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Effect of Intra-Operative Magnesium Supplementation on
Plasma Antioxidant Levels, Trace Elements and Electrolyte
Balance in Serum of Coronary Artery Bypass Graft Patients

G. A. Kurian1, J. Paddikkala2

Objective: Calcium overload and oxidative stress have been identified as pathogenic factors in myocardial ischaemic reperfusion. Experimental
studies have demonstrated that intravenous magnesium (Mg) can protect the ischaemic myocardium. It has a free radical scavenging effect and can
act as a calcium channel blocker. Although the role of copper, iron, and other metal elements in ischaemic heart injury has been well established,
clinical studies are very limited. The link between these serum metal element concentrations and oxidative stress is unclear in humans although, in
experimental animal studies, severe Mg deficiency has been shown to lead to increased oxidative stress. Methods: Ninety-two South Indian
patients with acute myocardial ischaemia undergoing CABG were randomized to a study and a control group. Magnesium was administered (2
g/kg body weight) to the study group. Control patients received the same protocol without magnesium. Serum levels of copper, zinc, iron, cerulo-
plasmin, sodium, and potassium were measured in addition to the plasma levels of antioxidant enzyme activities and cardiac marker enzymes such
as troponin I, CPK MB, and LDH. Results: There was no mortality in the study group. Serum metal elements like iron and copper were
observed to be higher in concentration at the ischaemic stage while during reperfusion higher concentrations of copper, iron, and zinc were observed
in both the study and the control groups. Plasma TBARS concentration in magnesium-treated and -untreated patients increased progressively
during surgery and peaked during revascularization. However, plasma antioxidant enzyme activities were found to be decreased at the ischaemic
stage in both groups. Cardiac marker enzymes also elevated during revascularization, however, the extent of increase (p < 0.05) was higher in the
control group. Conclusions: Our study suggests that the use of magnesium for protection of the acutely ischaemic myocardium appears to be a safe
technique. Magnesium supplementation stabilizes the plasma membrane and is thereby able to withstand the oxidative stress mediated by ischae-
mic reperfusion. J Clin Basic Cardiol 2007; 10 (online): 11–5.

Key words: myocardial ischaemia reperfusion, magnesium, copper, zinc, iron, CABG

 T he interruption of blood supply to a tissue (ischaemia)
followed by the re-establishment of oxygenation and nu-

trition (reperfusion) causes extensive damage to cardiac tis-
sue like serious arrhythmias, myovascular damage, new
necrosis, mechanical stunning, and low cardiac output (CO)
syndrome [1]. In clinical situations of angina, coronary va-
sospasm, and balloon angioplasty, ischaemic reperfusion is
also encountered, however, it is not associated with concomi-
tant myocyte cell death [2]. Various studies reported greater
cardio-myocyte damage when increasing duration and sever-
ity of ischaemia, however, can develop, with a predisposition
to a spectrum of reperfusion-associated pathologies [3].
Myocardial damage induced by ischaemia reperfusion is due,
at least in part, to the generation of reactive oxygen species
(ROS) [4] and calcium overload [5]. Often, the myocardium
is equipped with an efficient antioxidant defense system to
counteract the insult of ROS. The most important antioxi-
dant systems are the superoxide dismutase (SOD), catalase,
and glutathione peroxidase (GPx) systems. Albumin, cerulo-
plasmin, ferritin, and hemoglobin, which are found in extra-
cellular space, have antioxidant properties as well. Gluta-
thione peroxidase has selenium [6] and the Cu/Zn super-
oxide dismutase system has copper and zinc in their respec-
tive structures, which diminish the harmful effects of free
oxygen radicals. Moreover, different reports also suggest a
positive correlation of trace element levels and the effects of
antioxidant systems [7].

Trace elements like iron, copper, and zinc are abundant
components of many proteins and often participate in the
catalytic function of enzyme. Leakage of these metals from
their stores often leads to deleterious reactions that cause tis-

sue damage due to free radical attack. The relatively low reac-
tive species mediated by redox-active metal ions often leads
to tissue injury following ischaemia and reperfusion [8]. Re-
cent reports on cardioprotection mediated by iron chelation
therapy and metallathionin emphasize the significant role of
trace elements in tissue injury during ischaemic reperfusion.
Moreover, the clinical trial report on element concentration
in the heart tissue of patients with coronary artery disease [9]
and coronary artery bypass graft [10] focuses on the need to
reduce the increased levels of trace elements. On the con-
trary, increased levels of elements such as iron can catalyze
the formation of reactive oxygen species through the Fenton
and Haber reactions [11].

A number of clinical and in vitro studies have provided
strong evidence that depletion of electrolytes such as magne-
sium, phosphate, and calcium can adversely affect outcome,
especially in patients with cardiovascular disease. It is well
known that hypokalaemia and hypomagnesaemia can induce
cardiac arrhythmias, neuromuscular irritability, hyperten-
sion, and vasoconstriction (including constriction of coro-
nary arteries) as well as metabolic effects, including decreas-
ed insulin sensitivity, all of which are extremely undesirable,
especially in patients who have undergone cardiac surgery.
Reports suggest that patients undergoing cardiac surgery
with extracorporeal circulation are at high risk for electrolyte
depletion [12]. The probable mechanism is a combination of
increased urinary excretion and intracellular shift induced by
a combination of extracorporeal circulation and decreased
body temperature during surgery (hypothermia-induced
diuresis). Thus, as prophylactic supplementation of potassium,
magnesium should be seriously considered in all patients

For personal use only. Not to be reproduced without permission of Krause & Pachernegg GmbH.



J Clin Basic Cardiol 2007; 10 (online): 12 Effect of Intra-Operative Mg-Supplementation on Blood Trace Elements and Electrolyte Homeostasis

ORIGINAL PAPERS, BASIC CARDIOLOGY

undergoing cardiac surgical procedures, both during surgery
and in the immediate post-operative period.

The aim of this prospective study, therefore, was to assess
the independent effect of myocardial revascularization tech-
niques on peri-operative levels of electrolytes and trace ele-
ment concentrations of iron, copper, and zinc in South In-
dian patients who were either treated or not with magnesium
during revascularization procedure.

Patients and Methods
Patient Population
We studied patients undergoing their CABG operation in
which full revascularization was expected. Ethical approval
was provided by the ethical committee of the Institute of
Cardiovascular Diseases, Madras Medical Mission. Written
consent was obtained from each patient.

92 South Indian patients (72 male, 20 female, mean age
62.6 ± 11.2 years) were included in this study. Patients were
randomly assigned to a magnesium treatment group and a
control group. Fifty-two patients (42 male, 10 female) received
magnesium (2 g/kg body weight). Forty patients (30 male,
10 female) did not receive magnesium. Patients taking anti-
oxidants such as captropil and allopurinol were excluded from
the study. Patients who received blood transfusion or blood
products during surgery were also excluded since the antioxi-
dant properties of such products are not as yet established.
None of the patients were taking vitamins or dietary supple-
ments with established antioxidant properties before the study.
None of the controls had a history of cerebrovascular disease.

Anesthesia
On the day of surgery, the patient was premedicated with
morphine (0.2 mg/kg) and promethazine (0.5 mg/kg) i. m.
about 30–45 minutes prior to induction of anesthesia.
Anesthesia was induced with thiopentone (5 mg/kg) and
vecuronium was used to accomplish endotracheal intubation
with an appropriately sized tube (generally 9.0 mm for males
and 7.5 mm for females). Anesthesia was maintained with
50 % nitrous oxide (N2O) along with halothane 0.5 % to 1 %.
Morphine (0.05 mg/kg) was given before incision and
0.15 mg/kg was added to the pump prime.

Surgical Technique
Standard cardiopulmonary bypass technique with normother-
mia (> 32 °C) was employed throughout the study. The ex-
tracorporeal circuit was primed with Ringer’s lactate solution
1.5 liter and mannitol 100 ml. Perfusion pressure was main-
tained at 50–70 mmHg during bypass. Cardiopulmonary by-
pass operation was instituted using ascending aortic cannula-
tion and two-stage venous cannulation in the right atrium.
The extracorporeal circuit consisted of a membrane oxygena-
tor and a roller pump primed with crystalloid solution. Car-
dioplegia was given retrogradely except for the first two-thirds
of crystalloid cold cardioplegia, which were given anterogradely.
All distal and proximal anastomoses were completed before
removal of the aortic cross clamp. At the end of CABG,
heparin was neutralized by protamine chloride until the acti-
vated clotting time was less than 180 seconds. In the CABG
group, hematocrit was kept at more than 20 % during CPB.

Sampling and Analysis
Paired coronary sinus and arterial blood samples were taken
at the following time points: (1) just before induction of
anesthesia (group 1); (2) 10 minutes after aortic cross clamp
on (group 2); (3) 30 minutes after aortic cross clamp on
(group 3); (4) 10 minutes after aortic cross clamp off (group

4); (5) during re-warming (group 5). Groups 2 and 3 referred
the ischaemic state of the heart while group 4 referred the
ischaemic reperfused (revascularization) state.

Biochemical Parameters
Serum Zn2

+, Cu2
+, Ca2

+, and Mg2
+ were determined by

Atomic absorption spectrophotometer (model A A-630-02;
Shimadzu, Kyoto) using an acetylene flame and hollow cath-
ode lamps. Sera were diluted 10 times with distilled water.
Analysis wavelengths were 213.9, 324.7, 422.7, and 285.2 nm,
respectively. Serum Na+ and K+ were determined after a
1:200 dilution of the sample using flame photometer. The
activities of plasma antioxidants like catalase [13], GPx [14],
ceruloplasmin [15], and SOD [16] were measured. Plasma
TBARS level was estimated by the method of Yagi [17].
Serum concentration of troponin I was measured by com-
mercially available enzyme immunoassays developed by
Larue [18] (ERIA Diagnostics Pasteur). Lactate dehydroge-
nase activity and CPK MB mass concentration were analyzed
by Sigma diagnostic kits.

Statistics
Data are presented as mean ± standard deviation. Data
analyses were performed using SPSS software version 12.0.
Comparisons within groups were made using repeated meas-
ures with one-way ANOVA. Comparisons between groups
(pre-operative and surgical data) were carried out using the
chi-square test. Continuous, normally distributed data were
analyzed by t-test (single comparisons). Continuous non-
normal data were analyzed with the Mann Whitney U test.

Results
Clinical and surgical data are described in Table 1. In the
study groups, no hospital mortality, neurological accidents,
incidences of myocardial infarction or acute renal failure oc-
curred. The initial post-operative serum magnesium level

Table 1. Pre-operative clinical data

NoVariables Magnesium magnesium

n 52 40
Male (n) 42 30
Female (n) 10 10
Mean age ± SD (yrs) 63.7 ± 12.7 62.1 ± 11.4
Hypertension 25 18
Diabetes 20 12
Angina class
• I 12 10
• II 33 30
• III–IV 07 10
Coronary lesions (stenosis ≥ 70)
• Left anterior descending artery 49 38
• Left circumflex artery 27 23
• Right coronary artery 30 13
• Posterior descending artery 20 15
Pre-operative medicines
• Beta blockers 36 24
• Calcium channel blocker 10 09
• Diuretics 02 02
• ACE inhibitors 04 05
Post-operative magnesium level (mg/dl)
• Initial magnesium 2.37 ± 0.54 1.86 ± 0.40
• Initial potassium 4.17 ± 0.50 4.22 ± 0.40
CPB time (min) 84.4 ± 25.5 83.8 ± 24.7
Aortic cross clamp time (min) 58.8 ± 18.9 57.2 ± 19.5
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was higher in patients receiving magnesium (Tab. 1). In pa-
tients who did not receive intra-operative magnesium, the
incidence of post-operative hypomagnesaemia (< 1.8 mEq/l)
was 35 % compared with 9 % in patients who received intra-
operative magnesium.

Table 2 shows the levels of copper, iron, zinc, sodium,
potassium, and calcium in the serum during CABG. During
the ischaemic stage of surgery, copper and iron concentra-
tions in the serum increased progressively whereas the zinc
level in the serum was observed to be decreased. However, in
the early revascularization period, the concentrations of cop-
per, iron, and zinc in the serum were elevated and they were
observed to be decreased in the late revascularization stage.
Serum levels of most of these ions showed a similar pattern of
change in the samples obtained from both patients who re-
ceived magnesium and did not receive magnesium. How-
ever, a significant difference in the level of zinc was observed
in the patient samples compared to the control group.

The levels of lipid peroxidation and plasma antioxidant ac-
tivities are shown in Table 3. Plasma TBARS concentration in

magnesium-treated and -untreated patients increased pro-
gressively during surgery and peaked during the revasculari-
zation period. However, the decline in TBARS late during
revascularization was rapid in magnesium-treated patients
as compared to the control group. Plasma antioxidant activi-
ties tend to decline in their activities as the ischaemic time
increases in both magnesium-receiving and -free patients
(Tab. 3). The highest activity of plasma catalase was observed
in group 2, whereas the highest GPx activity was measured in
group 1. A significant difference in the activities of catalase
and super-oxide dismutase was observed between the control
and drug-treated groups. The levels of plasma ceruloplasmin
were decreased in both groups during the ischaemic stage
and were observed to be significantly increased during the
revascularization periods.

Blood gas analysis results (Tab. 4) show no significant
change in their levels during surgery except for the partial
pressure of oxygen, the latter showing a decreased concentra-
tion in the late phase of revascularization.

Cardiac marker proteins such as troponin I, LDH, and
CPK MB showed a significant increase (Tab. 5) in their levels
in serum during reperfusion of the ischaemic myocardium.
However, the extent of increase was less pronounced in mag-
nesium-treated CABG patients.

Table 2.     Concentrations of copper, zinc, iron, sodium, potassium, and
calcium in serum samples of CABG patients who received magnesium
and who did not receive magnesium

Metal ion concentrations Magnesium No
magnesium

Copper (µg/dl)
• During CPB
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming
Zinc (µg/dl)
• During CPB
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming
Iron (µg/dl)
• During CPB
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming
Sodium (mmol/l)
• During CPB
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• During re-warming
Potassium (mmol/l)
• During CPB
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• During re-warming
Calcium (mg/dl)
• During CPB
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming

98.6 ± 19.21a

102.4 ± 20.65a

100.9 ± 20.11a

144.3 ± 24.43b

110.7 ± 20.71c

93.4 ± 19.32a

116.7 ± 22.32a

107.3 ± 21.65a

72.8 ± 17.42b

119.1 ± 21.55a

78.9 ± 17.32*b

63.1 ± 16.98*b

61.4 ± 15.62a

68.3 ± 16.23a

74.4 ± 17.69a

83.1 ± 17.29b

71.2 ± 18.21a

60.4 ± 15.77a

132.20 ± 3.04a

133.05 ± 1.73a

132.59 ± 2.76a

132.10 ± 3.56a

133.83 ± 3.40a

4.193 ± 0.94a

4.653 ± 0.97a

4.525 ± 0.96a

4.530 ± 0.64a

4.102 ± 0.75a

15.96 ± 0.65a

15.52 ± 0.60a

15.75 ± 0.60a

15.53 ± 0.64a

16.23 ± 0.59a

14.06 ± 0.61a

99.1 ± 18.31a

106.9 ± 19.45a

103.2 ± 19.21a

145.6 ± 23.73b

120.4 ± 22.72c

103.1 ± 20.35a

115.6 ± 22.12a

109.3 ± 20.65a

78.8 ± 18.40b

126.6 ± 20.45a

98.2 ± 16.32c

83.1 ± 15.48b

60.4 ± 15.11a

67.6 ± 15.27a

73.1 ± 17.22a

87.1 ± 16.25b

77.2 ± 18.23a

65.9 ± 16.77a

132.24 ± 3.14a

133.15 ± 1.74a

132.79 ± 2.66a

132.25 ± 3.46a

133.88 ± 3.37a

4.188 ± 0.94a

4.659 ± 0.97a

4.529 ± 0.96a

4.529 ± 0.64a

4.104 ± 0.75a

15.91 ± 0.62a

15.55 ± 0.61a

15.85 ± 0.63a

16.49 ± 0.54a

18.43 ± 0.40b

15.16 ± 0.52a

*Significantly different from magnesium-free control group (p < 0.05).
Values not sharing a common superscript (a, b, c, d, e) differ signifi-
cantly according to the Duncan’s multiple range test at p < 0.05 when
compared between the groups.

TBARS (n moles/ml)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming
Catalase (µM of H2O2 utilized/min/ml)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming
Glutathione peroxidase (U/ml)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming
Super-oxide dismutase (U/ml)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming
Ceruloplasmin (g/l)
• During CPB
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• 30 min after aortic cross clamp off
• During re-warming

Table 3. Comparison of measured plasma anti-oxidants in total bypass
patients who received magnesium and who did not receive
magnesium

Anti-oxidant enzymes Magnesium No
magnesium

2.212 ± 0.26a

2.534 ± 0.27b

2.738 ± 0.25*c

3.087 ± 0.30d

2.272 ± 0.23*a

2.153 ± 0.21*a

1.50 ± 0.15a

3.37 ± 0.24b

2.24 ± 0.20c

1.11 ± 0.12*d

1.80 ± 0.17*e

1.82 ± 0.17*e

0.2781 ± 0.02a

0.2013 ± 0.02b

0.1996 ± 0.01b

0.2739 ± 0.02a

0.2733 ± 0.02a

0.2713 ± 0.02a

4.40 ± 0.6a

4.23 ± 0.6a

2.33 ± 0.4b

1.83 ± 0.3*c

1.99 ± 0.3*c

2.87 ± 0.4*e

0.3094 ± 0.07a

0.3121 ± 0.08a

0.2590 ± 0.06b

0.2993 ± 0.06a

0.3364 ± 0.07a

0.5720 ± 0.09c

2.123 ± 0.24a

2.435 ± 0.27b

3.076 ± 0.31c

3.179 ± 0.23c

3.182 ± 0.29c

3.123 ± 0.20c

1.48 ± 0.15a

3.34 ± 0.22b

2.25 ± 0.18c

1.49 ± 0.16a

1.90 ± 0.21d

1.72 ± 0.17e

0.2790 ± 0.02a

0.2020 ± 0.02b

0.1994 ± 0.01b

0.2729 ± 0.02a

0.2725 ± 0.02a

0.2730 ± 0.02a

4.40 ± 0.6a

3.83 ± 0.5b

2.66 ± 0.4c

1.52 ± 0.3d

1.11 ± 0.3e

1.36 ± 0.3d

0.3104 ± 0.08a

0.3131 ± 0.07a

0.2560 ± 0.07b

0.2983 ± 0.06a

0.3164 ± 0.08a

0.4720 ± 0.09c

*Significantly different from control group (p < 0.05). Values not shar-
ing a common superscript (a, b, c, d, e) differ significantly according
to the Duncan’s multiple range test at p < 0.05 when compared be-
tween the groups.
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Discussion
In the present study, we observed increased lipid peroxida-
tion products (TBARS) and decline in the plasma antioxidant
status of CABG patients who received and did not receive
magnesium. But the extent of decline was more pronounced
in the samples from patients who did not receive magnesium.
Osaka et al [19] have reported an increase in
malondialdehyde (MDA) levels and decrease in the activities
of enzymatic antioxidants in patients undergoing heart surgery
involving cardiopulmonary bypass. The higher production of
reactive oxygen species is responsible for the elevated lipid
peroxidation in reperfusion of ischaemic myocardium [20].

Reactive oxygen species play a crucial role in the patho-
genesis of tissue damage in many pathological conditions via
peroxidation of membrane phospholipids. Lipid peroxides
generated at the site of tissue injury during revascularization
in CABG could be transferred through circulation to other
organs and tissues and provoke damage by propagating lipid
peroxidation.

Antioxidants have been reported to protect cells against is-
chaemic reperfusion injury [21] by scavenging lipid peroxi-
des that are generated at the site of reperfusion injury. The
antioxidant capacity of the cell is determined mainly by the
activities of anti-oxidative enzymes [22] like GPx, SOD, and
catalase. Early studies reported changes in GPx [23], SOD,
and catalase [24] in CABG patients.

SOD is a strong first line of defense against super-oxide
radicals and its increased levels are more significant in the
CABG group as has been explained by the fact that contact of
blood with polymers of the CPB circuit releases cytokines

and activates neutrophils [25] whereas the latter can produce
super-oxide radicals. Thus, the improved activity of SOD in
magnesium-treated patients (Tab. 3) augmented the assumption
of the cardioprotective nature of magnesium on CABG pa-
tients.

Trace elements are known to play a key role in myocardial
metabolism. Serum levels of trace elements like copper and
zinc were observed in our study to be decreased within 30
minutes of myocardial ischaemia (Tab. 2). This might have
resulted in the depletion of essential enzymes, which protect
cell membranes from damage by free radicals. Trace ele-
ments, including selenium, zinc, and copper, may be protec-
tive against cardiovascular disease [26]. This may be due to
the activation of antioxidant enzymes like glutathione peroxi-
dase (GPx) and super-oxide dismutase (SOD) by selenium,
zinc, and copper, respectively [26]. Even though the serum
metal ion status was increased during ischaemic reperfusion
(Tab. 2), a decrease was observed in the activity of antioxidant
status. This indicates an irreversible damage to the enzyme
[27] which is one of the characteristic features of ischaemic
reperfusion injury.

The copper redox states (cupric/cuprous, Cu2
+ /Cu+) can

function in much the same way as iron in catalyzing the
Haber-Weiss reaction [28]. Thus, intracellular levels of free
heavy metals (particularly copper and iron) in our present
study were critical in defining the extent of hydroxyl radical
production from super-oxide and hydrogen peroxide.

Transition metal-binding proteins (ferritin, transferrin,
lactoferrin, and ceruloplasmin) act as a crucial component of
the antioxidant defense system by sequestering iron and cop-
per so that they are not available to drive the formation of the
hydroxyl radical [29]. The main copper-binding protein,

Table 4.     Blood gas analysis

Parameters Magnesium No
magnesium

Partial pressure of oxygen (mmHg)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• During re-warming
Partial pressure of carbon dioxide (mmHg)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 30 min after aortic cross clamp off
• During re-warming
pH
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• During re-warming
Chloride (mEq/l)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• During re-warming
Bicarbonate (mEq/l)
• Just before induction of anesthesia
• 10 min after aortic cross clamp on
• 30 min after aortic cross clamp on
• 10 min after aortic cross clamp off
• During re-warming

262.92 ± 71.2a

287.53 ± 60.13a

260.04 ± 57.84a

221.79 ± 58.33b

258.65 ± 76.98a

38.61 ± 7.40a

38.07 ± 5.80a

36.68 ± 4.10a

38.77 ± 4.40a

38.83 ± 7.40a

7.42 ± 0.06a

7.41 ± 0.06a

7.41 ± 0.05a

7.40 ± 0.05a

7.39 ± 0.04a

106.67 ± 3.81a

108.41 ± 2.78a

108.88 ± 3.10a

108.59 ± 3.44a

107.07 ± 3.12a

24.93 ± 1.48a

27.12 ± 2.03a

24.24 ± 2.33a

23.91 ± 2.46a

24.31 ± 2.59a

261.92 ± 71.7a

286.53 ± 60.12a

261.04 ± 57.81a

222.69 ± 57.33b

259.55 ± 74.98a

38.60 ± 7.24a

38.44 ± 5.41a

36.11 ± 4.12a

39.72 ± 4.49a

38.31 ± 7.40a

7.42 ± 0.06a

7.41 ± 0.05a

7.41 ± 0.05a

7.41 ± 0.04a

7.39 ± 0.04a

105.67 ± 3.71a

109.41 ± 2.79a

108.68 ± 3.33a

107.49 ± 3.11a

106.17 ± 3.22a

24.91 ± 1.58a

27.33 ± 2.13a

24.54 ± 2.36a

23.87 ± 2.44a

24.34 ± 2.51a

Values not sharing a common superscript (a, b) differ significantly
according to the Duncan’s multiple range test at p < 0.05 when com-
pared between the groups

Table 5. Comparison of cardiac enzyme activity in total bypass patients
who received magnesium and who did not receive magnesium

NoCardiac enzymes Magnesium
magnesium

CPK MB (ng/ml)
• Just before induction of anesthesia 00.90 ± 0.10a 01.60 ± 0.50a

• 10 min after aortic cross clamp on 00.70 ± 0.10a 01.40 ± 0.30a

• 30 min after aortic cross clamp on 04.07 ± 1.40b 09.94 ± 2.10b

• 10 min after aortic cross clamp off 17.28 ± 2.10c 15.43 ± 3.14c

• 30 min after aortic cross clamp off 21.10 ± 3.60d 25.66 ± 4.50d

• During re-warming 20.60 ± 3.13d 24.80 ± 5.13d

• 24 hr post-operative 11.80 ± 2.17e 21.27 ± 5.11d

• 48 hr post-operative 02.90 ± 0.80b 04.32 ± 1.12e

Troponin I (ng/ml)
• Just before induction of anesthesia 00.09 ± 0.10a 0.02 ± 0.10a

• 10 min after aortic cross clamp on 00.07 ± 0.20a 0.04 ± 0.10a

• 30 min after aortic cross clamp on 00.85 ± 0.20b 0.92 ± 1.20b

• 10 min after aortic cross clamp off 03.21 ± 1.20c 7.50 ± 2.20c

• 30 min after aortic cross clamp off 03.22 ± 1.10c 7.80 ± 2.10c

• During re-warming 02.81 ± 0.90c 7.40 ± 2.50c

• 24 hr post-operative 001.9 ± 0.70d 6.50 ± 2.20d

• 48 hr post-operative 001.1 ± 0.60b 5.60 ± 2.10e

LDH (U/l)
• Just before induction of anesthesia 0595 ± 132a 0613 ± 213a

• 10 min after aortic cross clamp on 0485 ± 130a 0598 ± 256a

• 30 min after aortic cross clamp on 0716 ± 231b 0734 ± 287b

• 10 min after aortic cross clamp off 0786 ± 243b 0833 ± 312c

• 30 min after aortic cross clamp off 0931 ± 345c 0996 ± 333d

• During re-warming 1080 ± 376c 1166 ± 398d

• 24 hr post-operative 1741 ± 413d 1954 ± 399e

• 48 hr post-operative 2314 ± 412d f2561 ± 411f

All values differ significantly from group 1 (p < 0.05). Values not shar-
ing a common superscript (a, b, c, d, e, f) differ significantly accord-
ing to the Duncan’s multiple range test at p < 0.05 when compared
between the groups
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ceruloplasmin, might also function as an antioxidant enzyme
that can catalyze the oxidation of divalent iron [30]. Thus,
the increased activity of ceruloplasmin in the late phase of
revascularization in the present study suggests the protective
role of magnesium supplementation.

Our findings clearly demonstrate that patients undergoing
cardiac surgical procedures with extracorporeal circulation
are at high risk for electrolyte depletion. Low levels of mag-
nesium and, to a lesser degree, calcium and potassium were
observed both in the controls and drug-treated patients.
Nadler et al [31] reported that decreased magnesium can lead
to significant renal losses of potassium. Low levels of magne-
sium cause not only cardiac arrhythmias but also hyperten-
sion and vasoconstriction, including constriction of coronary
arteries [32]. Magnesium appears to act as a physiological cal-
cium channel-blocking agent [31]. Moreover, the suscepti-
bility of blood vessels (including coronary arteries and pre-
sumably the mammary arteries, which are frequently used in
bypass surgery) to vasoconstrictive agents is increased by hy-
pomagnesaemia [33]. Another potentially important mecha-
nism is the possible role played by magnesium as a free radi-
cal scavenger in the prevention of reperfusion injury [34],
which may play a key role in the development of post-opera-
tive complications. Furthermore, a number of in vitro and
animal studies have shown that magnesium can prevent in-
tracellular sodium overload and excess mitochondrial cal-
cium uptake during ischaemic injury. These two develop-
ments are key elements in the progression of ischaemic in-
jury to cell death, and both are directly linked to the extent of
ischaemic injury [35]. In addition, magnesium may be linked
to prevention of neurological injury after ischaemia or
trauma [36]. Coronary bypass surgery has been associated
with transient or even permanent neuropsychological defi-
cits in up to 30 % of patients undergoing cardiac surgical pro-
cedures [37], these injuries may be due to small thrombotic
emboli occurring during surgery. Prevention of hypomagne-
saemia may help to mitigate these neurological injuries.

The effects of magnesium depletion can be greatly en-
hanced in the presence of other electrolyte disorders, espe-
cially hypokalaemia. Conversely, the effects of hypokalaemia
may become manifest or be enhanced in the presence of hy-
pomagnesaemia [31]. As is the case for hypomagnesaemia,
hypokalaemia can induce cardiac arrhythmias (especially in
patients with ischaemic heart disease and left ventricular
hypertrophy).

In conclusion, the results of the present study demon-
strate that during CABG, there is a significant change in se-
rum metal ion concentration which can directly activate or
inactivate antioxidant enzymes and thereby regulate the
oxidative stress experienced during CABG. However, mag-
nesium supplementation before aortic cross clamp can stabi-
lize the plasma membrane of the myocardium and thereby
mediate the protective effect.
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