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Ning, Xue-Han, Shi-Han Chen, Cheng-Su Xu, Lin-
heng Li, Lena Y. Yao, Kun Qian, Julia J. Krueger, Outi
M. Hyyti, and Michael A. Portman. Selected Contribu-
tion: Hypothermic protection of the ischemic heart via alter-
ations in apoptotic pathways as assessed by gene array
analysis. J Appl Physiol 92: 2200–2207, 2002. First published
December 21, 2001; 10.1152/japplphysiol.01035.2001.—Hy-
pothermia improves resistance to ischemia in the cardiople-
gia-arrested heart. This adaptive process produces changes
in specific signaling pathways for mitochondrial proteins and
heat-shock response. To further test for hypothermic modu-
lation of other signaling pathways such as apoptosis, we used
various molecular techniques, including cDNA arrays. Iso-
lated rabbit hearts were perfused and exposed to ischemic
cardioplegic arrest for 2 h at 34°C [ischemic group (I); n � 13]
or at 30°C before and during ischemia [hypothermic group
(H); n � 12]. Developed pressure, the maximum first deriv-
ative of left ventricular pressure, oxygen consumption, and
pressure-rate product (P � 0.05) recovery were superior in H
compared with in I during reperfusion. mRNA expression for
the mitochondrial proteins, adenine translocase and the
�-subunit of F1-ATPase, was preserved by hypothermia.
cDNA arrays revealed that ischemia altered expression of 13
genes. Hypothermia modified this response to ischemia for
eight genes, six related to apoptosis. A marked, near fivefold
increase in transformation-related protein 53 in I was virtu-
ally abrogated in H. Hypothermia also increased expression
for the anti-apoptotic Bcl-2 homologue Bcl-x relative to I but
decreased expression for the proapoptotic Bcl-2 homologue
bak. These data imply that hypothermia modifies signaling
pathways for apoptosis and suggest possible mechanisms for
hypothermia-induced myocardial protection.

�-subunit of F1-ATPase; hypothermic adaptation; myocardial
reperfusion

MODERATE HYPOTHERMIA IMPROVES resistance to oxidative
injury in the heart. Hypothermic protection can be
proffered by application of cold during ischemic insult.
In addition, cold stress applied before warm ischemia
initiates adaptive responses and promotes preserva-
tion of cardiac contractile function (24). This cross-
adaptive phenomenon might represent thermotoler-
ance transfer. Hypothermic adaptation is also linked to
reduced ATP store depletion during ischemia and
reperfusion (27, 28) and is further characterized by
enhanced postischemic gene expression for specific
stress-related proteins and constitutive mitochondrial
membrane proteins (28, 29).

Although modulation of energy metabolism contrib-
utes to protection afforded by hypothermia, other in-
jury-reducing mechanisms might also operate in re-
sponse to cold. Elucidation of these mechanisms could
lead to identification of specific molecules that provide
protection during and after ischemic insult. Recent
experiments in noncardiac tissues indicate that cold
modifies various cell signaling pathways. Specifically,
investigations performed with cultured neuronal tis-
sues, or in brain in vivo, indicate that mild or moderate
hypothermia mitigates apoptosis, programmed cell
death induced by hypoxia or ischemia (5, 22, 31). In
addition, several studies demonstrate that cardiomyo-
cyte apoptosis contributes to ischemia-reperfusion in-
jury (3, 4, 10, 13, 32). Adaptive processes such as
ischemic preconditioning are found to ameliorate
reperfusion injury partially through modifications of
specific cell death signaling pathways (21). These find-
ings formed the basis for a hypothesis stating that

Address for reprint requests and other correspondence: X.-H.
Ning, Dept. of Pediatrics, Box 356320, Univ. of Washington, 1959 NE
Pacific St., Seattle, WA 98195 (E-mail: xh@u.washington.edu).

The costs of publication of this article were defrayed in part by the
payment of page charges. The article must therefore be hereby
marked ‘‘advertisement’’ in accordance with 18 U.S.C. Section 1734
solely to indicate this fact.

J Appl Physiol 92: 2200–2207, 2002.
First published December 21, 2001; 10.1152/japplphysiol.01035.2001.

8750-7587/02 $5.00 Copyright © 2002 the American Physiological Society http://www.jap.org2200



hypothermia similarly induces myocardial protection
by affecting the signaling for apoptosis and/or other
pathways after ischemia and reperfusion. Testing this
hypothesis was the principal objective of this study.

The availability of cDNA arrays provides an objec-
tive means to examine the molecular profile for multi-
ple genes and identification of changes in signaling
pathways in a heart altered by ischemia and hypother-
mia. This technique and the confirmatory methods,
including Northern blot and reverse transcriptive-
polymerase chain reaction (RT-PCR), enable testing of
the principal hypothesis. Changes in expression of spe-
cific genes were associated with functional improve-
ment in cardiac function induced by hypothermia.

MATERIALS AND METHODS

Preparation of isolated heart. Thirty rabbits (male or fe-
male, 2.3–2.8 kg body wt) were anesthetized with pentobar-
bital sodium (45 mg/kg iv) and heparinized (700 U/kg iv).
Each heart was rapidly excised and immersed momentarily
in ice-cold physiological salt solution, pH 7.4, containing (in
mmol/l) 118.0 NaCl, 4.0 KCl, 22.3 NaHCO3, 11.1 glucose,
0.66 KH2PO4, 1.23 MgCl2, and 2.38 CaCl2. The aorta was
cannulated in the Langendorff mode, and the heart was
perfused with physiological salt solution that had been equil-
ibrated with 95% O2-5% CO2 at 37°C and passed twice
through filters with 3.0-�m pore size. Perfusion pressure was
maintained at 90 mmHg (23). An incision was made in the
left atrium, and a fluid-filled latex balloon was passed
through the mitral orifice and placed in the left ventricle. The
fluid from the Thebesian vein did not accumulate in this
preparation. The balloon was connected to a pressure trans-
ducer for continuous measurement of left ventricular pres-
sure (LVP) and measurement of the first derivative with
respect to time. The caudal vena cavum, the left and right
cranial vena cava, and the azygous vein were ligated. The
pulmonary artery was cannulated to enable collection of
coronary flow, measured with a flow meter (T201, Transonic
Systems, Ithaca, NY).

Analog signals were continuously recorded on an online
computer (Macintosh, Biopac analog signal acquisition sys-
tem) and a pressurized ink chart recorder (Gould, Cleveland,
OH). To characterize cardiac function, we defined developed
pressure (DP) as peak systolic pressure minus end-diastolic
pressure. Calculating the product of heart rate and DP (PRP)
provided an estimate of myocardial work (mmHg/min). Myo-
cardial oxygen consumption (MV̇O2) was calculated as
MV̇O2 � CF � [(PaO2 � PvO2) � (c/760)], where CF is the
coronary flow (ml �min�1 �g wet tissue�1), PaO2 � PvO2 is the
difference in the PO2 (Torr) between perfusate (arterial) and
coronary effluent (venous), and c is the Bunsen solubility
coefficient of O2 in perfusate at 37°C (22.7 �l O2 � atm�1 �
ml�1) (26, 28). Oxygen extraction was calculated as MV̇O2

divided by oxygen content in the perfusate. The wet weight of
the heart was determined at the conclusion of each experi-
ment after the fat and great vessels were trimmed and then
the heart being blot dried with nine-layer cotton gauze.
Procedures followed were in accordance with institutional
and National Institutes of Health guidelines.

Lactate, pH, and CO2 measurements. The coronary inflow
and effluent were collected; concentrations of O2 and CO2

were immediately measured with a Radiometer (ABL 5,
Copenhagen, Denmark). The difference in CO2 content be-
tween the coronary effluent and inflow was calculated as
(PvCO2 � PaCO2) � c/Vm, where PvCO2 � PaCO2 is the differ-

ence in the PCO2 (Torr) between coronary effluent (venous)
and perfusate (arterial), c is the solubility coefficient of CO2

in perfusate at 37°C (0.53 ml CO2 � atm�1 � ml�1 perfus-
ate), and Vm is the molar volume (22.4 � mM�1) (26, 28).
Lactate concentration was measured with a GM7 analyzer
(Analox Micro-Stat, London, UK).

RNA isolation. After removal of excess fat and connective
tissues, the left ventricular wall was briefly blotted on nine-
layer gauze, frozen in liquid nitrogen, and then stored at
�80°C. An aliquot of the frozen heart tissue (100–200 mg)
was pulverized and homogenized, and the total RNA was
then extracted with a RNA isolation kit (Ambion, Austin,
TX). RNA samples were tested by ultraviolet absorption at
260 nm to determine the concentration. The quality and
concentration of the RNA samples were further confirmed by
electrophoresis on denatured 1% agarose gels (28, 30).

cDNA arrays. The array filters were obtained from Clon-
tech Laboratories (Palo Alto, CA) and Super Array (Be-
thesda, MD). The Clontech filters had 234 known gene frag-
ments, representing a wide range of genome functions. The
Super Array filters contained 68 cDNA gene fragments, im-
mobilized and duplicated on a nylon membrane with specific
pathway functions, including transcription signals, stress-
inducible apoptosis, DNA repair functions, and mitogenic
signal pathways. Procedure was followed as recommended by
the companies with minor modifications.

For each experiment, 20 �g of total RNA or 1 �g of poly(A)
RNA was used for first-strand synthesized cDNA (Super-
Script first-strand synthesis system for RT-PCR, GIBCO
BRL, Life Technologies, Gaithersburg, MD). The RNA sam-
ple was mixed with 2 �l of 10� cDNA synthesis primer mix
and then added to distilled H2O to a final volume of 6 �l.
Incubated tubes were placed at 70°C for 2 min to reduce the
temperature of the thermal cycler to 50°C. Fourteen micro-
liters of “master mix” were added, which contained 2� dNTP,
5 mM DTT, [�-32P]dATP (3,000 Ci/mmol), and 50 units of
Moloney murine leukemia virus reverse transcriptase. Tubes
were incubated at 50°C for 25 min. The reaction was then
stopped by adding 1 �l of 10� termination mix. The
[32P]cDNA was purified from an unincorporated [32P]dATP
by a column chromatography method. The labeled cDNA
probe was hybridized overnight in each filter at �1 � 10 6

counts �min�1 �ml�1. After filters were washed, they were
exposed on a PhosphorImager (model 400S, Molecular Dy-
namics, Sunnyvale, CA) and on Kodak BioMax film (East-
man Kodak, Rochester, NY) at �70°C for various amounts of
time.

Specific array signal spots were analyzed with Image-
Quant quantitation software (Molecular Dynamics). The rel-
ative levels of cDNA expression were assessed by comparing
the same signals obtained in normal control, ischemic, and
hypothermic conditions. Equivalent amounts of total RNA
from five individual and randomly selected heart samples
within each experimental group were combined to form sub-
groups. Instead of testing according to individual sample, the
samples were tested according to subgroup to diminish sys-
temic error. The subgroup samples were pooled on each array
and repeated four to five times in different membranes. The
membranes were stripped and reused two to three times.
Relevant changes in gene expression were identified by using
decision tree classification (6) and linear discriminant anal-
ysis (2). These methods have been adapted for use in arrays
by the Fred Hutchison Cancer Research Institute.

RT-PCR analysis. Five micrograms of total RNA were
added in 20 �l of reaction mixture and preheated for 10 min
at 65°C with 100 ng of poly(dT)12–18 primer. The first-strand
cDNA was synthesized by SuperScript II RNase H-RT at
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42°C for 50 min (Life Technologies). The reaction was termi-
nated at 70°C after 15 min. For subsequent PCR reaction (50
�l), 1 �l of the cDNA mixture was used for each gene-specific
amplification. The gene-specific primers for p53 and �-actin
were designed by a primer design program (Primer Design 3,
Scientific and Educational Software, State Line, PA).

p53 Primers were as follows: 5	-ACCTTCCGACACAGCGT-
GGT-3	 (p53 forward) and 5	-CTCCATCCAGCGGCTTCTTC-3	
(p53 reversed). �-Actin primers were as follows: 5	-CGAGCGG-
GAAATCGTGCGTGACATTAAGGAGA-3	 (�-actin478 for-
ward), 5	-CGTCATACTCCTGCTTGCTGATCCACATCTGC-3	
(�-actin478 reversed), 5	-AAAGACCTGTACGCCAACACAGT-
GCTGTCTGG-3	 (�-actin229 forward), and 5	-CGTCATACT-
CCTGCTTGCTGATCCACATCTGC-3	 (�-actin229 reversed).

Amplification reactions were conducted in 25–50 �l of
reagent mixture with an initial step of 94°C for 3 min fol-
lowed by 25–35 cycles of amplification, depending on cDNA
abundance in preparations. Each cycle was at 94°C for 1 min,
55°C for 1 min, 72°C for 1 min, and finally at 72°C for 7 min.
The �-actin was used as a reference control.

PCR products were analyzed by agarose gel electrophore-
sis. PCR bands of the predicted size were isolated and sub-
jected to sequencing (ABI Prism 310, Perkin-Elmer Foster) to
confirm correct gene identities. Expression levels of specific
genes were quantified by Image Station 440cf (Eastman
Kodak) on ethidium-stained bands of amplified fragments
after normalization to �-actin.

Northern blot analysis. For Northern blot analysis, 15 �g
of RNA were denatured and electrophoresed in a 1% formal-
dehyde agarose gel, transferred to a nitrocellulose transfer
membrane (Micron Separations, Westboro, MA), and cross-
linked to the membrane with a short-wave ultraviolet cross-
linker. The prehybridizing and hybridizing solutions con-
tained 50% formamide, 1� Denhardt’s solution, 6� SSPE,
and 1% SDS. cDNA probes were labeled with [32P]dCTP by
random primer extension (PRIME-IT II, Stratagene, La
Jolla, CA) and added to the hybridizing solution to a specific
activity. Hybridization was carried out at 42°C for 18 h. The
blots were then washed several times with a final wash in 1�
standard sodium citrate and 0.1% SDS at 65°C. The blots
were exposed through a PhosphorImager (model 400S)
and/or on Eastman Kodak BioMax film at �70°C. The rela-
tive amounts of mRNA were measured by using ImageQuant
quantitation software (Molecular Dynamics). The same size
area at each band was taken to measure the intensity, and
the same size area at the closest upstream position of each
band was used as the background of the image. RNA loading
was normalized by comparison to that of 28S and/or glycer-
aldehyde-3-phosphate dehydrogenase (GAPDH) (28, 30).
mRNA levels of the �-subunit of F1-ATPase (�F1-ATPase)
were detected by using a 1.8-kb cDNA fragment cloned from
the human HeLa cell line (American Type Culture Collection,
Manassas, VA) (28, 30). Adenine nucleotide translocator iso-
form 1 (ANT1) mRNA levels were detected by using a 1.4-kb
cDNA fragment cloned from human skeletal muscle (Ameri-
can Type Culture Collection) (28, 30). To compare different
mRNA levels in the same myocardial sample, 15-�g aliquots
of total RNA from the myocardium were analyzed by means
of sequentially reprobing the membranes with GAPDH car-
riers (Clontech), �F1-ATPase, and ANT1 cDNA probes.

Experimental protocols. The experimental model used in
these experiments has been previously described in detail
(26, 28). After we completed instrumentation and performed
calibrations, left ventricular balloon volumes were varied
over a range of values to construct left ventricular function
curves. In this manner, it is possible to define a specific

balloon volume that is associated with a DP between 100 and
140 mmHg. This volume remained unchanged during base-
line, ischemia, and reperfusion conditions. The intraventric-
ular balloon volumes were not adjusted to produce specific
end-diastolic pressures; rather, we defined a level of systolic
pressure development. However, end-diastolic pressures at
baseline 
10 mmHg were not accepted (23). Excluded were
data from hearts with DPs �100 mmHg or 
140 mmHg.
Baseline data were obtained after a 30-min equilibration
period. The same procedures were followed in each experi-
ment. During the baseline period, data were obtained with
the hearts maintained at 37°C with a temperature-controlled
organ bath.

Figure 1 summarizes the hypothermia protocol. To adjust
the infused temperature, the myocardial and pulmonary out-
flow temperatures were monitored continuously with ther-
mal probes. The rabbits were divided into an ischemic group
(at 34°C ischemia, n � 13) and a hypothermic group (at 30°C,
n � 12). The hypothermic group was treated with hypother-
mia before and during ischemia. Hemodynamic data were
recorded for 45 min during reperfusion, followed by immer-
sion of the tissue in liquid nitrogen for the Northern blot
analysis.

Myocardial temperatures were not measured routinely in
each experiment to avoid potential problems associated with
traumatic introduction of needle-mounted temperature
probes. In parallel experiments, myocardial temperature was
monitored with a Khuri regional tissue temperature monitor
(Vascular Technology, Chelmsford, MA) (28) to determine
changes in the myocardial temperature profile with use of
our standard experimental protocol. The results showed the
pulmonary outflow temperature could represent myocardial
temperature. Myocardial samples were also taken from five
hearts in situ as a nonperfused normal control group (N; n �
5), for molecular comparisons.

Statistical analysis. The values are reported as mean �
SE. The Statview 4.5 (FPV) program (Abacus Concepts,
Berkeley, CA) was used for statistical analysis. Data were

Fig. 1. Protocol of hypothermia in ischemic hearts. I, ischemic group;
H, hypothermic group (hypothermia treatment before and during
ischemia); CP, cardioplegic solution. Ischemia starts at 0 min and
ends at 120 min and then reperfusion follows. There are no signifi-
cant differences in temperature among the groups during baseline
and reperfusion.
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evaluated with repeated-measures ANOVA within groups
and with single-factor ANOVA across groups. When signifi-
cant data were obtained with Scheffé’s F test, individual
group means were tested for differences with F values (two-
tailed test). The criterion for significance was P � 0.05 for all
comparisons (30).

RESULTS

Functional recovery during reperfusion. The heart
weight and left ventricular balloon volume were simi-
lar in the ischemic (6.80 � 0.45 g and 1.60 � 0.045 ml,
respectively) and the hypothermic treatment groups
(6.15 � 0.25 g and 1.46 � 0.034 ml, respectively).
Under the baseline conditions, there appeared to be no
significant difference between the groups in end-dia-
stolic pressure, DP, maximum of the positive or nega-
tive first derivative of LVP with respect to time, heart
rate, PRP, and MV̇O2. Hemodynamic results are sum-
marized in Table 1 and Fig. 2. The hypothermia-
treated hearts demonstrated superior functional recov-
ery compared with the ischemic group.

Ischemic contracture. As noted in MATERIALS AND

METHODS, we used a specific balloon volume that was
adjusted and maintained throughout the protocol. This
allowed comparisons of LVP under constant end-dia-
stolic volume. After we injected the cardioplegic solu-
tion, the LVP was always near 0 mmHg. We defined
the beginning of ischemic contracture by the initial rise
in LVP above 2 mmHg. Ischemic contracture began in
control hearts after 69.8 � 4.4 min of ischemia. No
ischemic contracture was observed after 120 min of
ischemia in the hypothermia-treated hearts.

Accumulation of catabolic products. An obvious in-
crease in accumulation of lactate and CO2 was noted in
ischemic hearts at 120 min of ischemia (Fig. 3). Accu-
mulation of both metabolites was significantly lower in
hypothermic hearts. These data imply that aerobic and
anaerobic metabolic rates were markedly decreased
with hypothermia treatment.

Gene expression for mitochondrial-specific proteins.
Northern blot analysis showed that �F1-ATPase and
ANT1 mRNA were preserved by hypothermic treat-

Table 1. Hemodynamics

Baseline

Reperfusion

15 min 30 min 45 min

EDP, mmHg
I 1.9�0.3 39.2�4.3 33.3�4.3 30.9�4.2
H 2.6�0.4 5.1�0.9* 5.2�1.2* 6.2�1.6*

DP, mmHg
I 119.9�3.2 27.5�3.8 40.5�5.0 43.5�5.3
H 120.6�2.7 104.7�2.7* 108.6�3.6* 107.0�4.3*

dP/dtmax, mmHg/s
I 1821�136 360�45 524�67 581�77
H 1715�53 1555�84* 1660�111* 1631�112*

�dP/dtmax, mmHg/s
I 1254�108 307�37 407�48 463�53
H 1377�68 1249�56* 822�120* 1264�55*

HR, beats/min
I 185.2�8.5 169.7�16.4 165.3�12.8 167.3�12.3
H 187.0�7.6 183.3�9.6 184.1�7.8 186.8�7.2

PRP, 103 mmHg/min
I 22.25�1.26 4.55�0.68 6.41�0.87 6.90�0.85
H 22.48�0.91 19.25�1.20* 20.02�1.12* 20.01�1.16*

MV̇O2, �l �min�1 �g�1

I 99.2�5.4 41.5�3.9 39.8�4.4 44.5�5.1
H 111.7�8.2 95.3�5.9* 99.6�4.2* 100.6�5.1*

Values are means � SE. The hemodynamic indexes were determined in isolated reperfused hearts at baseline and at 15, 30, and 45 min
of reperfusion as described in MATERIALS AND METHODS. I, ischemic control group (n � 13); H, hypothermia treatment of combining before and
during ischemia (n � 12); DP, developed pressure; �dP/dtmax, maximum of the positive or negative first derivative of left ventricular pressure
with respect to time; EDP, end-diastolic pressure; HR, heart rate; PRP, product of HR and DP; MV̇O2, myocardial oxygen consumption. *P �
0.05, compared with I.

Fig. 2. Effect of hypothermia on functional recovery during reperfu-
sion. The cardiac function parameters are plotted as a percent of
baseline. dP/dtmax, the first derivative of left ventricular pressure
with respect to time (n � 13 in I; n � 12 in H).
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ment. The intensity of �F1-ATPase and ANT1 mRNA
were normalized to GAPDH. mRNA �F1-ATPase levels
were 3.0 � 0.4 greater in the hypothermic than in the
ischemic group (P � 0.01). mRNA ANT1 levels were
2.9 � 0.3 greater in the hypothermic than in the
ischemic group (P � 0.01) (Fig. 4).

cDNA array analysis. cDNA arrays were used to
determine the abundance of expressed genes in hearts
from the normal control, ischemic, and hypothermic-is-
chemic groups (Fig. 1). The arrays consisted of the
following functional gene groups: 1) stress response
regulator and effector; 2) apoptosis, DNA synthesis,
damage repair, and replication; 3) drug metabolism; 4)
mitogenic signal pathways; 5) other signal pathways;
6) transcription factors and DNA binding proteins; and
7) receptors, cell-surface antigens, and adhesions.
cDNAs of �-actin and GAPDH served as controls.

We identified 40 hybridization signals of the 302
(13.2%) genes on the arrays after 12-h to 8-day expo-
sures. Only 13 of the 40 genes (Table 2) showed signif-
icant change in the ratio of adjusted intensity, that is,

2 or �0.5 related to the control or to the ischemic

group. Ten genes with a significant increase in hybrid-
ization signal after 45 min of ischemia treatment were
categorized, including early growth response 1 (egr-1),
growth arrest and DNA damage-inducible gene
(Gadd45 and Gadd45�), cyclin-dependent kinase in-
hibitor 1A (p21waf1), and transformation-related p53,
as well as others. Seven of the 10 genes belonged to the
apoptosis pathways (p53 signal pathway). Hypother-
mic treatment decreased the hybridization signal in 5
of the 10 genes. There was a 4.7-fold increase in p53
expression in the ischemic group compared with the
control group; hypothermia reversed it to 0.15-fold of
that shown for the ischemic group (Table 2, Fig. 5). The
hybridization signal increased for three genes during
hypothermic treatment, including a gene of anti-apop-
totic Bcl-2 homologue (Bcl-x), whereas the proapoptotic
Bcl-2 homologue, bak, exhibited a significant decrease
in expression.

RT-PCR analysis. Changes in p53 expression were
further confirmed by RT-PCR amplifications of the
control, ischemic, and hypothermic groups (Fig. 6).
Correct identification of the p53 sequence was first
verified by DNA sequencing (results not shown). The
relative intensity of p53 expression in the ischemic
group compared with normal was greater than four-
fold. Expression in the hypothermic group displayed
expression 0.3 times that of the ischemic group (P �
0.05). Thus the RT-PCR results correspond to the find-
ings of cDNA arrays.

DISCUSSION

Hypothermia ameliorates oxidative injury induced
during myocardial ischemia and reperfusion. Accord-
ingly, cardiac function during reperfusion in this study
was improved by application of hypothermia beginning
before and extending through the ischemic period. Hy-
pothermic protection is generally attributed to eleva-
tions in the energy supply-to-demand ratio during is-
chemia. This has been previously substantiated in
ischemic cardioplegia-arrested rabbit heart by superior

Fig. 4. Steady-state mRNA levels of �-subunit of F1-ATPase (�F1-
ATPase) and adenine nucleotide translocator isoform 1 (ANT1).
Transcript levels are relative to 28S band intensity and to the normal
control heart (n � 5) in situ (N).

Fig. 3. Metabolites during hypoxia. A: dLACTATE
(difference in lactate content between the coronary
outflow and inflow). B: dCO2 (difference in CO2

content between the coronary outflow and inflow).
Ischemia starts at 0 min and ends at 120 min and
then reperfusion follows. There is no significant
accumulation in dLACTATE during ischemia com-
pared with baseline and reperfusion in H. dCO2 is
significantly lower in H (n � 12) than in I (n � 13).
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ATP preservation induced by hypothermia applied ei-
ther before (28) or during ischemia (29). High-energy
phosphate store preservation is subject to a critical
temperature threshold (30°C), above which this advan-
tage rapidly dissipates (27). The current experiments
employed hypothermic temperatures both before and
during ischemia at 30°C. This protocol thus provides
adaptation, characteristic of cold tolerance, and resis-
tance to injury during the oxidative insult. Comple-
menting these two protective mechanisms of hypother-
mia optimizes metabolic, functional, and gene expression
differences between this experimental group and the
ischemic group. Elevations in lactate and CO2 produc-
tion throughout ischemia occurred in the normother-
mic group, thus confirming increased energy utiliza-
tion compared with the hypothermic hearts throughout
the ischemic period (27, 28).

Previous studies in this laboratory indicate that hy-
pothermia applied either before or during ischemia
promotes gene expression for the constitutive mito-
chondrial membrane proteins: ANT and �F1-ATPase.
This phenomenon, confirmed in the present study, oc-
curs along with accelerated induction of gene expres-
sion for heat shock protein 70 (26, 28, 29) and emulates
the induction of these genes by cold stress in cold-
adapted tissues (14). The previous investigations ad-
dressed expression for these specific genes and did not

evaluate other pathways that could be altered by hy-
pothermia. Subsequently, several investigators noted
participation of the ANT in formation of the permeabil-
ity transition pore complex (PTPC) within the inner
mitochondrial membrane. This complex presumably
promotes leakage of protons and ions from the mito-
chondrial matrix and leads to loss of mitochondrial
integrity, initiating sequence activation of apoptotic
pathways. ANT protein expression tightly coordinates
with steady-state mRNA levels in several animal mod-
els. Thus one might presume that the elevated ANT
gene expression in the hypothermic hearts after reper-
fusion heralds accelerated ANT synthesis and accumu-
lation in the mitochondrial membrane. This process
could lend stability to the mitochondrial membrane
and thwart mechanisms leading to apoptosis, now a
recognized mechanism of cardiomyocyte death follow-
ing oxidative injury (3, 4, 10, 11, 13, 19). These specu-
lations led to the consideration that hypothermia could
alter other pathways related to mitochondrial mem-
brane integrity and stability.

Expression patterns for various genes documented
in this study support the validity of this hypothesis. A
principal finding in this study was that a relatively
mild degree of hypothermia modified postischemic
gene expression for several proteins that contribute to
theregulationofapoptosis.Hypothermiabluntedpostis-

Table 2. Hypothermia effect on gene expression

Pathway Gene I H N H/I I/N

Housekeeping GAPDH* 1.00�0.02 1.00�0.03 1.00�0.07 1.00 1.00
Mitogenic signal Early growth response 1 (egr-1) 1.12�0.01 1.17�0.01 0.15�0.03 1.04 7.47
CREB signal Cytochrome P-450, 19, aromatase 0.01�0.01 0.23�0.04 23.0
Aerobic pathway Succinodehydrogenase 1.39�0.03 0.07�0.01 0.70�0.01 0.05 1.99
Stress signal PPAR-� coactivator 1 (PGC1) 1.67�0.01 1.41�0.01 0.81�0.01 0.84 2.06

Hypoxia-inducible factor-1� (HIF-1�) 0.13�0.01 0.91�0.01 0.13�0.01 7.00 1.00
Apoptosis Caspase10 0.11�0.003 0.07�0.01 0.01�0.01 0.64 11.0

DNA damage-inducible transcript 1 (Gadd45) 0.53�0.01 0.19�0.02 0.10�0.01 0.36 5.30
Gadd45� 0.10�0.01 0.06�0.01 0.03�0.02 0.60 3.33
Cyclin-dependent kinase inhibitor 1A (p21) 0.65�0.01 0.75�0.02 0.20�0.04 1.15 3.25
IBa (mad3) 0.14�0.02 0.05�0.01 0.03�0.02 0.36 4.67
Bc12-antagonist/killer 1 (bak) 0.65�0.04 0.32�0.01 0.49
Bc12-like 1 (bcl-x) 0.87�0.07 2.67�0.03 3.07
Transformation-related protein 53 (p53) 0.84�0.05 0.13�0.01 0.18�0.02 0.15 4.67

Values are means � SE. *Gene intensities are normalized by the average value of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
in the same membrane. H/I, ratio of mean values of hypothermia treatment vs. ischemia; I/N, ratio of mean values of ischemia vs. normal
control. The expression of some genes could not be detected in the normal control.

Fig. 5. A representative cDNA array
for p53. The intensities of p53 are
much higher in I than in N and H, but
the intensities of �-actin are the same
in the 3 groups.
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chemic expression for the transformation-related p53
(tumor suppressor p53) as well as for various genes
that are considered its targets. Previous studies have
linked p53 protein expression with the morphological
changes and genomic DNA fragmentation characteris-
tic of apoptosis after oxidative stress in cardiomyocytes
(19). The p53 protein serves as a transcriptional acti-
vator of a number of target genes, including Gadd45 (8,
37), p21, caspase-3, and others (33). The temperature-
induced modifications in p53 response to ischemia in
heart have not been previously noted and represent an
area for further research.

Changes in expression for two members of the
Gadd45 family during ischemia represent the type of
serendipitous results often yielded by cDNA microar-
ray analyses. Hypothermic modification of the Gadd45
and Gadd45� responses to ischemia represents an ad-
ditional and novel finding generated by cDNA array
technique. The Gadd45 family is expressed in a variety
of tissues and is upregulated by hypoxia or stress (10,
13, 33). An extensive literature review yielded only a
single previous evaluation of expression for this gene in
the heart (34). Specifically, Rees (34) noted Gadd45
expression decreases in rat heart during fetal develop-
ment. p53 upregulates Gadd45, which inhibits DNA
synthesis and allows repair of damaged DNA in spe-
cific cell types demonstrating mitotic activity. How-
ever, the functions of Gadd45 and Gadd45� have not
been examined in cardiomyocytes. Therefore, the im-
plications of changes in expression for the Gadd45
genes in heart are undetermined.

The increased expression of the p21 gene after ische-
mia is consistent with the hypoxic response in cardio-
myocytes previously demonstrated by Long and coau-
thors (19). Although p21 is a target gene of p53 (8), its
expression can also be induced independently by reac-
tive oxygen species (35). Therefore, lack of suppression
of the p21 response by hypothermia might reflect in-
duction by a separate pathway, not regulated by p53 or
subject to thermoregulation. In addition, failure of hy-

pothermia to modify response of p21 expression to
ischemia, as well as that of egr-1, demonstrates that
hypothermia modification is not ubiquitous and might
indicate the presence of specific thermally activated
cofactors.

Mitochondrial membrane integrity depends on Bcl-2
family expression. Members of the Bcl-2 gene family
both positively and negatively regulate apoptosis. Bcl-2
localizes in the cytoplasmic face of the mitochondrial
outer membrane, endoplasmic reticulum, and nuclear
envelope (1, 16). The Bcl-2 protein prevents the cas-
cade leading from the opening of the PTPC complex to
cytochrome c release, caspase activation, and cell
death. Regulation of apoptosis is highly dependent on
the ratio of antiapoptotic to proapoptotic proteins. The
proapoptotic Bcl-2 family member bak, considered in
the present study, alters mitochondrial stability and
enhances apoptotic cell death (17), whereas Bcl-xl
forms antiapoptotic heterodimers with Bcl-2. Our re-
sults confirm findings from previous studies by demon-
strating that bak and Bcl-x are not highly expressed in
normal heart tissue (7, 20). However, hypothermia
markedly accentuates ischemic induction of Bcl-x and
abrogates bak expression. Thus the hypothermia ap-
plication modifies Bcl-2 family expression in directions
that would be expected to stabilize the mitochondrial
membrane and prevent apoptosis.

The majority of microarray studies have not reported
an analysis of specificity (18). Nor have strategies for
identification of differences in array signal intensities
been well described. This lack of knowledge could di-
minish the value of the current data and represent a
limitation of this study. However, a recently published
analysis of arrays in heart demonstrated that specific-
ity can be increased substantially by performing repet-
itive experiments. We repeated array experiments at
least four to five times to confirm reproducibility of our
results. In addition, traditional methods of discrimina-
tion were modified to analyze these arrays and limit
false-positive results. Finally, RT-PCR confirmed changes
in gene expression for p53. RT-PCR results for this
gene were virtually identical to results obtained from
array analysis.

In summary, through use of cDNA arrays, these
experiments identified the induction of several genes
by ischemia in heart. In particular, hypothermic mod-
ification of p53 and ischemic induction of Gadd45 and
Gadd45� are novel findings in cardiac tissue. Further-
more, hypothermic modification of several signaling
pathways in directions presumed to promote antiapop-
totic factors was documented. These findings, paired
with preserved gene expression for constitutive mito-
chondrial proteins imply that hypothermia promotes
signaling for mitochondrial membrane stability after
ischemia-reperfusion injury.
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Fig. 6. RT-PCR of a p53 fragment (349 bp) after 35 cycles of ampli-
fication. Densitometry analysis of average ratio of p53 are 4.0 (I/N)
and 0.3 (H/I) (P � 0.05); however, there are no significant difference
in the ratio of �-actin between the groups (I/N, H/I, P 
 0.5). Mol.,
molecular.
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