
Deleterious Effect of Hypothermia in Myocardial Protection Against
Cold Ischemia: A Comparative Study in Isolated Rat Hearts

M.L. Lima, A.I. Fiorelli, D.V. Vassallo, P.R. Batista, F.V. Simoes, J. Fiorim, I. Stefanon, B.B. Pinheiro,
N.A.G. Stolf, and O.M. Gomes

ABSTRACT

Background. There is a growing need to improve heart preservation benefit the
performance of cardiac operations, decrease morbidity, and more important, increase the
donor pool. Therefore, the objective of this study was to evaluate the cardioprotective
effects of Krebs-Henseleit buffer (KHB), Bretschneider-HTK (HTK), St. Thomas No. 1
(STH-1), and Celsior (CEL) solutions infused at 10°C and 20°C.
Methods. Hearts isolated from male albino Wistar rats and prepared according to
Langendorff were randomly divided equally into 8 groups according to the temperature of
infusion (10°C or 20°C) and cardioprotective solutions (KHB, HTK, STH-1, and CEL).
After stabilization with KHB at 37°C, baseline values were collected (control) for heart
rate (HR), left ventricle systolic pressure (LVSP), coronary flow (CF), maximum rate of
rise of left ventricular pressure during ventricular contraction (�dP/dt) and maximum rate
of fall of left ventricular pressure during left ventricular relaxation (�dP/dt). The hearts
were then perfused with cardioprotective solutions for 5 minutes and kept for 2 hours in
static ischemia at 20°C. Data evaluation used analysis of variance (ANOVA) in all together
randomized 2-way ANOVA and Tukey’s test for multiple comparisons. The level of
significance chosen was P � .05.
Results. We observed that all 4 solutions were able to recover HR, independent of
temperature. Interestingly, STH-1 solution at 20°C showed HR above baseline throughout
the experiment. An evaluation of the corresponding hemodynamic values (LVSP, �dP/dt,
and �dP/dt) indicated that treatment with CEL solution was superior at both tempera-
tures compared with the other solutions, and had better performance at 20°C. When
analyzing performance on CF maintenance, we observed that it was temperature depen-
dent. However, when applying both HTK and CEL, at 10°C and 20°C respectively,
indicated better protection against development of tissue edema. Multiple compari-
sons between treatments and hemodynamic variable outcomes showed that using CEL
solution resulted in significant improvement compared with the other solutions at both
temperatures.
Conclusion. The solutions investigated were not able to fully suppress the deleterious
effects of ischemia and reperfusion of the heart. However, these results allow us to
conclude that temperature and the cardioprotective solution are interdependent as far as
myocardial protection. Although CEL solution is the best for in myocardial protection,
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more studies are needed to understand the interaction between temperature and perfusion
solution used. This will lead to development of better and more efficient cardioprotective

methods.
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CURRENTLY, most heart surgeries are performed with
anoxic arrest induced by using different cardioplegic

olutions, suggesting the lack of a gold standard for myo-
ardial protection.1 In procedures where the ischemia pe-
iod is short, preservation is not problematic. However,
rocedures where long ischemic periods are common,
yocardial viability may be compromised by the current
ethods of myocardial preservation.1 Thus, establishing

atisfactory method of preservation is critical to ensure
uccess in procedures with prolonged ischemic time, partic-
larly in cardiac transplantation, which can also lead to
xpanding the pool of donors.2

Because of the shortage of donated hearts, selection
criteria are under constant review to increase the number of
marginal donors.2 Nevertheless, studies of myocardial pro-
ection have great relevance for the advancement of heart
ransplantation. Prolonged myocardial ischemia is an inde-
endent risk factor for early and late patient survival.
Crystalloid cardioplegic solutions can be classified as

ntracellular or extracellular depending on their ion con-
entration and certain additives. These solutions have dif-
erent levels of potassium to keep the cell membrane
epolarized, free radicals scavengers, impermeants to main-
ain osmotic pressure and prevent edema, energy sub-
trates, and buffers to prevent acidosis. Myocardial ischemia
ecreases oxidative metabolism to dwindle in both mito-
hondrial ATP production and myocardial function.3

Studies on myocardial protection have shown improve-
ment in contractile function after long periods of ischemia.
Pereda et al., compared the performance of Celsior (CEL)
versus St. Thomas-2 (STH-2) solutions, as blood cardiople-
gia, demonstrating that they were not significantly differ-
ent.4 Loganathan et al5 analyzed the effects of reperfusion

p to 24 hours using Bretschneider-HTK (HTK) solution
nd modified Bretschneider-HTK (Custodiol-N), which im-
roves myocardial and endothelial function during the
ritical phase of reperfusion after heart transplantation.5

Lee et al6 found that Bretschneider-HTK solution exhibited
superior protective effects over CEL against prolonged cold
ischemia in a syngeneic rat transplantation model.6

In addition to the use of cardioplegic solutions for organ
preservation, lower temperatures are also used. Hypother-
mia protects cellular energy metabolism acting to improve
resistance to ischemia in cardioplegic cardiac arrest.7 The
ncrease in the ratio between supply and energy demand
uring ischemia is generally attributed to hypothermic
rotection. The hypothermia combats oxidative stress in-
uced by ischemia and reperfusion.8 A review by Cleveland
t al9 showed that hypothermia is considered the most
mportant factor for myocardial protection. There is a

rowing need to investigate and improve heart preservation
ethods, thus improving performance of cardiac opera-
ions, reducing morbidity, increasing the donor pool, and
xtending its indications and benefits. Therefore, our ob-
ective was to compare the efficiency of myocardial protec-
ion using 4 widely used cardioplegic solutions infused at 2
ifferent temperatures in isolated heart preparations of
ats.

Clinical investigations on the comparative performance
f the cardioplegic solutions offer the greatest difficulties on
esult interpretation and may bring false judgment. The
angendorff system was chosen because it is well standard-

zed in our laboratories about myocardial protection eval-
ation and is useful for analyzing the direct effects on the
eart with systemic interferences exclusion.
We sought to compare the efficiency of myocardial protec-

ion using Krebs-Henseleit (KHB), HTK , STH-1 and CEL
olutions infused at 10°C and 20°C in isolated heart prepa-
ations of rats when subjected to ischemia for 2 hours at
0°C.

METHODS

Hearts with an average weight of 1.3 � 0.0 g were isolated from 64
male albino Wistar rats and immediately subjected to retrograde
perfusion according to the method of Langendorff.10 Rats had a
mean weight of 313.1 � 0.3 g and average size of 23.4 � 0.0 cm.
The research followed the ethical principles for animal experimen-
tation established by the Brazilian College of Animal Experimen-
tation. The Ethics Committee of the St. Francis of Assisi Research
Foundation, Belo Horizonte, Brazil, approved all animal care and
experimental procedures.

Hearts were randomly divided into 8 groups according to the
temperature of infusion (A, 10°C; B, 20°C) and cardioprotective
solution used as follows: Groups A1 and B1 were treated with KHB
solution (Laboratory of Experimental Cardiovascular Research, St.
Francis of Assisi Research Foundation): groups A2 and B2 with
HTK solution (Dr. Franz Köhler Chemie GMBH, Germany);
groups A3 and B3 with STH-1 solution (Braile Biomédica Industry,
Brazil); and groups A4 and B4 with CEL solution (Genzyme
Polyclonals S.A.S., France). Table 1 shows the chemical composi-
tion of the solutions studied.

After 15 minutes of perfusion at 37°C with KHB solution for
stabilization, we collected the values considered baseline (control)
for heart rate (HR), left ventricle systolic pressure (LVSP), coro-
nary flow (CF), and the maximum rate of rise of left ventricular
pressure during ventricular contraction (�dP/dt), and maximum
rate of fall of left ventricular pressure during left ventricular
relaxation (�dP/dt). The hearts were then perfused with their
respective cardioprotective solutions for 5 minutes and kept for 2
hours in static ischemia at 20°C. Subsequently, the hearts were
reperfused with KHB at 37°C for 60 minutes. Data were collected
every 5 minutes. Data evaluation was based on analysis of
variance in completely randomized 2-way analysis of variance
(ANOVA) and Tukey’s test for multiple comparisons. The level

of significance was set at P � .05.
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RESULTS

To evaluate myocardial protection, we first compared the
effect of the treatments (solutions/temperature) on HR in
isolated heart preparation of rats. Figure 1 shows the trend
in HR of the solutions used in the experiment at 10°C and
20°C, compared with controls, represented by a ratio of 1.0
(basal HR). At 10°C, solutions CEL and KHB provided a
more stable HR throughout the length of the experiment.
On the other hand, use of HTK and STH-1 solutions at
10°C initially resulted in lower HR (HTK, 0.66; STH-1,
0.55), which increased after 15 and 30 minutes, respectively,
and stabilized at a similar HR compared with the other
solutions. At 20°C, the KHB, HTK, and CEL solutions
resulted in increased recovery of HR in the first 30 minutes
followed by stability and reaching similar HRs at 60 minutes
(0.88, 0.87, and 0.88, respectively). Interestingly, STH-1

Table 1. Chemical Composition of the Solutions Studied

Components (mmol/L)

Krebs-
Henseleit

Buffer
Bretschneider-

HTK

St.
Thomas

No. 1 Celsior

Lactobionate — — — 80
Manitol — 30 — 60
Glutamate — — — 20
�-Ketoglutarate — 1 — —

ryptophan — 2 — —
Histidine · HCL.H2O — 18 — —

istidine — 180 — 30
lutatione — — — 3
a� 126 15 144 100

Glucose 11.5 — — —
K� 4.8 9 20 15

g�� 1.2 4 16 13
a2� 2.5 0.015 2.2 0.25
aHCO3 25 — 10 —
rocaine — — 1 —
H 7.4 � 0.5 7.4–7.45 7.4 7.4 � 0.2
smolality (mOsm/L) 330 310 324 320

Fig 1. Heart rate (HR) according
o the solution and the tempera-
ure. Reperfused hearts were
onitored for 60 minutes after

reatment at either 10°C or 20°C
ith the following solutions:
rebs-Henseleit Buffer, Bretsch-
eider-HTK, St. Thomas-No. 1,
nd Celsior. Baseline was calcu-

ated after stabilization and be-

ore treatment.
olution at 20°C showed HR above baseline throughout the
xperiment. These results indicate that all 4 solutions,
ndependent of temperature, are able to recover the HR.

Left ventricular contractility was represented by the
orresponding hemodynamic variables LVSP, �dP/dt, and
dP/dt (Figs 2–4), and was also evaluated in myocardial

protection. These variables show similar trends with the
different solutions at either 10°C or 20°C. In CEL solution,
all corresponding hemodynamic variables were more stable
and with higher rates compared with the other solutions at
either temperature, as well as showing a higher recovery at
20°C. With the HTK solution at 10°C, rates increased
constantly throughout the 60-minutes period, and were
higher compared with the other solutions at this same
temperature. At 10°C, the KHB solution resulted in higher
rates for all variables compared to STH-1, but was still
lower than HTK at LVSP and �dP/dt. Despite these
differences, KHB reached approximately the same rate of
�dP/dt after 40 minutes, compared with HTK. The con-
tractile performance of STH-1 was lower than the other
solutions at 10°C. However, at 20°C STH-1 showed similar
contractile performance compared to the HTK and KHB
solutions. Here, the data show that treatment with CEL is
superior to the others at 10°C and 20°C, and shows a better
performance at 20°C.

CF was considered as one of the hemodynamics variables
to evaluate edema occurrence and extension (a negative
factor in the recovery of the heart). All treatments showed
a downward trend (Fig 5). However, treatment with HTK
solution produced higher flow values compared with the
others at 10°C. Moreover, these treatments indicated a
decreasing order of efficiency: HTK � CEL � KHB �
STH-1. When solutions were tested at 20°C, CEL presented
the higher CF values. Again, a decreasing order of efficiency
in CF was observed: CEL � HTK � STH-1 � KHB.
Together, these results indicate that performance on CF
maintenance is temperature-dependent. However, use of
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HTK at 10°C and CEL at 20°C suggests better protection
against development of tissue edema.

To better evaluate the efficiency of myocardial protection
a study was undertaken of multiple comparisons among
treatments (Table 2). For HR, only CEL versus HTK at
10°C and STH-1 versus HTK at 20°C were not significantly
different. For LVSP and CF, all comparisons were signifi-
cantly different. In �dP/dt and �dP/dt, only HTK versus
KHB at 20°C was not significantly different. Overall, use of
CEL solution resulted in significant improvement in hemo-
dynamic variable outcome compared to the other solutions
at both temperatures.

DISCUSSION

We compared the efficiency of myocardial protection
using 4 commonly used cardioplegic solutions. These

Fig 3. Maximum rate of rise of
left ventricular pressure during
ventricular contraction (�dP/dt),
according to the solution and the
temperature. Reperfused hearts
were monitored for 60 minutes
after treatment at either 10°C or
20°C with the following solutions:
Krebs-Henseleit Buffer, Bretsch-
neider-HTK, St. Thomas-No. 1,
and Celsior. Baseline was calcu-
lated after stabilization and be-

fore treatment.
olutions were tested at either 10°C or 20°C in isolated
eart preparations of rats. Together, our results show

mproved myocardial protection at 20°C when CEL
olution was used.

In the present, investigation we adopted the absence of
ardiac pacing to enhance the intrinsic rhythm of the heart.
dditionally, it should be emphasized that the heart’s

onduction tissue is more sensitive to ischemia. Thus, heart
ate is ultimately a variable capable of providing indirect
nformation on the severity of injury caused by ischemia and
eperfusion.11 All solutions provided preservation of the

HR, but the results were below the baseline value for this
variable at both temperatures. It was observed that, after 30
minutes of reperfusion, all solutions were stable, except for
the STH-1 solution at 20°C, which had a HR greater than
baseline throughout reperfusion. We suggest that, at this

Fig 2. Left ventricle systolic
pressure (LVSP) according to the
solution and the temperature.
Reperfused hearts were moni-
tored for 60 minutes after treat-
ment at either 10°C or 20°C with
the following solutions: Krebs-
Henseleit Buffer, Bretschneider-
HTK, St. Thomas-No. 1, and
Celsior. Baseline was calculated
after stabilization and before
treatment.
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temperature, there was less inhibition of ion exchangers in
the cell membranes allowing for increased HR, probably
owing to intracellular calcium overload.12 It is worth noting
hat the chemical composition of STH-1 solution has the
ighest concentration of Ca2� and K� among the solutions
ested. At the lower temperature, the membrane ion ex-
hangers potentially become less functional, thereby lead-
ng to decreased release of intracellular calcium.12 This

could explain the marked difference in HR between 10°C
and 20°C when STH-1 was used.

The myocardial contractility was assessed using LVSP,
�dP/dt, and �dP/dt. Analyzing them in an integrated
manner, we observed that the effects of ischemia and
reperfusion on the myocardium are extremely deleterious,
producing a marked reduction in ventricular performance.
At 60 minutes of reperfusion, lower rates of contractile

Fig 4. Maximum rate of fall of
left ventricular pressure during
left ventricular relaxation (�dP/
dt), according to the solution and
the temperature. Reperfused
hearts were monitored for 60
minutes after treatment at either
10°C or 20°C with the following
solutions: Krebs-Henseleit Buffer,
Bretschneider-HTK, St. Thomas-
No. 1, and Celsior. Baseline was
calculated after stabilization and
before treatment.
epression were observed for CEL solution: 53% at 10°C
nd 38% at 20°C in LVSP, 52% at 10°C and 37% at 20°C of
dP/dt, and 43% 10°C and 28% at 20°C of �dP/dt. We

believe that concentrations of K� (15 mmol/L) and Ca2�

(0.25 mmol/L) of this solution contribute to a better per-
formance by promoting the depolarizing arrest without
contributing to an overload of intracellular calcium during
the ischemic period.13

Considering that isolated hearts used in this study had a
fixed pressure gradient, essentially the only factor respon-
sible for decreased blood flow would be related to intersti-
tial edema. Therefore, by analyzing the behavior of coro-
nary flow, we aimed to relate it directly to myocardial
edema. The results indicate that HTK solution at 10°C and
CEL solution at 20°C were those that produced the highest
flow values. The other solutions used at the 2 different

Fig 5. Coronary flow (CF) ac-
cording to the solution and the
temperature. Reperfused hearts
were monitored for 60 minutes
after treatment at either 10°C or
20°C with the following solutions:
Krebs-Henseleit Buffer, Bretsch-
neider-HTK, St. Thomas-No. 1,
and Celsior. Baseline was calcu-
lated after stabilization and be-

fore treatment.
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temperatures showed a descending order of efficiency in
maintaining coronary flow, as follows: CEL � KHB �
STH-1 at 10°C, and HTK � STH-1 � KHB at 20°C. We
suggest that each solution has an optimal preservation
temperature, where hypothermia can facilitate or interfere
with tissue edema, possibly by directly influencing mem-
brane conductive properties in myocardial cells, as well as
the endothelium, modifying its permeability.12 Moreover,
nother antagonistic factor to edema development could be
elated to the osmotic properties of each solution used.13

Relative to osmolarity, these solutions have the following
decreasing order: KHB � STH-1 � CEL � HTK. How-
ver, we did not observe this same order considering
omparative performance, indicating that temperature also
nterfered with the edema process. Additionally, Na� is also

an important variable in this process, and these solutions
have the following decreasing order in concentration of this
ion: STH-1 � KHB � CEL � HTK. Similar to tempera-
ure, the comparative performances between them do not
bey this order, indicating that Na� is not solely responsible

for the participation of edema.
This study is part of a line of research that includes

endothelial dysfunction and apoptosis using different
cardioprotective methods, and has inherent limitations.
Perfusion of nonhuman isolated hearts with solutions
without blood produces disturbances in heart perfor-
mance. However, even though the data obtained cannot
be translated directly to clinical application, one must
consider that comparative studies with animal models
have proven effective in research related to myocardial
preservation.14

The present results allow us to conclude that the solu-
tions studied were not able to fully suppress the deleterious
effects of ischemia and reperfusion on the heart, 20°C
promoted better protection in isolated rat heart compared
with 10°C independent of the solution used, and CEL
solution gave the best result of myocardial protection at
10°C and 20°C. Although CEL solution had the best

Table 2. Comparison Between Solutions at 10°C an

Temperature Average Difference HR (bpm)

10°C Krebs-Henseleit - Bretschneider-HTK �18.8*
Krebs-Henseleit - St. Thomas-No. 1 9.9*
Krebs-Henseleit - Celsior �20.2*
Bretschneider-HTK - St. Thomas-No.1 28.7*
Bretschneider-HTK - Celsior �1.4
St. Thomas-No.1 - Celsior �30.1*

20°C Krebs-Henseleit - Bretschneider - HTK 21.6*
Krebs-Henseleit - St. Thomas-No. 1 20.0*
Krebs-Henseleit - Celsior 32.2*
Bretschneider-HTK - St. Thomas-No.1 �1.6
Bretschneider-HTK - Celsior 10.6*
St. Thomas-No. 1 - Celsior 12.2*

Abbreviations: HR, heart rate; LVSP, Left ventricular systolic pressure; �dP
dP/dt, maximum rate of fall of left ventricular pressure during ventricular con
*P � .05.
outcome in myocardial protection, further research is still
eeded that includes other solutions and cardioprotective
ethods.
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