Proceedings of the Society for Experimental Biology and Medicine 151.4 (1976): 752-755.

4.	 Altura BM and Altura BT “Magnesium and vascular tone and reactivity”. Blood Vessels 15.1-3 (1978): 5-16.

5.	 Altura BM. “Sudden-death ischemic heart disease and dietary magnesium intake: Is the target site coronary vascular smooth 
muscle?”. Medical Hypotheses 5.8 (1979): 943-949.

6.	 Turlapaty PDMV and Altura BM. “Magnesium deficiency produces spasms of coronary arteries: Relationship to etiology of sudden 
death ischemic heart disease”. Science 208.4440 (1980): 198-200.

7.	 Altura BT and Altura BM. “Withdrawal of magnesium causes vasospasm while elevated magnesium produces relaxation of tone in 
cerebral arteries”. Neuroscience Letters 20.3 (1980): 323-327.

8.	 Marier JH and Neri LC. “Quantifying the role of magnesium in the interrelationship between human mortality/morbidity and water 
hardness”. Magnesium 4.2-3 (1985): 53-59.

9.	 Leary WP. “Content of magnesium in drinking water and deaths from ischaemic heart disease in white South Africans”. Magnesium 
5.3-4 (1986): 150-153.

10.	 Goto K., et al. “Magnesium deficiency detected by intravenous loading test in variant angina pectoris”. American Journal of Cardiology 
65.11 (1990): 709-712.

11.	 Simko F. “Pathophysiological aspects of the protective effect of magnesium in myocardial infarction(review)”. Acta medica Hungarica 
50.1-2 (1994): 55-64.

12.	 Singh RB., et al. “Magnesium status and risk of coronary artery disease in rural and urban populations with variable magnesium 
consumption”. Magnesium Research 10.3 (1997): 205-213.

https://www.ncbi.nlm.nih.gov/pubmed/4323905
https://www.ncbi.nlm.nih.gov/pubmed/4323905
https://www.sciencedirect.com/science/article/abs/pii/0026286274900016
https://www.ncbi.nlm.nih.gov/pubmed/817294
https://www.ncbi.nlm.nih.gov/pubmed/817294
https://www.ncbi.nlm.nih.gov/pubmed/630136
https://www.ncbi.nlm.nih.gov/pubmed/390330
https://www.ncbi.nlm.nih.gov/pubmed/390330
https://www.ncbi.nlm.nih.gov/pubmed/7361117
https://www.ncbi.nlm.nih.gov/pubmed/7361117
https://www.ncbi.nlm.nih.gov/pubmed/7443079
https://www.ncbi.nlm.nih.gov/pubmed/7443079
https://www.ncbi.nlm.nih.gov/pubmed/4046646
https://www.ncbi.nlm.nih.gov/pubmed/4046646
https://www.ncbi.nlm.nih.gov/pubmed/3724239
https://www.ncbi.nlm.nih.gov/pubmed/3724239
https://www.ncbi.nlm.nih.gov/pubmed/2316451
https://www.ncbi.nlm.nih.gov/pubmed/2316451
https://www.ncbi.nlm.nih.gov/pubmed/7638042
https://www.ncbi.nlm.nih.gov/pubmed/7638042
https://www.ncbi.nlm.nih.gov/pubmed/9483481
https://www.ncbi.nlm.nih.gov/pubmed/9483481


Citation: Burton M Altura., et al. “Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial 
Ischemia, Heart Attacks and Sudden Cardiac Death”. EC Orthopaedics 10.7 (2019): 572-581.

576

Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial Ischemia, Heart Attacks 
and Sudden Cardiac Death

13.	 Resnick LM., et al. “Serum ionized magnesium: relationship to blood pressure and racial factors”. American Journal of Hypertension 
10.12pt1 (1997): 1420-1424.

14.	 Rubenowitz E., et al. “Magnesium in drinking water in relation to morbidity and mortality from acute myocardial infarction”. 
Epidemiology 11.4 (2000): 416-421.

15.	 Schecter M., et al. “Oral magnesium therapy improves endothelial function in patients with coronary artery disease”. Circulation 
102.19 (2000): 2353-2358.

16.	 Turgut F., et al. “Magnesium supplementation helps to improve carotid intima media thickness in patients on hemodialysis”. 
International Urology and Nephrology 40.4 (2008): 1075-1082.

17.	 Altura BM and Altura BT. “Magnesium ions and contraction of vascular smooth muscles: Relationship to some vascular diseases”. 
Federation Proceedings 40.12 (1981): 2672-2679.

18.	 Altura BM., et al. “Hypomagnesemia and vasoconstriction: Possible relationship to etiology of sudden death ischemic heart disease 
and hypertensive vascular diseases”. Artery 9.3 (1981): 212-231.

19.	 Altura BM., et al. “Ca2+ coupling in vascular smooth muscle: Mg2+ and buffer effects on contractility and membrane Ca2+movements”. 
Canadian Journal of Physiology and Pharmacology 60.4 (1982): 459-482.

20.	 Altura BM and Turlapaty PDMV. “Withdrawal of magnesium enhances coronary arterial spasms produced by vasoactive agents”. 
British Journal of Pharmacology 77.4 (1982): 649-659.

21.	 Altura BM and Altura BT. “Magnesium modulates calcium entry and contractility in vascular smooth muscle. In: The Mechanism of 
Gated Calcium Transport Across Biological Membranes, Ohinishi T, Endo M, eds. Academic Press, New York (1981): 137-145.

22.	 Altura BM and Altura BT. “Mg, Na and K interactions and coronary heart disease. Magnesium”. Experimental and Clinical Research 1 
(1982): 277-291.

23.	 Altura BM and Altura BT. “Magnesium-calcium interaction and contraction of arterial smooth muscles in ischemic heart diseases, 
hypertension and vasospastic disorders. In: Electrolytes and the Heart, Wester P, ed. TransMedica, New York (1983): 41-56.

24.	 Altura BM., et al. “Magnesium deficiency-induced spasms of umbilical vessels: Relation to preeclampsia, hypertension, growth 
retardation”. Science 221.4608 (1983): 376-378.

25.	 Altura BM., et al. “Magnesium deficiency and hypertension: Correlation between magnesium-deficient diets and microcirculatory 
changes in situ”. Science 223.4642 (1984): 1315-1317.

26.	 Altura BM and Altura BT. “Magnesium, electrolyte transport and coronary vascular tone”. Drugs 28.1 (1984): 120-142.

27.	 Altura BM and Altura BT. “Interactions of Mg and K on blood vessels-Aspects in view of hypertension: Review of present status and 
new findings”. Magnesium 3.4-6 (1984): 175-195.

28.	 Altura BM and Altura BT. “New perspectives on the role of magnesium in the pathophysiology of the cardiovascular system. I. Clinical 
aspects”. Magnesium 4.5-6 (1985): 226-244.

https://www.ncbi.nlm.nih.gov/pubmed/9443780
https://www.ncbi.nlm.nih.gov/pubmed/9443780
https://www.ncbi.nlm.nih.gov/pubmed/10874548
https://www.ncbi.nlm.nih.gov/pubmed/10874548
https://www.ahajournals.org/doi/full/10.1161/01.CIR.102.19.2353
https://www.ahajournals.org/doi/full/10.1161/01.CIR.102.19.2353
https://www.ncbi.nlm.nih.gov/pubmed/18568412
https://www.ncbi.nlm.nih.gov/pubmed/18568412
https://www.ncbi.nlm.nih.gov/pubmed/6116625
https://www.ncbi.nlm.nih.gov/pubmed/6116625
https://www.ncbi.nlm.nih.gov/pubmed/7305671
https://www.ncbi.nlm.nih.gov/pubmed/7305671
https://www.ncbi.nlm.nih.gov/pubmed/6286068
https://www.ncbi.nlm.nih.gov/pubmed/6286068
https://www.ncbi.nlm.nih.gov/pubmed/7150872
https://www.ncbi.nlm.nih.gov/pubmed/7150872
https://www.ncbi.nlm.nih.gov/pubmed/6867714
https://www.ncbi.nlm.nih.gov/pubmed/6867714
https://www.ncbi.nlm.nih.gov/pubmed/6701524
https://www.ncbi.nlm.nih.gov/pubmed/6701524
https://www.ncbi.nlm.nih.gov/pubmed/6149922
https://www.ncbi.nlm.nih.gov/pubmed/6399341
https://www.ncbi.nlm.nih.gov/pubmed/6399341
https://www.ncbi.nlm.nih.gov/pubmed/3914580
https://www.ncbi.nlm.nih.gov/pubmed/3914580


Citation: Burton M Altura., et al. “Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial 
Ischemia, Heart Attacks and Sudden Cardiac Death”. EC Orthopaedics 10.7 (2019): 572-581.

577

Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial Ischemia, Heart Attacks 
and Sudden Cardiac Death

29.	 Altura BM and Altura BT. “New perspectives on the role of magnesium in the pathophysiology of the cardiovascular system. II. 
Experimental aspects”. Magnesium 4.5-6 (1985): 245-272.

30.	 Altura BM. “Ischemic heart disease and magnesium”. Magnesium 7 (1988): 57-67.

31.	 Altura BT., et al. “Magnesium dietary intake modulates blood lipid levels and atherogenesis”. Proceedings of the National Academy of 
Sciences of the United States of America87.5 (1990): 1840-1844.

32.	 Weglicki WB and Phillips TM. “Pathobiology of magnesium deficiency: a cytokine/neurogenic inflammation hypothesis”. American 
Journal of Physiology 263.3 pt 2(1992): R734-R737.

33.	 Ravin HB., et al. “Oral magnesium supplementation induces favorable antiatherogenic changes in in ApoE deficient mice”. 
Arteriosclerosis, Thrombosis, and Vascular Biology 21.5 (2001): 858-862.

34.	 Altura BM and Altura BT. “Magnesium and cardiovascular biology: an important link between cardiovascular risk factors and 
atherogenesis”. Cellular and molecular biology research 41.5 (1995): 347-359.

35.	 Sarake K., et al. “Relation between severity of magnesium deficiency and frequency of anginal attacks in men with variant angina”. 
Journal of the American College of Cardiology 28.4 (1996): 897-902.

36.	 Altura BT., et al. “Low levels of serum ionized magnesium are found in patients early after stroke which results in rapid elevation in 
cytosolic free calcium and spasm in cerebral vascular smooth muscle cells”. Neuroscience Letters 230.1 (1997): 37-40.

37.	 Saris NE., et al. “Magnesium: an update on physiological, clinical and analytical aspects”. Clinica Chimica Acta 294.1-2 (2000): 1-26.

38.	 Kh R., et al. “Effect of magnesium supplementation on blood pressure, platelet aggregation and calcium handling in deoxycorticosterone 
acetate -induced hypertension in rats”. Journal of Hypertension 18 (2000): 919-925.

39.	 Barbagallo M., et al. “Cellular ion alteration in hypertension and type 2 diabetes”. Journal of the American Geriatrics Society 48.9 
(2000): 1111-1116.

40.	 King DE., et al. “Dietary magnesium and C-reactive protein levels”. Journal of the American College of Nutrition 24.3 (2005): 166-171.

41.	 Teragawa H., et al. “The preventive effect of magnesium on coronart artery spasm in patients with vasospastic angina”. Chest 118.6 
(2000): 1690-1695.

42.	 Kugiyama K., et al. “Suppression of exercise-induced angina by magnesium sulfate in patients with variant angina”. Journal of the 
American College of Cardiology 12.5 (1988): 1177-1183.

43.	 Miwa K., et al. “Importance of magnesium deficiency in alcohol-induced variant angina”. American Journal of Cardiology 73.11 
(1994): 813-816.

44.	 Miyagi H., et al. “Effect of magnesium on anginal attack induced by hyperventilation in patients with variant angina”. Circulation 79.3 
(1989): 597-602.

45.	 Tanabe K., et al. “Variant angina due to deficiency of intracellular magnesium”. Clinical Cardiology 13.9 (1990): 663-665.

https://www.ncbi.nlm.nih.gov/pubmed/3914581
https://www.ncbi.nlm.nih.gov/pubmed/3914581
https://www.ncbi.nlm.nih.gov/pubmed/2308944
https://www.ncbi.nlm.nih.gov/pubmed/2308944
https://www.ncbi.nlm.nih.gov/pubmed/1384353
https://www.ncbi.nlm.nih.gov/pubmed/1384353
https://www.ncbi.nlm.nih.gov/pubmed/11348887
https://www.ncbi.nlm.nih.gov/pubmed/11348887
https://www.ncbi.nlm.nih.gov/pubmed/8867781
https://www.ncbi.nlm.nih.gov/pubmed/8867781
https://www.ncbi.nlm.nih.gov/pubmed/8837566
https://www.ncbi.nlm.nih.gov/pubmed/8837566
https://www.ncbi.nlm.nih.gov/pubmed/9259458
https://www.ncbi.nlm.nih.gov/pubmed/9259458
https://www.ncbi.nlm.nih.gov/pubmed/10727669
https://www.ncbi.nlm.nih.gov/pubmed/10983912
https://www.ncbi.nlm.nih.gov/pubmed/10983912
https://www.ncbi.nlm.nih.gov/pubmed/15930481
https://www.ncbi.nlm.nih.gov/pubmed/11115460
https://www.ncbi.nlm.nih.gov/pubmed/11115460
https://www.ncbi.nlm.nih.gov/pubmed/3170960
https://www.ncbi.nlm.nih.gov/pubmed/3170960
https://www.ncbi.nlm.nih.gov/pubmed/8160621
https://www.ncbi.nlm.nih.gov/pubmed/8160621
https://www.ncbi.nlm.nih.gov/pubmed/2917390
https://www.ncbi.nlm.nih.gov/pubmed/2917390
https://www.ncbi.nlm.nih.gov/pubmed/2208825


Citation: Burton M Altura., et al. “Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial 
Ischemia, Heart Attacks and Sudden Cardiac Death”. EC Orthopaedics 10.7 (2019): 572-581.

578

Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial Ischemia, Heart Attacks 
and Sudden Cardiac Death

46.	 Altura BT., et al. “A new method for the raid determination of ionized Mg2+ in whole blood, serum and plasma”. Methods and findings 
in experimental and clinical pharmacology 14.4 (1992): 297-304.

47.	 Altura BT and Altura BM. “Measurement of ionized magnesium in whole blood, plasma and serum with a new ion-selective electrode 
in healthy and diseased human subjects”. Magnesium and Trace Elements 10.2-4 (1992): 90-98.

48.	 Altura BT., et al. “Characterization and studies of a new ion selective electrode for free extracellular magnesium ions in whole blood, 
plasma and serum. In: electrolytes, Blood Gases and Other Critical Analytes: The Patient, the Measurement, and the Government, vol 
14, D’Orazio P, Burritt MF, Sena SF, eds. Omni Press, WI (1992): 152-173.

49.	 Altura BT., et al. “Characterization of a new ion selective electrode for ionized magnesium in whole blood, plasma, serum, and 
aqueous samples”. Scandinavian Journal of Clinical and Laboratory Investigation 54.217 (1994): 21-36.

50.	 Altura BT and Altura BM. “A method for distinguishing onized, complexed and protein-bound Mg in normal and diseased subjects”. 
Scandinavian Journal of Clinical and Laboratory Investigation 54.217 (1994): 83-87.

51.	 Crawford MD. “Hardness of drinking water and cardiovascular disease”. Proceedings of the Nutrition Society 31.3 (1972): 347-357.

52.	 Chipperfield B and Chipperfield JR. “Relation of myocardial metal concentration to water hardness andcdeath rates from ischaemic 
heart disease”. Lancet 2.8145 (1979): 709-712.

53.	 Nerbrand C., et al. “Cardiovascular mortality and morbidity in seven counties in Sweden in relation to water hardness and geological 
settings. The project: myocardial infarction in mid-Sweden”. European Heart Journal 13.6 (1992): 771-727.

54.	 Marx A and Neutra RR. “Magnesium in drinking water and ischemic heart disease”. Epidemiologic Reviews 19.2 (1997): 258-272.

55.	 Morris JN., et al. “Hardness of local water supplies and mortality from cardiovascular disease”. Lancet 2 (1962): 506-507.

56.	 Monarca S., et al. “Drinking water hardness and cardiovascular diseases: A review of epidemiologic studies 1979-2004”. The European 
Journal of Cardiovascular Prevention and Rehabilitation 15.2 (2009): 185-189.

57.	 Monarca S., et al. “Review of epidemiological drinking water hardness and cardiovascular diseases”. The European Journal of 
Cardiovascular Prevention and Rehabilitation 13.4 (2006): 495-506.

58.	 Lake JR., et al. “Effect of water harness on cardiovascular mortality: An ecological time series approach”. Journal of Public Health 32.4 
(2010): 479-487.

59.	 Leurs LJ., et al. “Relationship between tap water hardness, magnesium and calcium concentration and mortality due to ischemic 
heart disease or stroke in The Netherlands”. Environmental Health Perspectives 118.3 (2010): 414-420.

60.	 Emila S and Swaminathan S. “Role of magnesium in health and disease”. Journal of Experimental Science 4 (2013): 32-43.

61.	 Long S and Romani AM. “Role of cellular magnesium in human disease”. Austin journal of nutrition and food sciences 2.10 (2014): 
1051. 

62.	 Qu X., et al. “Magnesium and the risk of cardiovascular events: A meta-analysis of prospective cohort studies”. PLoS ONE 8.3 (2013): 
e57720. 

https://www.ncbi.nlm.nih.gov/pubmed/1507932
https://www.ncbi.nlm.nih.gov/pubmed/1507932
https://www.ncbi.nlm.nih.gov/pubmed/1844565
https://www.ncbi.nlm.nih.gov/pubmed/1844565
https://www.ncbi.nlm.nih.gov/pubmed/7939382
https://www.ncbi.nlm.nih.gov/pubmed/7939382
https://www.tandfonline.com/doi/abs/10.3109/00365519409095214?journalCode=iclb20
https://www.tandfonline.com/doi/abs/10.3109/00365519409095214?journalCode=iclb20
https://www.ncbi.nlm.nih.gov/pubmed/4582124
https://www.ncbi.nlm.nih.gov/pubmed/90803
https://www.ncbi.nlm.nih.gov/pubmed/90803
https://academic.oup.com/eurheartj/article-abstract/13/6/721/555168?redirectedFrom=fulltext
https://academic.oup.com/eurheartj/article-abstract/13/6/721/555168?redirectedFrom=fulltext
https://www.ncbi.nlm.nih.gov/pubmed/9494787
https://www.ncbi.nlm.nih.gov/pubmed/16874137
https://www.ncbi.nlm.nih.gov/pubmed/16874137
https://www.ncbi.nlm.nih.gov/pubmed/20031964
https://www.ncbi.nlm.nih.gov/pubmed/20031964
https://www.ncbi.nlm.nih.gov/pubmed/20064792
https://www.ncbi.nlm.nih.gov/pubmed/20064792
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4379450/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4379450/
https://www.ncbi.nlm.nih.gov/pubmed/23520480
https://www.ncbi.nlm.nih.gov/pubmed/23520480


Citation: Burton M Altura., et al. “Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial 
Ischemia, Heart Attacks and Sudden Cardiac Death”. EC Orthopaedics 10.7 (2019): 572-581.

579

Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial Ischemia, Heart Attacks 
and Sudden Cardiac Death

63.	 Jiang L., et al. “Magnesium levels in drinking water and coronary heart disease mortality risk: A meta-analysis”. Nutrients 8.1 (2016): 
5.

64.	 Seelig MS and Rosanoff A. “The Magnesium Factor. The Penguin Group, New York (2003).

65.	 Dean C. The Magnesium Miracle. Ballantine books, New York (2014).

66.	 Anderson TW., et al. “Sudden death and ischemic heart disease- correlation with hardness of local water supply”. The New England 
Journal of Medicine 280.15 (1979): 805-807.

67.	 Marier JR. “Cardio-protective contribution of hard waters to magnesium intake”. Revue canadienne de biologie 37.2 (1978): 115-125.

68.	 Hammer DI and Heyden S. “Water hardness and cardiovascular mortality. An idea that has served its purpose”. The Journal of the 
American Medical Association 243.23 (1980): 2399-2400.

69.	 Altura BM., et al. “Why do chemotherapeutic drugs and radiation induce cardiomyopathy and cardiac failure in cancer patients: Is 
this a consequence of unrecognized hypomagnesemia and release of ceramides and platelet-activating factor?”. SciFed Journal of 
Emergency Medicine 1.1 (2017): 1000001.

70.	 Altura BM., et al. “Short-term Mg deficiency upregulates protein kinase C isoforms in cardiovascular tissues and cells: relation to 
NF-kB, cytokines, ceramide salvage sphingolipid pathwy and PKC-zeta: hypothesis and review”. International Journal of Clinical and 
Experimental Medicine 7.1 (2014): 1-21.

71.	 Yang ZW., et al. “Low extracellular Mg induces contraction of cerebral arteries: roles of tyrosine and mitogen-activated protein 
kinases”. American Journal of Physiology-Heart and Circulatory Physiology 279.1 (2000): H186-H194.

72.	 Altura BM., et al. “Low extracellular magnesium ions induces lipid peroxidation and activation of nuclear factor kB in canine cerebral 
vascular smooth muscle: possible relation to traumatic brain injury”. Neuroscience Letters 341.3 (2003): 189-192.

73.	 Altura BM., et al. “Expression of the nuclear factor-kB and proto-oncogenes c-fos and c-jun are induced by low extracellular Mg2+ 
in aortic and cerebral vascular smooth muscle cells: possible links to hypertension, atherogenesis and stroke”. American Journal of 
Hypertension 16.9 (2003): 701-707.

74.	 Altura BM., et al. “Short-term magnesium deficiency upregulates ceramide synthase in cardiovascular tissues and cells: cross-talk 
among cytokines, Mg2+, NF-kB and de novo ceramide”. American Journal of Physiology-Heart and Circulatory Physiology 302.1 
(2012): H319-H332.

75.	 Altura BT and Altura BM. “Endothelium-dependent relaxation in coronary arteries requires magnesium ions”. British Journal of 
Pharmacology 91.3 (1987): 489-491.

76.	 Yang ZW., et al. “Mg2+-induced endothelial-dependent relaxation of blood vessels and blood pressure lowering: role of NO”. American 
journal of physiology. Regulatory, integrative and comparative physiology 278 (2000): R628-R639.

77.	 Morrill GA., et al. “Mg2+ modulates membrane lipids in vascular smooth muscle: a link to atherogenesis”. FEBS Letters 408.2 (1997): 
191-194.

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4728619/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC4728619/
https://www.ncbi.nlm.nih.gov/pubmed/5773639
https://www.ncbi.nlm.nih.gov/pubmed/5773639
https://www.ncbi.nlm.nih.gov/pubmed/704980
https://www.ncbi.nlm.nih.gov/pubmed/7373817
https://www.ncbi.nlm.nih.gov/pubmed/7373817
https://www.ncbi.nlm.nih.gov/pubmed/24482684
https://www.ncbi.nlm.nih.gov/pubmed/24482684
https://www.ncbi.nlm.nih.gov/pubmed/24482684
https://www.ncbi.nlm.nih.gov/pubmed/10899055
https://www.ncbi.nlm.nih.gov/pubmed/10899055
https://www.ncbi.nlm.nih.gov/pubmed/12697280
https://www.ncbi.nlm.nih.gov/pubmed/12697280
https://academic.oup.com/ajh/article/16/9/701/131719
https://academic.oup.com/ajh/article/16/9/701/131719
https://academic.oup.com/ajh/article/16/9/701/131719
https://www.ncbi.nlm.nih.gov/pubmed/21984552
https://www.ncbi.nlm.nih.gov/pubmed/21984552
https://www.ncbi.nlm.nih.gov/pubmed/21984552
https://www.ncbi.nlm.nih.gov/pubmed/3496933
https://www.ncbi.nlm.nih.gov/pubmed/3496933
https://www.physiology.org/doi/full/10.1152/ajpregu.2000.278.3.R628
https://www.physiology.org/doi/full/10.1152/ajpregu.2000.278.3.R628
https://www.ncbi.nlm.nih.gov/pubmed/9187365
https://www.ncbi.nlm.nih.gov/pubmed/9187365


Citation: Burton M Altura., et al. “Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial 
Ischemia, Heart Attacks and Sudden Cardiac Death”. EC Orthopaedics 10.7 (2019): 572-581.

580

Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial Ischemia, Heart Attacks 
and Sudden Cardiac Death

78.	 Morrill A., et al. “Mg2+ modulates membrane sphingolipids and lipid second messengers in vascular smooth muscle cells”. FEBS 
Letrest 440.1-2 (1998): 167-171.

79.	 Altura BM., et al. “Magnesium deficiency upregulates serine palmitoyltransferase (SPT 1 and SPT 2) in cardiovascular tissues: 
relationship to serum ionized Mg and cytochrome C”. American Journal of Physiology-Heart and Circulatory Physiology 299.3 (2010): 
H932-H938.

80.	 Altura BM., et al. “Short-term magnesium deficiency upregulates sphingomyelin synthase and p53 in cardiovascular tissues and 
cells: relevance to de novo synthesis of ceramide”. American Journal of Physiology-Heart and Circulatory Physiology 299.6 (2010): 
H2046-H2055.

81.	 Shah NC., et al. “Short-term magnesium deficiency downregulates telomerase, upregulates neutral sphingomyelinase and induces 
oxidative DNA damage in cardiovascular tissues: relevance to atherogenesis, cardiovascular diseases and aging”. International 
Journal of Clinical and Experimental Medicine 7.3 (2014): 497-514.

82.	 Altura BM., et al. “Magnesium deficiency results in oxidation and fragmentation of DNA, downregulation of telomerase activity, and 
ceramide release in cardiovascular tissues and cells: Potential relationship to atherogenesis, cardiovascular diseases and aging”. 
International Journal of Diabetology and Vascular Disease Research41e (2016): 1-5.

83.	 Altura BM., et al. “Magnesium deficiency, sphingolipids and telomerase: Relavance to atherogenesis, cardiovascular diseases and 
aging. In: Handbook of Famine, Starvation, and Nutrient Deprivation, Preedy V, Patel V, eds. Springer, Cham (2018).

84.	 Altura BM., et al. “The expression of platelet-activating factor is induced by low extracellular Mg2+ in aortic, cerebral and neonatal 
coronary vascular smooth muscle; Cross talk with ceramide production, NF-kB and proto-oncogenes: Possible links to atherogenesis 
and sudden cardiac death in children and infants, and aging; hypothesis and viewpoint”. International Journal of Cardiovascular 
Research 3.1 (2016): 47-67. 

85.	 Altura BM., et al. “Potential roles of magnesium deficiency in inflammation and atherogenesis: Importance and cross-talk of platelet-
activating factor and ceramide”. Journal of Clinical and Experimental Cardiology 7.3 (2016): 427-431.

86.	 Altura BM., et al. “Insights into the possible mechanisms by which platelet-activating factor and PAF-receptors function in vascular 
smooth muscle in magnesium deficiency and vascular remodeling: Possible links to atherogenesis, hypertension and cardiac failure”. 
International Journal of Cardiovascular Research 31e (2016): 1-3.

87.	 Altura BM., et al. “Short-term magnesium deficiency results in decreased levels of serum sphingomyelin, lipid peroxidation, and 
apoptosis in cardiovascular tissues”. American Journal of Physiology-Heart and Circulatory Physiology 297.1 (2009): 86-92.

88.	 Altura BM., et al. “Regulated RIPK3 necroptosis is produced in cardiovascular tissues and cells in dietary magnesium deficiency: 
roles of cytokines and their potential importance in inflammation and atherogenesis”. Journal of Medical and Surgical Pathology 2.3 
(2017): 1000e104.

89.	 Altura BM., et al. “Regulated ferroptosis cell death is produced in cardiovascular tissues and cells in dietary magnesium deficiency: 
Initiation of roles of glutathione, mitochondrial alterations and lipid peroxidation in inflammation and atherogenesis”. EC 
Pharmacology Toxicology 6.7 (2018): 1000e104.

https://www.ncbi.nlm.nih.gov/pubmed/9862448
https://www.ncbi.nlm.nih.gov/pubmed/9862448
https://www.ncbi.nlm.nih.gov/pubmed/20581087
https://www.ncbi.nlm.nih.gov/pubmed/20581087
https://www.ncbi.nlm.nih.gov/pubmed/20581087
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3774185/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3774185/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3774185/
https://www.ncbi.nlm.nih.gov/pubmed/24753742
https://www.ncbi.nlm.nih.gov/pubmed/24753742
https://www.ncbi.nlm.nih.gov/pubmed/24753742
https://scidoc.org/IJDVR-2328-353X-04-001e.php
https://scidoc.org/IJDVR-2328-353X-04-001e.php
https://scidoc.org/IJDVR-2328-353X-04-001e.php
https://touroscholar.touro.edu/shs_pubs/48/
https://touroscholar.touro.edu/shs_pubs/48/
https://touroscholar.touro.edu/shs_pubs/48/
https://touroscholar.touro.edu/shs_pubs/48/
https://www.omicsonline.org/open-access/potential-roles-of-magnesium-deficiency-in-inflammation-and-atherogenesisimportance-and-crosstalk-of-plateletactivating-factor-and-2155-9880-1000427.php?aid=70442
https://www.omicsonline.org/open-access/potential-roles-of-magnesium-deficiency-in-inflammation-and-atherogenesisimportance-and-crosstalk-of-plateletactivating-factor-and-2155-9880-1000427.php?aid=70442
https://www.ncbi.nlm.nih.gov/pubmed/19429813
https://www.ncbi.nlm.nih.gov/pubmed/19429813
https://www.researchgate.net/publication/321496102_Regulated_RIPK3_Necroptosis_is_Produced_in_Cardiovascular_Tissues_and_Cells_in_Dietary_Magnesium_Deficiency_Roles_of_Cytokines_and_Their_Potential_Importance_in_Inflammation_and_Atherogenesis
https://www.researchgate.net/publication/321496102_Regulated_RIPK3_Necroptosis_is_Produced_in_Cardiovascular_Tissues_and_Cells_in_Dietary_Magnesium_Deficiency_Roles_of_Cytokines_and_Their_Potential_Importance_in_Inflammation_and_Atherogenesis
https://www.researchgate.net/publication/321496102_Regulated_RIPK3_Necroptosis_is_Produced_in_Cardiovascular_Tissues_and_Cells_in_Dietary_Magnesium_Deficiency_Roles_of_Cytokines_and_Their_Potential_Importance_in_Inflammation_and_Atherogenesis
https://www.ecronicon.com/ecpt/pdf/ECPT-06-00194.pdf
https://www.ecronicon.com/ecpt/pdf/ECPT-06-00194.pdf
https://www.ecronicon.com/ecpt/pdf/ECPT-06-00194.pdf


Citation: Burton M Altura., et al. “Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial 
Ischemia, Heart Attacks and Sudden Cardiac Death”. EC Orthopaedics 10.7 (2019): 572-581.

581

Can Hypomagnesemia Put the Squeeze on Coronary Arteries: An Unappreciated Factor in Myocardial Ischemia, Heart Attacks 
and Sudden Cardiac Death

Volume 10 Issue 7 July 2019
©All rights reserved by Burton M Altura., et al.

90.	 Yang ZW., et al. “Low Mg2+ induces contraction and [Ca2+] I rises in cerebral arteries: roles of Ca2+, PKC, and PI3 kinases”. American 
Journal of Physiology-Heart and Circulatory Physiology 279.6 (2000): H2898-H2907.

91.	 Yang ZW., et al. “Low [Mg2+]0 induces contraction of cerebral arteries: roles of tyrosine and mitogen-activated protein kinases”. 
American Journal of Physiology-Heart and Circulatory Physiology 279.1 (2000): H185-H194.

92.	 Yang ZW., et al. “Extracellular magnesium deficiency induces contraction of arterial muscle: role of PIs kinases and MAPK signaling 
pathways”. Pflügers Archiv 439.3 (2000): 240-247.

93.	 Mazur A., et al. “Magnesium and the inflammatory response: potential pathophysiological implication”. Arch Biochem Biophys 458.1 
(2007): 48-56.

94.	 Turlapaty PDMV and Altura BM. “Extracellular magnesium ions control calcium exchange and content of vascular smooth muscle”. 
European Journal of Pharmacology 52 (1978): 421-423.

95.	 Zhang A., et al. “Magnesium regulates intracellular free ionized calcium concentration and cell geometry in vascular smooth muscle 
cells”. Biochim Biophys Acta 1134.1 (1992): 25-29.

96.	 Altura BM., et al. “Extracellular magnesium regulates nuclear and perinuclear free ionized calcium in cerebral vascular smooth 
muscle cells: possible relation to alcohol and central nervous system injury”. Alcohol 23.2 (2001): 83-90.

97.	 Altura BM., et al. “Magnesium depletion impairs carbohydrate and lipid metabolism and cardiac bioenergetics and raises myocardial 
calcium content in vivo: relationship to etiology of cardiac disease”. Biochemistry and molecular biology international 40.6 (1996): 
1183-1190.

98.	 Altura BM., et al. “Exposure of piglet coronary arterial muscle cells to low concentrations of Mg2+ found in blood of ischemic 
heart disease patients result in rapid elevation of cytosolic Ca2+: relevance to sudden infant death syndrome”. European Journal of 
Pharmacology 338.2 (1997): R7-R9.

99.	 Zheng T., et al. “Sphingolipids regulate [Mg2+]0 uptake and [Mg2+] I in vascular smooth muscle cells: potential mechanisms and 
importance to membrane transport of Mg2+”. American Journal of Physiology-Heart and Circulatory Physiology 300.2 (2011): 
H486-H492.

100.	 Li W., et al. “Extracellular magnesium regulates effects of vitamin B6, B12 and folate on homocysteinemia- induced depletion of 
intracellular free magnesium ions in canine cerebral vascular smooth muscle cells: possible relationship to [Ca2+] I atherogenesis 
and stroke”. Neuroscience Letters 274.2 (1999): 83-86.

101.	 World Health Organization Calcium and Magnesium in Drinking Water. Public Health Significance. Geneva, WHO Publication (2009).

https://www.physiology.org/doi/full/10.1152/ajpheart.2000.279.6.H2898
https://www.physiology.org/doi/full/10.1152/ajpheart.2000.279.6.H2898
https://www.ncbi.nlm.nih.gov/pubmed/10899055
https://www.ncbi.nlm.nih.gov/pubmed/10899055
https://www.ncbi.nlm.nih.gov/pubmed/16712775
https://www.ncbi.nlm.nih.gov/pubmed/16712775
https://www.ncbi.nlm.nih.gov/pubmed/1543756
https://www.ncbi.nlm.nih.gov/pubmed/1543756
https://www.ncbi.nlm.nih.gov/pubmed/11331105
https://www.ncbi.nlm.nih.gov/pubmed/11331105
https://www.ncbi.nlm.nih.gov/pubmed/8988330
https://www.ncbi.nlm.nih.gov/pubmed/8988330
https://www.ncbi.nlm.nih.gov/pubmed/8988330
https://www.ncbi.nlm.nih.gov/pubmed/9456006
https://www.ncbi.nlm.nih.gov/pubmed/9456006
https://www.ncbi.nlm.nih.gov/pubmed/9456006
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3044054/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3044054/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3044054/
https://www.ncbi.nlm.nih.gov/pubmed/10553943
https://www.ncbi.nlm.nih.gov/pubmed/10553943
https://www.ncbi.nlm.nih.gov/pubmed/10553943

