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Abstract: We investigated the protective effects of succinate,
which is a respiratory substrate and a potential antioxidant, on
myocardial ischemia/reperfusion injury with the whole heart.
Isolated rat hearts were loaded with 25-min normothermic
global ischemia followed by 30-min reperfusion in a working
heart model. Succinate administered either before reper-
fusion or added to the cardioplegic solution improved the
postischemic cardiac function significantly. The hearts ar-
rested with succinate-supplemented cardioplegic solution re-
plenished high-energy phosphates and maintained the total
adenine nucleotides during the reperfusion period, whereas
those arrested with succinate-nonsupplemented cardioplegic
solution replenished the high-energy phosphates less, and also
lost total adenine nucleotides during that period. We thus
conclude that succinate administered before reperfusion
may decrease the degree of mitochondrial damage during
reperfusion and thereby reduce the amount of myocardial
ischemia/reperfusion injury.
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Introduction

There is now accumulating evidence that oxygen free
radicals contribute to myocardial damage incurred by
ischemia and reperfusion.1,2 The mitochodria contain
high concentrations of unsaturated fatty acids, which
are sensitive to free radicals. Therefore, the mitochon-
dria are among the most vulnerable organelles to
oxygen free radicals. We have previously reported
the mechanism of the reduced nicotinamide adenine
dinucleotide (phosphate) [NAD(P)H]-dependent lipid
peroxidation of the mitochondria in vitro using the sub-
mitochondrial particles of the bovine heart.3–5 In this

system, succinate strongly inhibited the NAD(P)H-
dependent lipid peroxidation by reducing ubiquinone.3

Ubiquinone is one of the components of the mitochon-
drial respiratory chain with an antioxidant effect.6,7 Al-
though the oxidized form of ubiquinone converts to
polar substances by a reaction with lipid peroxides, it is
rereduced in the presence of an appropriate electron
donor and replenishes the antioxidant effect.4

Ischemia followed by reperfusion is known to impair
the intracellular antioxidant system.8 This impairment
may be one of the main causes in myocardial ischemia/
reperfusion injury.8 If mitochondrial lipid peroxidation
is responsible for the injury, succinate which inhibits
mitochondrial lipid peroxidation in vitro may thus pre-
vent such an injury. We show in the present study, using
an isolated rat-heart model, that succinate actually im-
proves the postischemic energy metabolism and the
postischemic cardiac functions in the whole heart ex-
posed to an ischemia/reperfusion insult. These benefi-
cial effects of succinate also appear to occur during the
reperfusion period.

Materials and Methods

Isolated Working Rat-Heart Models

Seventy-five male WKA rats weighing 250–300g were
used in the present study. The method for the isolated
working rat heart model was previously reported by our
colleagues.9 The rats were anesthetized with intraperi-
toneal pentobarbital in a dose of 100 mg/rat. Heparin in
a dose of 2 mg/rat was injected intravenously. The heart
was quickly excised and immersed into a cold perfusion
medium on ice. The main pulmonary artery was incised
to drain coronary effluent. The aorta and the left atrium
were then cannulated. After 10 min of a non-working
Langendorff-mode perfusion with a perfusion pressure
of 80cmH2O, the heart was converted into a working
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mode perfusion with a left atrial filing pressure of
16 cmH2O, so as to eject fluid against a hydrostatic pres-
sure of 80cmH2O. After 10min of the working mode,
both the coronary and aortic flow rates (ml/min) were
measured by a timed collection. The cardiac output was
determined by the sum of the aortic and coronary flow
rates. The aortic pressure was monitored via the side
arm of the aortic cannula with a pressure transducer
(Statham model P231D, Gould Oxnard, CA, USA) and
was continuously recorded (Recti-Horiz-8K, NEC
San-ei, Tokyo, Japan). The heart rate was determined
from the pressure record. At the end of the 20min of
preischemic perfusion, the aortic and left atrial lines
were clamped, and 6 ml of cardioplegic solution was
injected into the aortic root through the side branch of
the aortic cannula. Thus complete and global ischemia
was induced and maintained for the next 25min. Dur-
ing ischemia, the heart was kept in a temperature-
controlled, water-jacketed chamber. The temperature
in the chamber was strictly maintained at 37°C. Reper-
fusion was started with the perfusion in the Langendorff
mode for 5 min, followed by the working mode for
25 min. Recovery of cardiac functions was examined at
30 min of reperfusion. The indexes of the cardiac func-
tions were expressed as a percentage of the preischemic
control value.

Perfusate and Cardioplegic Solution

As a standard perfusion medium, we used modified
Krebs-Henseleit bicarbonate solution (KHB) contain-
ing Na1 143mM; K1 5.9mM; Ca21 2.5 mM; Cl2

126.7 mM; HCO 3
2 25mM; SO4

22 1.2mM; H2PO4
2 1.2 mM;

and glucose 11mM. This solution was gassed with 95%
oxygen and 5% carbon dioxide, and fluid temperature
was maintained at 37°C. Sodium succinate was added to
this solution at various concentrations. The concentra-
tion of sodium ion and the osmotic pressure in the
solution containing succinate was adjusted by sodium
chloride and glucose. As a standard cardioplegic solu-
tion, we used Kyushu University Cardioplegic Solution,
which both was developed and is used clinically at our
institution.10 The composition of the solution was as
follows: K1 20 mM; Na1 80mM; Cl2 90 mM; HCO2

3

10 mM; and glucose 140mM. The sodium concentration
and the osmotic pressure were also adjusted with so-
dium chloride and glucose when succinate was added.

Myocardial Metabolites

For the analysis of myocardial metabolites, the heart
was rapidly frozen with a Wollenberger clamp pre-
cooled in liquid nitrogen. The frozen sample was then
analyzed to measure the contents of adenosine triphos-
phate (ATP), adenosine diphosphate (ADP), adenos-

ine monophosphate (AMP), and creatine phosphate
(CrP). These phosphate compounds were measured
by high-performance liquid chromatography11,12

(Shimadzu, Kyoto, Japan). The total number of adenine
nucleotides (TAN) was determined as the sum of ATP,
ADP, and AMP. High-energy phosphate (HEP) was
determined as 2ATP 1 ADP 1 CrP. The values of
metabolite content were expressed as µmol/g dry wt.

Experimental Design

Protocol 1 (Fig. 1)
In order to estimate the dose-dependency of succinate
in the myocardial protection against the ischemia/
reperfusion insult, we examined the cardiac function
recovery at 30 min of reperfusion after the normother-
mic global ischemia for 25 min, by administering succi-
nate into the perfusate at a concentration of 0, 1, 3, 5, 10,
or 20 mM.

Protocol 2 (Table 1)
We next estimated the influence of the timing of succi-
nate administration on the myocardial protective
effects, and the effect of succinate-supplemented
cardioplegic solution under the consideration of clinical
application. Five groups were studied. In group 1 (n 5
6), KHB without succinate was used for the perfusion
during both the preischemic and reperfusion periods; in
group 2 (n 5 6), KHB added with succinate was used
during the preischemic period alone; in group 3 (n 5 5),
KHB added with succinate was used during the
reperfusion period alone; in group 4 (n 5 7), KHB
added with succinate was used during both the

Table 1. Succinate supplement for each group in protocol 2

Preischemic Reperfusion Cardioplegic
perfusate perfusate solution

Group 1 2 2 2
Group 2 1 2 2
Group 3 2 1 2
Group 4 1 1 2
Group 5 2 2 1

Fig. 1. Experimental protocol. L, Langendorff mode; W,
Working mode. Asterisks denote sampling points
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preischemic and reperfusion periods. The hearts of
groups 1 to 4 were arrested with the cardioplegic solu-
tion without succinate. In group 5 (n 5 6), KHB without
succinate was used for perfusion during both the
preischemic and reperfusion periods, but the hearts
were arrested with the succinate-supplemented
cardioplegic solution. To estimate the myocardial en-
ergy state in the hearts of group 1 and group 5, the
contents of myocardial metabolites was measured. The
hearts for the analysis of myocardial metabolites at the
end of the reperfusion period were the same hearts used
to estimate the cardiac function recovery. The hearts for
analyzing myocardial metabolites before ischemia and
at the end of the ischemic period were sampled in the
other experiments. Since the hearts of groups 1 and 5
were treated by the same method before ischemia, the
hearts for the preischemic myocardial metabolites were
sampled at the end of the preischemic period.

All animals used in this study recieved humane care
in compliance with the Principles of Laboratory Animal
Care formulated by the National Society of Medical
Research, and the Guide for the Care and Use of Labo-
ratory Animals prepared by the National Academy of
Sciences and published by National Institute of Health
(NIH publication No. 80-23, revised 1978).

Statistics

All data are presented as the mean 6 SEM. The inter-
group comparisons were made first, by one-way analysis
of variance. Only when the variance was significant, the
unpaired Student’s t-test with Bonferroni correction
was employed for multiple comparisons. Intragroup
comparisons were made by the unpaired Student’s
t-test. Differences were considered significant when
P , 0.05.

Results

Dose-dependency of Succinate Contained
in the Perfusate

There were no significant differences in the preischemic
control values of cardiac functions among the groups
perfused with the KHB containing various concentra-
tions of succinate (data not shown). The curves of the
percent recovery in the aortic flow and the cardiac out-
put showed that succinate was effective in preventing
the ischemia/reperfusion damage when it was added at a
concentration of 3mM or more (Fig. 2). The percent
recovery in the aortic flow and the cardiac output at a
concentration of 10mM was 77.8% 6 2.1% and 79.6%
6 1.9%, respectively. These values were significantly
better than those in the succinate-free group, in which

the aortic flow and the cardiac output were 47.9% 6
5.5% and 55.6% 6 3.6% (P , 0.01), respectively. The
heart rate recovered completely at any concentration of
succinate. The postischemic coronary flow decreased by
approximately 15% compared with the preischemic
value, but there were no significant differences among
the groups perfused with the KHB containing various
concentrations of succinate. From these results, we con-
cluded that the optimal concentration of succinate was
10mM. Thus, in the experiment in protocol 2, succinate
was added to KHB or cardioplegic solution at this
concentration.

Optimal Timing for Succinate Administration
and the Effect of Succinate-Supplemented
Cardioplegic Solution

The timing of succinate administration did not influence
the postischemic recovery of the heart rate or coronary
flow (Fig. 3). The preischemic administration of succi-
nate, which was performed in groups 2 and 4, signifi-
cantly improved the postischemic recovery in the aortic
flow from 47.9% 6 5.5% (group 1) to 75.0% 6 3.4%
(group 2) (P , 0.01 vs group 1), or to 77.8% 6 2.3%
(group 4) (P , 0.01 vs group 1), and in the cardiac
output from 55.6% 6 3.6% (group 1) to 75.3% 6 2.9%
(group 2) (P , 0.05 vs group 1), or to 79.6% 6 1.9%
(group 4) (P , 0.01 vs group 1). Although succinate was
added to the perfusate not only in the preischemic pe-
riod but also in the postischemic period in group 4, no
further improvement in cardiac functions was observed
in group 4 compared with group 2. In addition, the
hearts arrested with the cardioplegic solution supple-
mented with succinate at a concentration of 10mM
(group 5) showed significantly better postischemic re-
coveries of aortic flow and cardiac output, which were

Fig. 2. Percent recovery of cardiac functions after ischemia at
various concentrations of succinate



525M. Sakamoto et al.: Cardioprotective Effect of Succinate

79.2% 6 1.3% (P , 0.01 vs group 1) and 78.9% 6 1.6%
(P , 0.01 vs group 1), than those in group 1.
When succinate was administered only during the
postischemic period (group 3), no improvement in the
postischemic cardiac functions could be observed.

Myocardial Metabolites

ATP, TAN, CrP, and HEP were all decreased signifi-
cantly by ischemia (Table 2, Fig. 4). All of them except

TAN recovered significantly during the reperfusion
period, but the ATP level still remained lower than that
of the preischemic period. In the within-group com-
parison, differences of group 1 and group 5 were found
in the change of TAN, CrP, and HEP during the
reperfusion period. In group 1, the myocardial content
of TAN decreased significantly, that of CrP replenished
to the preischemic level, and that of HEP incompletely
replenished during the reperfusion period. While in
group 5 no significant decrease of the content of TAN

Fig. 3. Postischemic recovery follow-
ing succinate administration. *P ,
0.01

Table 2. Contents of myocardial metabolites

ATP TAN CrP HEP

Preischemia
Groups 1 and 5 29.1 6 0.6 38.6 6 0.3 45.0 6 3.6 110.7 6 4.5

End of ischemia
Group 1 12.0 6 1.2* 29.5 6 1.7* 12.8 6 1.7* 46.9 6 2.8*
P NS NS NS NS
Group 5 12.1 6 0.6* 28.1 6 2.2* 11.7 6 0.3* 47.3 6 2.2*

30 min of reperfusion
Group 1 17.4 6 0.9*‡ 24.3 6 1.0*§ 44.5 6 1.8‡ 84.8 6 2.5*‡

P ,0.01 ,0.01 ,0.01 ,0.01
Group 5 20.6 6 0.5*‡ 28.1 6 0.6* 57.4 6 3.0†‡ 104.8 6 3.4‡

A unit of each content is µmol/g dry wt
ATP, Adenosine triphosphate; TAN, adenine nucleotides; CrP, creatine phosphate; HEP, high-
energy phosphate; NS, not significant
P-value in the table is that compared between Group 1 and Group 5
*,†,‡,§ indicate the P-values for within-group comparisons:
* P , 0.01 compared to preischemia; † P , 0.05 compared to preischemia; ‡ P , 0.01 compared to
the end of ischemia; § P , 0.05 compared to the end of ischemia
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was recognized, the content of CrP replenished to a
significantly higher level than the preischemic level,
while that of HEP completely recovered.

In the between-group comparisons, no differences
were found for any indexes at the end of the ischemic
period, but at the end of the reperfusion period all
indexes of group 5 were significantly higher than those
of group 1.

Discussion

In this study we investigated the effects of succinate,
which inhibits mitochondrial lipid peroxidation in
vitro,3,13,14 on ischemia/reperfusion injury of the whole
heart. We found that the myocardial dysfunction caused
by normothermic ischemia for 25min followed by
reperfusion for 30min was significantly suppressed with
succinate. The administration of succinate either to the
perfusion medium or to the cardioplegic solution thus

improved the recovery of the myocardial functions and
energy metabolism. The improvement of the postis-
chemic cardiac functions was dependent on the dose of
succinate added to the perfusion medium. The adminis-
tration of succinate to the cardioplegic solution acceler-
ated the replenishment of the high-energy phosphates
especially during the reperfusion period, because we
could not find any difference in the tissue contents of
the high-energy phosphates by the end of the ischemic
period (Fig. 4).

In the within-group comparison of TAN, TAN de-
creased significantly during the reperfusion period in
group 1, while in group 5 a decrease of the content of
TAN during the reperfusion period was not found. Re-
garding the between-group comparisons, the hearts of
group 5 had significantly more TAN than those of group
1 at 30min of the reperfusion period. These facts sug-
gest that the energy demand exceeds the energy supply
during the reperfusion period, and that the myocardium
consumes the energy from the degradation of adenine

Fig. 4. Myocardial energy state of the hearts of group 1 and group 5 at preischemia, the end of ischemia, and the end of
reperfusion
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nucleotides in group 1; the energy supply from the mito-
chondria is thus better in the hearts of group 5 than in
those of group 1. This hypothesis was supported by the
change of CrP. The content of CrP replenished to the
level of the preischemic period during the reperfusion
period in group 1, whereas it replenished to over the
preischemic level in group 5. These findings suggest that
the energy-producing system of the mitochondria,
which is the phosphate donor to CrP, is thus preserved
better in group 5 than in group 1 during the ischemia/
reperfusion period. Furthermore, in the between-group
comparison, all energy metabolism indexes of group 5
were significantly higher than those of group 1 at 30 min
of reperfusion, although we could not find any differ-
ence at the end of ischemia. This result suggests that
the administered succinate protects the myocardium
through the preservation of the mitochondrial function
during the whole ischemia/reperfusion period, but not
through the preservation of the high-energy phosphate
during the ischemic period.

When the myocardium is being precipitated in the
ischemic condition, iron and the reduced substrates
including NADH are accumulating.15,16 NADH is the
main electron donor to the electron transport system
of the mitochondrion, and can also sustain lipid
peroxidation in cooperation with ferric ion and ADP.3

Once lipid peroxidation occurs in the mitochondria,
NADH-ubiquinone (CoQ) reductase is impaired, as
NADH-CoQ reductase is vulnerable to lipid pero-
xidation.5 The impairment of NADH-CoQ reductase
after ischemia and reperfusion is supported by the re-
port of Marubayashi et al., in which they found that the
oxidized form of ubiquinone was predominant in the
reperfused liver after 90min of ischemia.17 The impair-
ment of NADH-CoQ reductase may thus cause a leak-
age of electrons from the electron transport system of
mitochondria, which forms superoxide radicals and thus
exacerbases the impairment of mitochondria by lipid
peroxidation, and inhibits the rereduction of the oxi-
dized form of ubiquinone.3,4,5 Ubiquinone is not only
one of the components of the mitochondrial electron
transport system, but also one of the important intracel-
lular antioxidants. Its antioxidant effect is stronger as
the reduced form than as the oxidized form.6,7 When the
rereduction of the oxidized form of ubiquinone is inhib-
ited, the oxidized form is converted to a polar substance
after the reaction with lipid peroxides and thus loses its
antioxidant effect.5 This leads to the deterioration of the
intracellular antioxidant system. Thus, the reperfusion
after ischemia provides a suitable condition for lipid
peroxidation in the mitochondrion of the myocyte.

We have previously shown in in vitro studies that
succinate increases the antioxidant effect of ubiquinone
by reducing it, and strongly inhibits the NAD(P)H-de-
pendent lipid peroxidation of mitochondria.3 Succinate-

CoQ reductase is more tolerant toward lipid peroxi-
dation than NADH-CoQ reductase.5 The administered
succinate can be expected to inhibit the lipid peroxida-
tion of mitochondria by the reduction of oxidized
ubiquinone even at the condition after ischemia fol-
lowing reperfusion where NADH-CoQ reductase is
impaired, and thus is effective against ischemia/
reperfusion injury. We have also confirmed that succi-
nate did not show any protective effect on ubiquinone-
depleted submitochondrial particles, and that an
inverse correlation has been found between the rate of
peroxidation and the level of reduced ubiquinone.3,4 We
therefore investigated the myocardial protective effect
of succinate against the ischemia/reperfusion insult. As
mentioned above, we found that succinate had pre-
served the function of mitochondria well, and sup-
pressed the impairment of the myocardial function
induced by ischemia following reperfusion. However,
we could not find any difference in the myocardial
content of malondialdehyde (MDA), which is the side
product of the reaction of lipid peroxidation, measured
by TBA method and HPLC (data not shown). The
measurement of MDA, which has been shown to be
a nonspecific index of lipid peroxidation,18 may be ad-
equate as an index of lipid peroxidation of purified
organelle, but inadequate for a whole organ which con-
tains various impurities.

The beneficial effects of succinate against oxygen tox-
icity have been also confirmed by in vivo experiments.
Block has reported that pretreatment with succinate
reduces the occurrence of seizure of rats caused by hy-
perbaric oxygen.19 Ronai et al. reported that pretreat-
ment with succinate inhibits the lipid peroxidation of
mouse liver mitochondria induced by irradiation.20 Fur-
thermore, in the field of myocardial protection it has
been reported that some intermediate metabolites of
the TCA cycle and the various amino acids, which con-
vert to succinate as the end product during ischemia,
have a myocardial protective effect.21,22 Many of these
reports have laid special emphasis on substrate phos-
phorylation during ischemic time or on the supplement
of the TCA cycle intermediates as being the basic
mechanism of the beneficial effects of those additives.
Succinate is the end product of those intermediates or
amino acids, and has no potential to produce ATP by
substrate phosphorylation or to supply intermediates
to the TCA cycle. This report may thus provide new
and important information on the efficacy of these
substances.
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