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The use of magnesium in the treatment of acute myocar-
dial infarction remains controversial despite preliminary
experimental evidence that magnesium plays a benefi-
cial role as a regulator of thrombosis. This study exam-
ines whether oral magnesium treatment inhibits platelet-
dependent thrombosis (PDT) in patients with coronary
artery disease (CAD). In a randomized prospective, dou-
ble-blind, crossover, and placebo-controlled study, 42
patients with CAD (37 men, 5 women, mean age 68 +
9 years) on aspirin received either magnesium oxide
tablets (800 to 1,200 mg/day) or placebo for 3 months
(phase 1) followed by a 4-week wash-out period, and
the crossover treatment for 3 months (phase 2). PDT,
platelet aggregation, platelet P-selectin flow cytometry,
monocyte tissue factor procoagulant activity (TF-PCA),
and adhesion molecule density were assessed before

and after each phase. PDT was evaluated by an ex vivo
perfusion model using the Badimon chamber. Median
PDT was significantly reduced by 35% in patients who
received magnesium versus placebo (A change from
baseline —24 vs 26 mm?/mm; p = 0.02, respectively).
There was no significant effect of magnesium treatment
on platelet aggregation, P-selectin expression, mono-
cyte TF-PCA, or adhesion molecules. Oral magnesium
treatment inhibited PDT in patients with stable CAD. This
effect appears to be independent of platelet aggregation
or P-selectin expression, and is evident despite aspirin
therapy. These findings suggest a potential mechanism
whereby magnesium may beneficially alter outcomes in
patients with CAD. ©1999 by Excerpta Medica, Inc.
(Am J Cardiol 1999;84:152-156)

Magnesium is an important intracellular catiodMETHODS
and an obligatory co-factor in many enzymes in - Stydy design and population: The study was a ran-

the human body. Hypomagnesemia is common indomized, prospective, double-blind, crossover, and
hospitalized patients,which is partially due to di- placebo-controlled trial. Patients were recruited from
uretic therapy2. We have previously demonstrated thag supervised cardiac exercise and rehabilitation pro-
intravenous magnesium therapy reduces mortality §itam at Cedars-Sinai Medical Center. Inclusion crite-
thrombolysis-ineligible patients with acute myocardigiia included men and women agee20 years, with
infarction;*~7 although the mechanisms of benefit redocumented CAD. Exclusion criteria included unsta-
main unknown. Other studies have demonstrated thé angina, congestive heart failure more than New
magnesium can suppress platelet activatidie hy- york Heart Association class IV, chronic diarrhea,
pothesized that magnesium treatment plays a beneéinal failure (serum creatinine3 mg/dl), acute myo-
cial role as a regulator of thrombosis, and conducted:ardial infarction within the preceding 3 months, hy-
study to determine the effects of oral magnesiufer/hypothyroidism, type 1 (insulin-dependent) diabe-
treatment on potential mediators of acute thrombu&s mellitus, peripheral vascular disease, history of
formation in patients with coronary artery diseasgrug or alcohol abuse, chronic liver disease, or refusal

(CAD).
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to sign the informed consent. The study was approved
by the institutional review board, and all participants
gave written informed consent.

Study protocol: Forty-two patients were random-
ized to receive either magnesium oxide tablets (800 to
1,200 mg/day) or placebo for 3 months (phase 1),
followed by a 4-week wash-out period, and the alter-
native treatment for 3 months (phase 2). The patients
were instructed to continue taking their other regular
medications. Before and after each phase, the patients
underwent a physical examination, blood tests for
measurement of platelet-dependent thrombosis (PDT),
platelet aggregation, flow cytometry, monocyte tissue
factor procoagulant activity (TF-PCA), monocyte ad-
hesion molecule density, lipids, blood cell count, elec-
trolytes, and fibrinogen levels.
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TABLE | Baseline Characteristics of Study Population :f]cc)it[?cnel(é \?Vahllcr)}g bﬁ:oo(l?%?gt(a(léggggre-
Concomitant Medication gation was measured by impedance
B-Blocking agents 15 (42%)  Aspirin 36 (100%) aggregometry? Platelet aggregatl_on
Calcium antagonists 14 (39%) Long-acting nitrates 4 (11%) was measured as the maximal
Hypoglycemic agents 2 (6%) ACE inhibitors 12 (33%) change in impedance produced 6
fasix 2 (147 Lipid-lowering agents 27 (75%] minutes after the addition of colla-
19X (11%) gen, and expressed in ohms.
CAD Documentation* CAD Risk Factors Platelet a—granu_le release, de_’
tected by expression of P-selectin
Prior MI 23 (55%)  Diabetes mellitus 2 (6%) (the CD62 antigen), was measured
Erior ETACEf gg Egg;} gysfemfic hyier'ension 2(1) (58%) by whole blood flow cytometry using
rior b urrent smokers ;
. . . the method described by Janes et
History of hypercholesterolemia 27 (75%) al14 P-selectin expressionywas mea-
*Twenty-five patients had multiple diagnoses. sured in response to adenosine
ACE = angiotensin-converting enzyme; CABG = coronary artery bypass grafting; Ml = myocardial diphOSphate stimulation (ﬁmOI/L)
infarction; PTCA = percutaneous transluminal coronary angioplasty. All Samples were analyzed Wlthln 1

hour of collection, in a FACScan
flow cytometer (Becton Dickinson

Study medication: MAG-OX 400 (magnesium ox- Immunocytometry systems, San Jose, California).
ide 400 mg tablets [241.3 mg (19.86 mEQq) element&ive thousand platelets were analyzed and the values
magnesium], Blaine Co. Inc., Kentucky) or placebwere expressed as the percentage of cells positive for
was used 2 to 3 times daily. Compliance was assesskobrescent antibody binding.
by pill count. Monocyte isolation and flow cytometry of monocyte

Ex vivo measurement of platelet-dependent throm- adhesion molecules: Mononuclear cells were isolated
bosis: After an overnight fast, a 19-gauge butterflifrom concentrated citrated human peripheral blood
catheter was inserted atraumatically without a tourndver Ficoll-Paque (Pharmacia Biotech AB, Uppsala,
guet into an antecubital vein. Flowing unanticoagusweden) by density gradient centrifugatiénCells
lated venous blood from the patient was drawn oveneere washed 3 times and resuspended in RPMI-1640
segment of prepared porcine aortic media held in(&IBCO BRL, Grand Island, New York). Cell viabil-
tubular superfusion flow chamber by a peristaltity was assessed by trypan blue exclusion and mono-
pump placed distal to the chamber. The chamber wesgte origin was determined by nonspecific esterase
designed to mimic the cylindrical shape of bloodtain and flow cytometric analysis for CD14-positive
vessels and contained a window that permitted direc¢lls. Suspension cell counts were obtained by Tech-
exposure of the aortic media to the flowing venousicon H-1 or H-3 System (Miles, Tarrytown, New
blood10.11 A perfusion chamber with an internal di-York). Monocytes were evaluated for surface-mem-
ameter of 1.0 mm was selected to generate shear rdiesne expression of the adhesion molecules very late
of 800 s %, at a flow rate of 5 ml/min. after activation antigen-4, platelet endothelial cell ad-

After perfusion, the aortic media strips were rehesion molecule-1, macrophage antigen-1 (CD11b),
moved from the chambers, fixed in 2% gluteraldehydend sialylated Lewis-X by direct staining with respec-
in 2 M sodium cacodylate, and processed for morphtive FITC-conjugated anti-human monoclonal anti-
logic analysis. The stained (hematoxylin-phloxine-sdodies (Becton Dickinson).
franin) histologic tissue was quantified by computer- Tissue factor procoagulant activity assay: TF-PCA
assisted morphometry for PDT under light microef cells was quantitated by a 1-stage recalcification
scopy, using an image analysis software (Bioscaclptting time assay®
Optimas, Washington). All measurements were made Lipids and electrolyte: Fasting blood samples were
in a blinded fashion by 1 of the authors (MDM), andaken for total cholesterol, low-density lipoprotein
intra-assay observer variability was 55 5.6%. cholesterol, high-density lipoprotein cholesterol, very
Thrombus size was measured as the average ofo@/-density lipoprotein cholesterol, triglycerides, glu-
analyzed sections per tissue, and expressed as d¢bse, apolipoprotein A-l1 and B, and fibrinogen levels,
surface area in square micrometers and normalizedusing standardized autoanalyzer techniques. Serum
the cross-sectional diameter of the exposed media (iragnesium was measured by the atomic absorption
millimeters). This morphometric method has beespectrophotometry method.
previously validated and shows a strong correlation Statistical analysis: Group data are expressed as
(r = 0.84, p= 0.0001) between the amount of indiummean= SD. Comparison of treatment groups before
labeled platelets deposited on the media and the mand after treatment as well as thechange in those
phometric assessment of thrombus s#e. values after treatment were performed using both

Platelet aggregation and P-selectin flow cytometry: paired and unpaired Student'test. Association be-
Citrated whole blood samples (4.5 ml) were taketween normally distributed variables were determined
from the patients before starting the ex vivo thrombaising Pearson’s correlation coefficient analysis. The
sis experiment, and diluted with an equal volume diVilcoxon signed-rank test and Spearman correlation
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TABLE Il Effects of Oral Magnesium on Platelet and 300 _ p<0.05
Monocyte Function and Lipids
Baseline  Magnesium p Value 250
Platelet function —_
PDT (um?2/mm) 91 59 <0.05 g
PLT aggregation (max ohms) 9+6 84 0.40 E 200 -
P-selectin (% gated)* 33+20 35=23 0.69 ~
Monocyte function £
MAC1T 95+ 44 76+29  0.03 S 150 |
VLA-4T 55 + 22 49 =17 0.27 i
PECAM-1T 198 =114 164 = 68 0.14 a
Sialyl Lext 71 + 46 55 + 29 0.18 A 100 -
TF-PCA (ng/10° cells) 124 + 127 239 =248  0.09
Lipids
Total cholesterol (mg/dl) 173 +28 180+ 12 0.10 50 |
Triglycerides (mg/dl) 148 =93 148 =100 0.99
HDL-C (mg/dl) 4010 41 =9 0.26
LDL-C (mg/dl) 104 =26 110+ 27 0.22 0.
Fibrinogen (mg/dl) 307 = 66 309 = 51 0.83
Values are expressed as mean = SD except PDT which is median. Baseline Magnesium
*P-selectin expression stimulated by adenosine diphosphate (5 pM).
TIntensity of adhesion molecules is expressed in mean channels. . . . .
HDL-C = high-density lipoprotein cholesterol; LDL-C = low-density lipopro- ::tll(e?uur:z\ElJu:shu;g:lse(l]':aleJamleﬂs] oral magnesium. Open circles,
tein cholesterol; MAC-1 = macrophage antigen-1 (CD11b); PECAM-1 = e :
platelet endothelial cell adhesion molecule-1; PLT = platelets; Sialyl Le* =
sialylated Lewis-X; VLA-4 = very late after activation antigen-4.

significant correlation between PDT and TF-PCA, ei-
ther at baseline or following magnesium treatment.
- After 3 months of oral magnesium treatment, the
coefficients were used to analyze data that were gﬁ\tedian PDT decreased by 35% €0.05) (Table II).

normally distributed. Log transformations were USegs gepicted in Figure 1, 75% of the patients (27 of 36)
to normalize data for regression analysis. Predictors §f ,onstrated a decrease in PDT with magnesium

EBI-L V}lsrestietvt\elirggmsg Ej;g?ofggégﬁasrigegreiz&g Afeatment (p<0.05). There was no association be-
s 0% pWIS b tg . 3|’| o pth U€  tween the presence of risk factors (hypertension, dia-
=0.Uo was required 1o reject the null NYpotnesIs.  patas mellitus, smoking) and the magnitude of change
in PDT in response to oral magnesium. A representa-
RESULTS tive histologic section of PDT on magnesium and
Our study population included 42 coronary patientgacebo is shown in Figure 2.
(37 men and 5 women), with a mean age of 68 Other variables: There was no significant effect of
years (range 48 to 83) (Table ). Six patients wer@agnesium treatment on platelet aggregation, P-selec-
excluded from final analysis: 1 for noncompliance; iin expression, monocyte-derived TF-PCA, serum lip-
who did not return for follow-up; 3 who had coronaryids, fibrinogen, or apolipoprotein A-l1 and B (Table II).
artery bypass surgery during the trial (2 on magnémong the monocyte adhesion molecules, MAC-1
sium, 1 on placebo); and 1 patient who had a strok¢as significantly reduced (£:0.03) during oral mag-
while on placebo tablets; this left 36 subjects withiesium treatment (Table I1). .
complete data for analysis. Overall compliance with Serum magnesium concentrations Only 1 patient
the study medication was 89%. There was no signifiad a subnormal serum magnesium level (1.6 mg/dl)
icant change in other medication use over the courggstudy entry. There were no significant differences in
of the study. There were no serious adverse effectserum magnesium levels after 3 months of oral mag-
Baseline values in the treatment groups before eag@sium treatment (2.08 0.16 vs 2.11*+ 0.14 mg/dl,
treatment period were compared, and no significapt= 0.22), and no correlation between baseline serum
differences were found. To assess the possibility offaagnesium levels and PDT ¢ —24, p= 0.16), nor
carryover effect from the initial treatment phase anehanges in serum magnesium levels and in PDF (r
the next treatment phase, we compared the baseln@.29, p= 0.09). Baseline serum magnesium levels
values before the first treatment period with thoseorrelated negatively with changes in serum magne-

before the second treatment period. No significatum during magnesium treatment£r —0.53, p =
differences were found. 0.0008), such that the increase in magnesium level

Platelet-dependent thrombosis: Baseline analysis following treatment was greater when baseline levels
before initiation of treatment revealed significant pogvere low.
itive correlations between PDT and fasting blood
sugar (r= 0.44), systolic blood pressure at restr DISCUSSION
0.37), apolipoprotein-B (= 0.39), and total choles-  Our study demonstrates for the first time that an ex
terol level (r = 0.42) (all p<0.05). There was no vivo measure of acute PDT was significantly reduced
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assessment during the study was
Pre Treatment Post Treatment 89% with the study medication, sug-

gesting serum magnesium levels did
not accurately reflect the study inter-

vention.

Study limitations: We studied a
relatively small number of patients
with a low-risk of CAD who were on
aspirin. It is possible that potential
beneficial effects related to oral mag-
nesium treatment were less likely to
be evident in our study due to this
low-risk population. Further studies
with larger numbers of patients who
are at higher risk and received larger
doses of magnesium are indicated,
given these results.

An additional study limitation is

FIGURE 2. A ve histologic section (h lin-ohloxine-safranin stainl our choice of thrombus measurement
RE 2. representu‘hve istologic s'echon _ematc_)xy in-phloxine-safranin stain tool. Although the clinical relevance
showing the PDT deposited (T) on porcine aortic media (M) taken from a patient be- of thrombus formation in this exper-

f d after (b, iving placebo, and bef d after (d ivi - ;
s?l:;(;),:,;en?en;{ignr?:flglﬁoﬁtﬂc: o, and before (c) and after (d] receiving magne imental model has not been defined,

ucibili implici
the reproducibility and simplicity of
this ex vivo system makes it attrac-
in stable CAD patients treated with oral magnesiurive to study the interaction of blood elements with
therapy. An antithrombotic effect of magnesium treathrombogenic surfaces and possibly make inferences
ment was seen despite 100% utilization of aspiriabout the efficacy of therapeutic interventions.
therapy. Of note, magnesium supplementation did not
inhibit either platelet aggregation or P-selectin expres-
sion (a measure Of platelatgranule release reaCtlon_)- Acknowledgment: The authors are indebted to Ed-
Previous experimental work has shown magnesiufin R. Alexander, MD, Tony Stephen, Aalok Agar-
levels to be inversely related to platelet aggregatiagala, and Care Felix for their technical assistance.
and adenosine triphospate releé&tIn contrast, we
did not observe any effect on collagen-induced plate-
let aggregation at an oral dose that caused significan\;[v cor WEL M _ bolie, Endl 3 MedL668:276 712717
PP : : acker . Magnesium metabolis. Eng e 1278:712-717.
!nhlbltlon Of platelet adheS|on and thrombus formath . Chernow B, Bamberger S, Stocko M, Vadnais M, Mills S, Hoellerich V,
in the current study. Several factors may have contrilaarshaw AL. Hypomagnesemia in patients in postoperative intensiveChaest
uted to this observed difference. First, all of the stud}p89:95:391-397. . . e
. . h hich is known td Dyckner T, Wester PO. Potassium/magnesium depletion in patients with
patlents WEre on aspirin t erapy, w ! Ehrdiovascular diseasdm J Med1987;82 (suppl 3A):11-17.
suppress platelet aggregation but not platelet adh&%ioa. shechter M, Hod H, Marks N, Behar S, Kaplinsky E, Rabinowitz B. Beneficial
Second, the route of magnesium supplementati@?j‘“ of magnesium in acute myocardial infarctiéim J Cardiol1990;66:271—
(oral in the present study compared with intravenouySshechter M, Hod H, Chouraqui P, Kaplinsky E, Rabonowitz B. Magnesium in
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1 . . Shechter M, Kaplinsky E, Rabinowitz B. Review of clinical evidence—is there
doses ThUS, the antlplatelet adhe5|0n effects of Ofal role for supplemental magnesium in acute myocardial infarction in high-risk
magnesium may account for its Slgnlflcant effects QRpulations (patients ineligible for thrombolysis and the eldergjPon Artery
PDT formation in the absence of effects on in vitr@'s 2007952 3%, . N

. . Nadler JL, Goodson S, Rude RK. Evidence that prostacyclin mediates the
platelet aggregation. vascular action of magnesium in humahtypertension1987;9:379-383.
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to reflect the true magnesium levels in the b@¢lyn  alters platelet-arterial wall response to injury in pigérc Res1992;71:769-775.
H ivnifi . Lacoste L, Lam JYT, Hung J, Waters D. Oral verapamil inhibits platelet
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the serum magnesium levels after 3 months of org. cardinal bc, Flower RJ. The electronic aggregometer: a novel device for
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: : anes SL, Wilson DJ, Chronos N, Goodal . Evaluation of whole bloo
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