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Abstract
Objective: A simple method to reduce the ischemia/

reperfusion injury that can accompany cardiac surgery 
would have great clinical value. This study was to investigate 
the effect of hyperosmotic perfusion on ischemia/reperfusion 
injury in isolated perfused rat hearts. 

Method: Forty male Sprague-Dawley rats were randomly 
divided either to have their isolated hearts perfused with 
normal osmotic buffer or buffer made hyperosmotic by 
addition of glucose. Hearts were then subjected to 30 min 
ischemia followed by 30 min reperfusion. Coronary flow, time 
to ischemic arrest, reperfusion arrhythmia, and ventricular 
function were recorded. Creatine phosphokinase leakage into 
the coronary artery, and myocardial content and activity of 
superoxide dismutase and catalase were also examined. 

Results: Rat hearts with hyperosmotic perfusion showed 

higher coronary flow, a prolonged time to ischemic arrest 
(10.60 vs. 5.63 min, P<0.005), a lower reperfusion arrthythmia 
score (3.2 vs. 5.3, P<0.001), better ventricular function, and 
less creatine phosphokinase leakage (340.1 vs. 861.9, P<0.001) 
than normal osmotic controls. Myocardial catalase content 
and activity were increased significantly (1435 vs. 917 U/g 
wet weight, P<0.001) in hearts perfused with hyperosmotic 
solution in comparison to the normal osmotic controls. 

Conclusion: Pretreatment with hyperosmotic perfusion in 
normal rat hearts, which is attributed partly to the increased 
antioxidative activity, could provide beneficial effects from 
ischemia and reperfusion-induced injury by increasing 
coronary flow, and decreasing reperfusion arrhythmia.

Descriptors: Ischemia. Reperfusion injury. Myocardial 
infarction.
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Resumo
Objetivo: Um método simples para reduzir a lesão de 

isquemia/reperfusão que pode acompanhar a cirurgia 
cardíaca teria grande valor clínico. O objetivo deste estudo 
foi investigar o efeito da perfusão hiperosmótica na isquemia/
reperfusão em corações isolados de ratos perfundidos.

Métodos: Quarenta ratos machos Sprague-Dawley foram 
divididos aleatoriamente e tiveram os seus corações isolados 
perfundidos com tampão osmótico normal ou tampão 
hiperosmótico com a adição de glucose. Os corações foram 
então submetidos a 30 minutos de isquemia, seguida de 30 

min de reperfusão. O fluxo coronariano, tempo de parada 
isquêmica, arritmia de reperfusão e da função ventricular 
foram registrados. Vazamento creatinofosfoquinase na 
artéria coronária, o miocárdio e atividade de superóxido-
dismutase e catalase foram também examinados.

Resultados: Crações de ratos com perfusão hiperosmótica 
apresentaram maior fluxo coronariano, tempo prolongado 
de parada isquêmica (10,60 vs. 5,63 min, P<0,005), menor 
pontuação de reperfusão arritmica (3,2 vs. 5,3, P<0,001), 
melhor função ventricular e menos vazamento de creatina 
fosfoquinase (340,1 vs. 861,9, P<0,001) do que controles 
normais osmóticos. Teor de catalase e atividade do miocárdio 
também tiveram aumento significativo (1435 vs. 917 peso 
U/g de peso fresco, P<0,001) em corações perfundidos com 
solução hiperosmótica em comparação com os controles 
normais osmóticos.

Conclusão: O pré-tratamento com perfusão hiperosmótica 
em corações de ratos normais, o que é atribuído, em parte, 
ao aumento da atividade antioxidante, pode oferecer efeitos 
benéficos de isquemia e reperfusão induzida por lesão, 
aumentando o fluxo coronário e diminuindo a arritmia de 
reperfusão.

Descritores: Isquemia. Traumatismo por reperfusão. 
Infarto do miocárdio.

Abbreviations, acronyms & symbols

INTRODUCTION

Each year in the United States, approximately 1 
million myocardial infarctions occur, and 700,000 patients 
undergo cardioplegic arrest for various cardiac surgeries. 
Minimizing ischemic time in these clinical scenarios has 
appropriately received a great deal of attention because 
of the long-established relationship between duration of 
ischemia and extent of myocardial injury. However after 
coronary flow is restored, the myocardium is susceptible 
to another form of insult stemming from reperfusion of the 
previously ischemic tissue. Given that cardiac ischemia is 
either unpredictable (myocardial infarction) or inevitable 
(in the operating room), there is great interest in developing 
strategies to minimize reperfusion-mediated injury.

Hyperosmotic saline has been used successfully in 
haemorrhagic and other types of shock to protect different 
tissues and organs [1,2]. Hyperosmotic saline perfusion 
has also been shown to decrease ischemia/reperfusion 
injury in rat hearts [3]. Elevated blood glucose also 

increases plasma osmolarity, and resistance to ischemia/
reperfusion injury is increased in hearts from type 1 
diabetic rats that have severe hyperglycaemia [4]. Because 
both hypertonic saline and, in diabetic rats, hyperglycemia 
are cardioprotective, we sought to determine whether 
addition of glucose instead of sodium chloride (NaCl) to 
produce hyperosmolarity would, in hearts from normal 
rats, provide protection from ischemia/reperfusion 
injury. If hyperosmotic glucose perfusion were found to 
be protective, it might, in the future, be able to be used 
clinically to attenuate ischemia/reperfusion injury during 
cardiac bypass surgery.

The present study investigates the effect of 
hyperosmotic perfusion pretreatment with glucose on 
ischemia/reperfusion arrhythmia and ventricular function 
damage in isolated rat hearts in vitro. Coronary creatine 
phosphokinase leakage (that is, leakage of this cardiac 
enzyme from damaged myocardial cells into the perfusate 
from the coronary artery), and myocardial content and 
activity of two antioxidant enzymes, superoxide dismutase 
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and catalase, were also measured in order to assess 
the effect of hyperosmotic perfusion with glucose on 
myocardial cell damage and anti-oxidant activity.

METHODS

Animals
This study was approved by the animal care and use 

committee of our institution (2011(LW)-13). Forty male 
Sprague-Dawley rats (originally weighing 220–280 g) 
were housed under standard conditions with free access 
to tap water and chow. Rats were randomly divided 
either to have their isolated hearts perfused with normal 
Krebs-Henseleit buffer solution (300 mOsm/L) or with 
Krebs-Henseleit buffer solution made hyperosmotic (360 
mOsm/L) by addition of glucose.

Isolated heart preparation and ischemia/reperfusion 
with normal buffer solution

Rats were anaesthetized with sodium pentobarbital 
(60 mg/kg, i.p.), injected with 25 mg/kg heparin, and 
their hearts excised a few minutes later. The hearts 
were then placed in a Langendorff apparatus [5] and 
rapidly connected to the aortic cannula of this apparatus 
for retrograde perfusion with Krebs–Henseleit buffer 
containing (in mmol/L): NaCl 118.0; KCl 4.7; CaCl2 2.5; 
MgSO4 1.2; KH2PO4 1.2; NaHCO3 25.0; glucose 11.0 mM; 
Na2 -EDTA 0.5. The perfusate was maintained at 37˚C and 
aerated continuously with 95% O2 and 5% CO2. The left 
atrium was connected to a cannula and perfused in order 
to fill the left ventricle, and a catheter was inserted into the 
left ventricle to record left ventricular pressure (LVP), left 
ventricular end diastolic pressure (LVEDP), and maximal 
rate of LVP rise (dp/dtmax) and fall (dp/dtmin), using a data 
acquisition system (MPA 2000; Alcott Biotech, Shanghai, 
China). Aortic perfusion pressure was set at 70 mmHg and 
left atrial pressure at 15 mmHg throughout the experiment. 
However, cardiac output as it would occur in the living 
animal cannot be measured with this method. A catheter 
inserted into a small artery originating in the marginal 
or oblique branch of the left circumflex coronary artery 
was used for continuous measurement of coronary flow 
(calculated from the fluid fractions collected as volume/
time) in pre-ischemia perfusion, ischemia, and reperfusion 
periods. We used this location for catheter insertion because 
it enables more precise and clean collection of coronary 
effluent than effluent collected from other locations. The 
perfusate collected from the coronary artery was used to 
assay for creatine phosphokinase.

Electrodes were inserted into the myocardium at 
the base and apex of the heart, and heart rate (HR) and 
electrocardiogram were recorded continuously with a 
data-acquisition system (MPA 2000; Alcott Biotech, 

Shanghai, China). Premature ventricular beats, ventricular 
tachycardia and ventricular fibrillation during reperfusion 
were recorded. The severity of arrhythmias was scored 
using the Curtis arrhythmia scoring system [6]. This 
system uses a scale of 0-9, where 0 indicates occasional 
ectopic beats and 9 indicates ventricular fibrillation 
occurring during the first 60s of reperfusion. The time 
from the clamping of the atrial inflow and aortic outflow 
to the cessation of ventricular contractions was recorded 
as the time to arrest, and the time from the beginning of 
reperfusion to the start of ventricular contractions was 
recorded as the time to recovery.

All hearts were allowed to beat spontaneously. After 
the 10 min normal buffer equilibration perfusion and 20 
min pre-treatment normal buffer or hyperosmotic glucose 
perfusion (the total pre-ischemia period was 30 min), 
the hearts were subjected to 30 min global ischemia by 
clamping both atrial inflow and aortic outflow. The heart 
was thus in contact with hyperosmotic glucose buffer for 
a total of 50 min. The heart was kept warm during the 
ischemic period. At the end of this period, the above flow 
catheters were opened for a 30 min reperfusion period.

Hyperosmotic perfusion
The procedure for the rat hearts in the hyperosmotic 

perfusion group was the same as that described above for 
normally perfused hearts except that the osmolarity of the 
Krebs–Henseleit buffer was increased to 360 mOsmol/L 
during the 20 min pre-treatment period by adding 60 
mOsmol/L of glucose and thus increasing the glucose 
concentration to 71 mM.

Biochemical determinations and Western blot analysis
At the end of the 30 min reperfusion period, the front 

portions of the left ventricles were freeze-clamped for 
use in biochemical assays and Western blotting. Creatine 
phosphokinase (CPK) from the coronary artery, and 
superoxide dismutase (SOD) and catalase from myocardial 
tissue homogenate, were determined with assay kits 
(Jian-Cheng Biomedical Engineering, Nanjing, China) 
according to the instructions of the manufacturer.

For Western blot analysis, the freeze-clamped sections of 
the left ventricle were homogenized in lysis buffer (pH 7.4) 
containing (in mmol/L): Tris-HCl 50; sucrose 150; EDTA-
Na2 5; EGTA 2; Na3VO4 1; NaF 50; phenylmethanesulphonyl 
fluoride 0.1; leupeptin 1 mg/L. Actin was used as the protein 
standard. Protein samples were loaded onto 8% sodium 
dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-
PAGE) acrylamide gels and transferred to polyvinylidene 
difluoride membranes. Blots were incubated with antibodies 
to either catalase (Calbiochem, San Jose, CA, USA) or SOD 
(Kagaard & Perry Laboratories). The membranes were then 
incubated with corresponding horseradish peroxidase-
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conjugated secondary antibody, and immunoreactive 
bands were visualized using electrochemoluminescence 
(Pierce; Thermo Fisher Scientific Inc., Rockford, IL, 
USA). Relative levels of proteins were semi-quantified 
with densitometry (Leica).

Statistics
Normally distributed continuous variables between 

control and hyperosmotic glucose groups were compared 
using an independent two sample t test. Differences 
between ischemia and reperfusion were determined using 
a paired t test. Repeated measurement of ANOVA was 
used for coronary flow. Data are presented as means ± SE. 
All statistical assessments were two-sided and evaluated at 
the 0.05 level of significant difference. Statistical analyses 
were performed using SPSS 15.0 statistics software (SPSS 
Inc, Chicago, IL).

RESULTS

Coronary flow and correlation with hyperosmotic 
perfusion

Compared to normal osmotic perfusion, hyperosmotic 
glucose perfusion significantly increased pre-ischemia 
basal coronary flow in isolated rat heart after 5 and 10 
minutes of perfusion (Figure 1). After ischemia and 
reperfusion treatment, coronary flow was also significantly 
higher with hyperosmotic glucose than normal osmotic 
perfusion over the 30 minutes of perfusion (Figure 2).

Ventricular function during ischemia and reperfusion
Rat hearts perfused with hyperosmotic solution took a 

longer time (10.6±1.5 vs. 5.6±0.7 min) to stop beating during 
ischemia and a shorter time (13.0±2.5 vs. 19.2±1.5 sec) to 
resume beating during reperfusion than control hearts. In other 
words, hyperosmotic hearts were asystolic about 32 minutes 
as opposed to 43 minutes for control hearts. The reperfusion 
arrhythmia score (3.3±1.7) and ventricular tachycardia-
fibrillation period (15.0±1.2 min) were significantly reduced 
in hyperosmotic hearts compared to control hearts (5.3±1.2, 
24.3±2 min respectively) (Table 1). There were no significant 
differences in pre-ischemia HR, LVP, LVEDP, dP/dtmax and 
dP/dtmin between the 2 groups. However, HR, LVP, dP/dtmax 
and dP/dtmin in both groups significantly decreased during 
reperfusion (P<0.05, Table 2).

Creatine phosphokinase (CPK) leakage from 
myocardial tissue and myocardial anti-oxidant enzymes

CPK leakage into the coronary artery, an indication of 
myocardial cell damage, was significantly reduced after 
reperfusion in hyperosmotic compared to control hearts, as 
shown by biochemical assays (360±115 vs. 860±124 U/g). 
Of the two anti-oxidant enzymes measured, hyperosmotic 
hearts showed a significant increase in myocardial catalase 
in both biochemical assay and Western blotting (Table 1 
and Figure 3A, C). However, myocardial contents of SOD 
in hyperosmotic hearts were similar to those of normal 
control hearts in both biochemical assay and Western 
blotting (Table 1 and Figure 3B, D).

Fig. 1 – The effects of normal and hyperosmotic glucose perfusion 
on pre-ischemia coronary flow in isolated rat heart . (mean±SE, 
n=20 in each time point)

Fig. 2 – The effect of reperfusion with normal and hyperosmotic 
glucose perfusate on post-ischemia coronary flow in isolated rat 
heart. (mean±SE, n=20 in each time point)
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Table 1.	 Ischemic arrest time, heartbeat recovery time, arrhythmia score and VT-VF time after ischemia/reperfusion with hyperosmotic 
glucose.

Ischemic arrest time (min)
Heartbeat recovery time (sec)
Arrhythmia score
VT-VF duration (min)
Creatine phosphokinase leakage (U/g ventricular weight)
SOD (U/g wet weight)
Catalase (U/g wet weight)

Control
5.62±0.73
19.19±1.99
5.30±0.27
24.46±0.45

861.90±26.36
343±4.7
917±18.9

Hyperosmotic glucose
10.60±1.50
11.24±2.40
3.20±0.33
14.91±0.28

340.10±24.88
354±10.0
1435±17.5

P value
0.005
0.056

<0.001
<0.001
<0.001
0.324

<0.001

I/R ischemia/reperfusion; SOD, superoxide dismutase; VF, ventricular fibrillation; VT, ventricular tachycardia. Data are displayed as mean 
± standard error. n=20

Table 2.	 Heart rate, contractility and relaxation before and after ischemia/reperfusion.

HR (bpm)
Pre
30 min
LVP (mmHg)
Pre
30 min
LVEDP (mmHg)
Pre
30 min
dP/dtmax (mmHg/sec)
Pre
30 min
dP/dtmin (mmHg/sec)
Pre
30 min

Control

241.00±11.84
100.20±27.81a

88.12±4.77
63.89±5.34a

5.32±1.88
53.28±3.94a

2476.5±218.6
345.0±105.8a

1657.5±137.5
303.0±61.1a

Hyperosmotic glucose

249.70±15.82
198.50±17.23a

86.08±3.50
69.92±3.42a

5.87±1.21
37.16±3.74a

2538.0±129.3
1101.8±97.7a

1881.3±121.6
834.0±46.55a

P value

0.665
0.008

0.734
0.354

0.807
0.008

0.811
<0.001

0.287
<0.001

dP/dtmax, maximal rate of left ventricular rise; dP/dtmin, maximal rate of left ventricular pressure fall; HR, heart 
rate; LVEDP, left ventricular end diastolic pressure; LVP, left ventricular pressure. a Significant difference 
between ischemia and reperfusion in each group using paired –t test. Data are displayed as mean ± standard error

Fig. 3 – Myocardial myocardial anti-oxidant enzymes in control and hyperosmotic glucose perfused ventricle. A. The 
myocardial catalase content was increased after hyperosmotic glucose perfusion. Data are the mean±SD (n = 20 
in each time point). *P < 0.05 compared with control. B. There was no marked increase in SOD after hyperosmotic 
glucose perfusion. Data are the mean±SE (n = 20 in each time point). C. Western blot analysis also showed a marked 
increase in the levels of myocardial catalase after hyperosmotic glucose perfusion. D. No significant difference of 
SOD between control and hyperosmotic glucose group was found
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DISCUSSION

In the current study, hyperosmotic perfusion 
pretreatment with glucose of rat hearts subjected to global 
ischemia resulted in better ventricular contractile and 
electrophysiological function, increased coronary flow, 
and less myocardial damage than was seen in normal rat 
hearts. Hyperosmotic perfusion pretreatment also increased 
levels of catalase, although levels of a second anti-oxidant 
enzyme, SOD, were similar to those seen in control hearts.

Endothelial nitric oxide (NO) production has previously 
been shown to be responsible for the increase in coronary 
blood flow seen after bolus injection of hypertonic saline 
in anaesthetized pigs [7]. This is a possible mechanism 
for the increased coronary flow seen with hypertonic 
perfusion pretreatment of glucose in our study, but we did 
not measure NO production.

Previous research by others has shown that an important 
change responsible for ischemia/reperfusion damage is 
the increase in intracellular calcium that occurs during 
ischemia [8]. Anoxia decreases pH, and the increased 
Na/H exchange used by the cell to bring the pH back to 
normal affects Na/Ca exchange in a way that increases 
intracellular calcium [8]. Myocardial perfusion with fluid 
made hypertonic with either NaCl or sucrose has been 
shown to decrease intracellular calcium by decreasing the 
anoxia-induced increase in Na/H exchange [9].

Reactive oxygen species (ROS) have also been 
implicated in the pathogenesis of ischemia/reperfusion 
injury [8]. In our study, hyperosmotic hearts showed 
an increase in the activity of the anti-oxidant enzyme, 
catalase, but no increase in SOD, the second enzyme 
studied. A study of diabetic hearts from rats with severe 
hyperglycaemia also showed an increase in catalase, but 
not SOD, compared to normal hearts [4]. And a study of 
hyperosmotic sodium chloride perfusion of normal and 
stroke-prone spontaneously hypertensive rat hearts also 
showed increased catalase but not increased SOD, although 
in this study raising the osmolarity to 400 mOsm/L was 
able to increase SOD slightly [10]. In our study, levels of 
catalase were increased 20%, but levels of the marker of 
myocardial damage, CPK, however, were decreased 60%. 
It seems doubtful, therefore, that this modest increase in 
catalase activity could, by itself, cause such a profound 
lessening of myocardial damage.

An unanswered question is whether beneficial effects 
for heart by solution made hypertonic by the addition of 
glucose differs in any way from that provided by solution 
made hypertonic by the addition of NaCl. Hyperosmotic 
glucose differs from hypertonic saline in that glucose is 
a substrate for energy metabolism in the myocardium. In 
normal conditions, myocardium utilizes fatty acids for 
aerobic metabolism but in anoxic conditions, it uses glucose 

for anaerobic glycolysis. Anaerobic metabolism plays a 
crucial role in protecting myocardium from death [11]. 
Hyperosmotic glucose perfusate provides more glucose for 
the myocardium to produce ATP through glycolysis, an action 
beneficial for maintaining the activity of Na+-K+ATPase and 
the ATP-dependent K channel. This action may attenuate 
myocardium injury. However, because the manner in which 
the myocardium utilizes metabolic substrates is complex, the 
possibility that increases in extracellular glucose availability 
can be beneficial to heart needs further investigation.

Chu et al. [12] also that ischemic myocardium in alloxan-
induced-diabetic (DM) group displayed higher expression 
of cell survival proteins including phospho eNOS, heat 
shock protein 27, NFkB, and mTOR as compared with 
ischemic myocardium in normoglycemic (ND), whereas 
in non-ischemic tissue, expression of these proteins was 
similar or lower in the DM group. The expression of total 
Erk 1/2 was similar between ND and DM groups, whereas 
the expression of phospho-Erk 1/2(Thr202/Tyr204) was 
lower in the DM group as compared to the ND group 
[12]. The expression of SAPK/JNK was lower in the DM 
group [12]. The current study shows that normal rat hearts 
prefused with hyperosmotic glucose can provide beneficial 
effects to heart, but these beneficial effects could very well 
be due to the hyperosmolarity itself rather than glucose.

In our study, rat hearts prefused with hyperosmotic 
glucose before ischemia/reperfusion increased coronary 
artery flow and decreased coronary artery resistance, 
increased left ventricular function, and increased levels 
of catalase but not SOD. In Shen’s et al. [10] study, 
prefused with hyperosmolar NaCl gave similar results: 
increased coronary artery flow and decreased coronary 
artery resistance, increased left ventricular function, and 
increased levels of catalase but not SOD. Shen et al. [10] 
also compared the effects of a 2 hour perfusion of rats 
hearts with solution made hyperosmolar with 4 different 
osmolytes (NaCl, glucose, mannitol, and raffinose) and 
found no significant differences in levels of the cellular 
constituents measured. They did not, however look at left 
ventricular function. Our findings and Shen’s et al. [10], 
therefore, may be due entirely to the hyperosmolarity.

However, one must also consider the use for which 
a solution is intended. Studies comparing the success of 
solutions used to protect hearts used for transplantation 
have focused on protecting cellular energy metabolism 
[13,14]. Despite the crystalloid solutions studied are not 
fully able to suppress the deleterious effects of ischemia 
and reperfusion in the rat heart, Lima et al. [14] had also 
found that a solution may contain the mannitol, instead of 
glucose, and the concentrations of K+ (15 mmol/L) and 
Ca2

+ (0.25 mmol/L) of solution can contribute to a better 
performance by promoting the depolarizing arrest without 
contributing to an overload of intracellular calcium during 
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