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During cardiac ischemia or hypoxia, increased levels of extracellular

Mg show cardioprotective effects. The mechanisms of high level

Mg-induced cardioprotection were examined in Langendorff perfused

rat hearts. In the control group (1.2 mM Mg during hypoxia), the

recovery of the left ventricular developed pressure (LVDP) after 30 min

of reoxygenation was 57.6±3.0% of the level observed before hypoxia.

In the high Mg group (12 mM Mg during hypoxia), the time course of

recovery was faster than in the control group; the recovery level of

LVDP improved to 78.4±4.2%. This protective effect of high levels of

Mg decreased to 69.0±3.6% with the application of 5-hydroxydecanoic

acid (100 µM), a specific mitochondrial ATP-sensitive potassium

channel (KATP) blocker. In the low Ca group (0.2 mM Ca during

hypoxia), the recovery of LVDP did not reach the level observed in

the high Mg group (64.7±5.9%), but with application of diazoxide, a

specific mitochondrial KATP channel opener, the LVDP recovery

improved to 81.8±11.1%, similar to the level observed in the high

Mg group. These results suggest that cardioprotective effects of high

levels of extracellular Mg during hypoxia occur not only due to

energy conservation and/or by intracellular prevention of Ca2+ over-

load, but also by opening of the mitochondrial KATP channel.
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Various factors, such as the generation of reactive oxygen
species (1,2), apoptosis (3-5), Ca2+ overload (6,7) and

protease activation (8,9), play complicated roles in myocar-
dial ischemia-reperfusion injury. Various methods for cardio-
protection have been proposed, and among them, ischemic
preconditioning, ie, repeated short-term ischemia-reperfu-
sion cycles followed by sustained ischemia, has been reported
to be effective (10-13). Although the precise mechanisms of
ischemic preconditioning must still be clarified, many stud-
ies (11-13) agree that the opening of the mitochondrial
ATP-sensitive potassium channel (KATP) plays an important
role. However, it has also been reported that increased
extracellular Mg concentrations during ischemia or hypoxia
have cardioprotective effects (14-16). In fact, the concen-
tration of Mg2+ in cardioplegic solution, which is used dur-
ing cardiopulmonary bypass surgery, is 16 mM, which is more
than 10-fold higher than that in plasma (14). It has been
suggested that the cardioprotective effects of Mg2+ may be
due to Mg2+ antagonization of Ca2+, which inhibits Ca2+

influx and Ca2+ overload. However, it is also known that
during ischemia, the intracellular Mg concentration
decreases (17). This suggests that when the extracellular Mg
concentration is high, it prevents Mg efflux from the intra-
cellular space, and, thus, helps maintain the intracellular
environment.

We examined the mechanisms of cardioprotection caused
by elevated Mg concentrations during hypoxia in Langendorff
perfused rat hearts. Our results suggest that Mg protects the
heart not only by energy conservation and/or by prevention
of intracellular Ca2+ overload, but also by maintaining the

intracellular environment, which likely led to the opening of
the mitochondrial KATP channel.

MATERIALS AND METHODS
Preparation of hearts and perfusion protocols
The present investigation conformed with the Guide for the Care

and Use of Laboratory Animals (18) and was approved by the

Juntendo University School of Medicine (Tokyo, Japan) animal

experimentation committee.

Male Sprague-Dawley rats, weighing 285 g to 360 g, were

used. Preparation and perfusion protocols were almost the same

as those reported previously (19). In brief, rats were decapitated,

the hearts quickly excised and Langendorff perfusion was estab-

lished. Each heart was perfused retrogradely with modified Krebs-

Henseleit solution (containing NaCl 116.0 mM, NaHCO3

25.0 mM, CaCl2 2.5 mM, MgSO4 1.2 mM, KCl 4.7 mM,

KH2PO4 1.2 mM, glucose 5.5 mM; pH 7.4) at a constant flow

rate of 13 mL/min without recirculation. The perfusate was oxy-

genated with a 95% O2:5% CO2 gas mixture to maintain the par-

tial pressure of O2 above 400 mmHg and was warmed to 38°C.

For hypoxic perfusion, glucose was substituted by equimolar

sucrose, and the perfusate was saturated with a 95% N2:5% CO2

gas mixture to maintain the partial pressure of O2 at approxi-

mately 20 mmHg. All hearts were reoxygenated with normal

Krebs solution. A latex balloon was inserted through the mitral

annulus into the left ventricular cavity, and distilled water

(0.1 mL to 0.3 mL) was injected into the balloon until it was

inflated to just above the level required to produce a visible ele-

vation of the left ventricular end-diastolic pressure of 1 mmHg to

2 mmHg. The left ventricular developed pressure (LVDP), heart
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rate (HR) and coronary perfusion pressure were monitored

throughout the experiments.

Experimental protocols
After 15 min of stabilization, hearts were exposed to 30 min of

hypoxia, followed by a 30 min period of reoxgenation. The hearts

were separated into five groups according to the treatments dur-

ing hypoxia (Figure 1). In the control group (n=20), the hearts

were made hypoxic with normal Mg (1.2 mM) and Ca (2.5 mM)

concentrations (Figure 1A). In the high Mg group (n=7), during

hypoxia, the concentration of Mg was increased to 12 mM

(Figure 1B). In the high Mg + 5-hydroxydecanoic acid (5-HD)

group (n=10), the concentration of Mg was increased to 12 mM

with the addition 100 µM 5-HD, a specific mitochondrial KATP

channel blocker, during hypoxia (Figure 1C). In the low Ca group

(n=6), during hypoxia, the concentration of Ca was decreased to

0.2 mM without a change in the Mg concentration (Figure 1D).

In the low Ca + diazoxide (Dia) group (n=6), the concentration

of Ca was decreased to 0.2 mM with the addition 100 µM Dia, a

specific mitochondrial KATP channel opener, during hypoxia

(Figure 1E).

Mg assay
Tissue Mg was measured by atomic absorption spectrophotome-

try. At the end of the experiments, the hearts were perfused with

Mg-free perfusate for 3 min, and 100 mg of organs were weighed

accurately and put into a perfluoroalkoxy vial (Taf-tainer vial,

GL Science, Japan). After adding 0.4 mL of concentrated nitric

acid and 0.2 mL to 0.8 mL of H2O2 (Tama pure AA 110, Tama

Chemicals Co Ltd, Japan), the tissue was digested in a microwave

oven (MLS-1200 MEGA, Milestone SRL, Italy). The digestion

program was 250 W for 5 min, 0 W for 1 min, 250 W for 5 min,

400 W for 5 min and 600 W for 5 min. The digested samples were

diluted with pMilli-Q purified water (greater than 18 MΩ) up to

1.0 mL, and the appropriate dilution was performed with 0.5% nitric

acid. Mg concentrations were determined using an atomic absorp-

tion spectrometer (AAnalyst 800, PerkinElmer Japan Co Ltd,

Japan) with an acetylene flame. The atomic absorption spectrom-

etry used a hollow cathode lamp as the resonance source with a

lamp current of 6 mA, an analytical wavelength of 285.2 nm,

background correction with Polarized-Zeeman method (20) and a

slit width of 0.7 nm.

Drugs
5-HD and Dia were purchased from Sigma (USA). Both were dis-

solved in dimethyl sulfoxide to a concentration of 100 mM, and

1 mL of the stock solution was added to 1 L of Krebs solution. The

final concentration of dimethyl sulfoxide was 0.1%, which did not

affect the basal condition.

Statistical analysis
Data are expressed as mean ± SEM. Differences between means

were analyzed by the unpaired Student’s t test or ANOVA and

Bonferroni’s method, as deemed appropriate. P<0.05 was consid-

ered significant.

RESULTS
Effects of hypoxia-reoxygenation on heart function
The changes in LVDP and HR by hypoxia-reoxygenation are
shown in Figure 2. The level of LVDP at the end of stabiliza-
tion (before hypoxia: 0 min in Figure 1) was 135.7±4.4 mmHg.
In the control group, LVDP decreased to 0 mmHg during the
30 min hypoxic perfusion and recovered to 57.6±3.0% of the
basal level with the 30 min of reoxygenation. In the high Mg
group, LVDP decreased to 0% of the basal value within 10 min
following the onset of hypoxic perfusion, and immediately
recovered with reoxygenation. The recovery of LVDP after the
30 min period of reoxygenation was significantly higher than
that of the control group (78.4±3.3% versus 57.6±3.0%,
respectively; P<0.05). In the high Mg + 5-HD group, although
the recovery of LVDP at the onset of reoxygenation was imme-
diate, similar to that in the high Mg group, LVDP recovery
after 30 min of reoxygenation was poor (69.0±3.6%; not sig-
nificant versus the control group). In the low Ca group, LVDP
immediately decreased to 0% with the onset of hypoxia, and
recovered immediately with reoxygenation, similar to the time
course in the high Mg group. However, after 5 min of reoxy-
genation,  LVDP recovery reached a plateau, and the level was
not significantly different from that of high Mg + 5-HD group
(64.7±5.9% after 30 min of reoxygenation). In contrast, in the
low Ca + Dia group, both the time course and the level
(81.8±11.1%) of recovery were quite similar to those of the
high Mg group. In every experimental group, HR recovery
showed similar patterns to those of LVDP, and in the high Mg
group, recovery of HR was significantly higher than that in the
control group (P<0.05).

Mg content of perfused hearts
The amount of total intracellular Mg was quantified using
atomic absorption spectrophotometry (Figure 3). In stabilized
hearts (n=8) from the control group, the Mg concentration was
936.2±24.1 ppm/g dry weight. After 30 min of hypoxia, the
Mg content of hearts decreased nonsignificantly to
883.1±20.1 ppm/g dry weight, and then decreased significantly
to 750.2±24.7 ppm/g dry weight with reoxygenation (n=7;

Figure 1) Experimental protocols. After the 15 min stabilization peri-
od, the heart underwent hypoxia for 30 min, followed by reoxygenation
for 30 min. The hearts were divided into five groups according to the
hypoxic conditions. In every experiment, the concentration of Mg and
Ca during stabilization (Stabilize) and reoxygenation were 1.2 mM and
2.5 mM, respectively. A Control group (n=20) was perfused with nor-
mal concentrations of Mg and Ca. B High Mg group (n=7); Mg con-
centration was increased to 12 mM. C High Mg + 5-hydroxydecanoic
acid (5-HD) group (n=10); the Mg concentration was increased to
12 mM and 100 µM of 5-HD was added. D Low Ca group (n=6); the
Ca concentration was decreased to 0.2 mM. E Low Ca + diazoxide
(Dia) group (n=6); the Ca concentration was decreased to 0.2 mM and
100 µM of Dia was added
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P<0.05). When the extracellular Mg concentration was increased
to 12 mM during hypoxic perfusion, the Mg content of hearts at
the end of hypoxia increased to 1045.7±20.1 ppm/g dry weight
(n=8; P<0.05 versus control stabilized hearts). After reoxygena-
tion, the Mg content decreased to 831.5±35.9 ppm/g dry weight
(n=3), which was not statistically different from that of the
control stabilized hearts.

DISCUSSION
When Mg concentrations were increased during hypoxic per-
fusion to 12 mM (high Mg group), a level 10-fold higher than
that of normal conditions, LVDP recovery after reoxygenation
improved remarkably. Two effects were observed in this
improvement of LVDP. One was that the recovery of LVDP was
observed immediately after the onset of reoxygenation and it
increased quickly, ie, LVDP recovery at the onset of reoxy-
genation is fast (Figure 2A). The other effect was that the
recovery level of LVDP after 30 min of reoxygenation was
higher than that of the control group (78.4±3.3% versus
57.6±3.0%; Figure 2A). Because similar effects of fast LVDP
recovery at the onset of reoxygenation were also observed
when the extracellular Ca concentration was decreased to
0.2 mM, we can assume that energy consumption was sup-
pressed because contraction is inhibited by high Mg or low Ca
concentrations during hypoxic perfusion. However, in the high
Mg group, the final level of LVDP (after 30 min of reoxygena-
tion) was higher than that in the low Ca group. However,
these results cannot be explained by the conservation of high
energy phosphates, because during hypoxia, although the sup-
pression of cardiac contractility was stronger in the low Ca
group than in the high Mg group, the final LVDP level of the
low Ca group was lower than that of the high Mg group.

When the extracellular Mg concentration was increased to
12 mM in the presence of 5-HD, a specific mitochondrial KATP

channel blocker (high Mg + 5-HD group), the time course of
LVDP recovery was faster than that of the control group and
slower than that of the high Mg group, but the final LVDP level
decreased to almost the same level as that of the low Ca group.

Mg protects heart from hypoxia-reoxygenation injury
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Figure 2) Changes in left ventricular developed pressure (LVDP) (panel A) and heart rate (HR) (panel B) by hypoxia-reoxygenation. In the high Mg
group (closed triangles), recovery of LVDP after 30 min reoxygenation was higher than that in the control group, and this protective effect was inhibited by
application of 5-hydroxydecanoic acid (5HD) (high Mg + 5HD group; open triangles). In the low Ca group (closed squares), LVDP abruptly decreased
with hypoxic perfusion and immediately recovered with reoxygenation. The level of recovery after 30 min of reoxygenation was similar to that of the high
Mg + 5HD group. In the low Ca + diazoxide (Dia) group (open squares), the recovery of LVDP after 30 min of reoxygenation was better than that of
the low Ca group, and reached the same level observed in the high Mg group. In the high Mg group, low Ca group and low Ca + Dia group, HR recov-
ery after 5 min of reoxygenation was faster than that in the control group. *P<0.05 and **P<0.01 versus the control group at the same time points. 
H Hypoxia; N Normal

Figure 3) Total Mg content in hearts. Mg content in hearts was meas-
ured by atomic absorption spectrophotometry as total Mg content. The
Mg content in control hearts decreased with hypoxic (Hypo) perfusion
(closed column; Hypo), and further decreased with reoxygenation (light
grey column; hypoxia-reoxygenation [H-R]). High Mg during hypoxia
increased the Mg content (dark grey column; High Mg Hypo).
Although it was decreased by reoxygenation, the level was kept at almost
the same level as that of the stabilized heart (Stab) (open column).
*P<0.05 and **P<0.01 versus stabilized control heart
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Conversely, when the extracellular Ca concentration was
decreased to 0.2 mM in the presence of Dia, a specific mito-
chondrial KATP channel opener (low Ca + Dia group), LVDP
improved to a level equivalent to that of the high Mg group.
These results suggest that high Mg during hypoxia confers car-
dioprotection which is caused not only by the conservation of
high energy phosphates with Mg2+ antagonization of Ca2+, but
also by a mechanism related to the opening of the mitochon-
drial KATP channel.

In cardiac myocytes, it is known that the intracellular
total Mg concentration ([Mg]i) is approximately 10 mM,
while the free Mg concentration is maintained at 0.5 mM to
1 mM (21), and changes in the extracellular Mg concentra-
tion do not affect the intracellular free Mg concentration.
However, the application of isoproterenol (22,23) and
ischemia (17) can induce a reduction in the intracellular free
Mg concentration. For example, it was reported that myocar-
dial total Mg decreased during ischemia, but did not decrease
further with reperfusion (24). On the other hand, it has been
reported that the intracellular free Mg increased during
ischemia (25) or hypoxia (26). These reports suggest that the
results of Mg dynamics are not straightforward. The present
study showed that hypoxia also induced a reduction in the
[Mg]i, which decreased further with the following reoxygena-
tion. The reduction in [Mg]i with hypoxia was inhibited by
increasing the extracellular Mg concentration during hypoxia,
which also attenuated the further decrease in [Mg]i during

reoxygenation. Although the cause of the decrease in [Mg]i
accompanying hypoxia is unknown, it is possible that the per-
meability to Mg may be accelerated. Our observation that the
increased extracellular Mg concentration during hypoxia
increased [Mg]i to a level higher than the normal concentra-
tion may support this possibility. Our study and previous
reports from other laboratories (17,24-26) suggest the possi-
bility that changes in the distribution of intracellular free Mg
influence the recovery of the heart function after ischemia
and/or hypoxia. Further direct examination of intracellular
free Mg dynamics using an Mg indicator, such as mag-Fura 2
and KMG-20, may be needed.

Intracellular Mg is critical to the activation of KATP chan-
nels. In the absence of Mg2+, the KATP channel does not open
(27) and does not respond to a KATP channel opener (28).
Moreover, MgADP strongly antagonizes the binding of ATP to
the KATP channel (29), and acts as an opener itself (30).
Furthermore, it has also been reported that [Mg2+]i and the
activity of the membrane KATP channel are positively correlated
(31). It is thought that [Mg2+]i is probably correlated with the
activity of the mitochondrial KATP channel. 

CONCLUSION
An increase in the extracellular Mg concentration during
hypoxic perfusion inhibits the reduction of [Mg]i, resulting in
increased probability of the mitochondrial KATP channel open-
ing, leading to cardioprotection.
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