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Mitochondrial gene expression and ventricular fibrillation in
ischemic/reperfused nondiabetic and diabetic myocardium
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Abstract

We investigated the mitochondrial gene expression related to cardiac function and ventricular fibrillation (VF) in ischemic/reperfused
nondiabetic and diabetic myocardium. To identify potentially more specific gene responses we performed subtractive screening, Northern
blotting, and reverse transcription-polymerase chain reaction (RT-PCR) of mitochondrial genes expressed after 30 min ischemia followed
by 120 min reperfusion in isolated rat hearts that showed VF or did not show VF. Cytochrome oxidase B subunit III (COXBIII) and ATP
synthase subunit 6, studied and selected out of 40 mitochondrial genes by subtractive screening, showed an expression after 30 min ischemia
(no VF was recorded) in both nondiabetic and diabetic subjects. Upon reperfusion, the down-regulation of these genes was only observed in
fibrillated hearts. Such a reduction in signal intensity was not seen in nonfibrillated myocardium. In additional studies, nondiabetic and
diabetic hearts, without the ischemia/reperfusion protocol, were subjected to electrical fibrillation, and a significant reduction in COXBIII
and ATPS6 mRNA signal intensity was observed indicating that VF contributes to the down-regulation of these genes. Cardiac function
(heart rate, coronary flow, aortic flow, left ventricular developed pressure) showed no correlation between the up- and down-regulation of
these mitochondrial genes in both nondiabetic and diabetic ischemic/reperfused myocardium. Our data suggest that COXBIII and ATPS6
may play a critical role in arrhythmogenesis, and the stimulation of COXBIII and ATPS6 mRNA expression may prevent the development of

VF in both nondiabetic and diabetic ischemic/reperfused myocardium. © 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

Early reperfusion of patients with acute myocardial
infarction improves left ventricular dysfunction and survi-
val, therefore, every effort must be made to increase the
recovery of cardiac function and minimize sudden cardiac
death caused by VF. The restoration of flow to a previously
ischemic tissue is an absolute prerequisite for the survival
of the myocardium, the notion has developed that it is not
without hazard. It is widely believed that under certain
circumstances, the act of reperfusion could induce lethal
myocardial injury. One unfavorable and potentially lethal
aspect of reperfusion-induced injury is the occurrence of
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Abbreviations: COXBIII, cytochrome oxidase B subunit III; ATPS6, ATP
synthase subunit 6; HR, heart rate; CF, coronary flow; AF, aortic flow;
LVDP, left ventricular developed pressure; VF, ventricular fibrillation;
HIF-1, hypoxia-inducible nuclear factor-1.

reperfusion-induced arrhythmias [1,2]. Reperfusion arrhy-
thmias occur within seconds of the onset of reflow and have
been observed in all species studied, including humans, in
whom they regularly occur during cardiac surgery and
thrombolytic therapy [3-7].

Diabetes mellitus is often associated with cardiovascular
complications including coronary artery lesions and dia-
betic cardiomyopathy. Postmyocardial infarction prog-
nosis also appears to be worse in diabetic patients, who
exhibit a higher incidence of congestive heart failure and
sudden cardiac death compared to nondiabetics [8]. Diabetic
myocardium exhibits a variety of abnormalities in sarco-
lemmal ion transport, including depression of Na*—H™" and
Nat—Ca*" exchange processes [9,10], and inhibition of
Ca®" and Na™—K™ ATPase [11]. Sarcoplasmic reticular
function also appears to be defective in diabetic myocar-
dium with depressed ATP-dependent Ca”" transport and
Ca’"-stimulated ATPase activity [12] via a decreased ATP
synthesis [13] and electron transfer chain [14,15]. Thus, the
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expression of some mitochondrial genes (e.g. COXBIII and
ATPS6) may relate to the function of various ion channels
and ion exchange processes, and could play a role in
arrhythmogenesis in ischemic/reperfused myocardium
because arrhythmias are known to be related to distur-
bances in ion metabolism. In order to determine whether
diabetes affects cardiac susceptibility to reperfusion injury
we compared (i) the expression of mitochondrial genes
(COXBIII and ATPS6, selected out of 40 mitochondrial
genes by a preliminary screening) using molecular biology
techniques, (ii) their relationship to VF, and (iii) myocar-
dial function in ischemic/reperfused, diabetic and nondia-
betic hearts. In additional investigations, (iv) in isolated
hearts obtained from nondiabetic and 8-week diabetic rats
were subjected to electrically-induced VF in order to study
the VF-induced COXBIII and ATPS6 expression. Although
many mechanisms have been proposed to explain the
causes of arrhythmias, no work has been done, to our
knowledge, concerning the development of arrhythmias
related to mitochondrial gene expression in ischemic/
reperfused myocardium. Long QT syndrome and idio-
pathic VF, as known up to now, are the cardiac disorders
based on genetic mutation and cause sudden cardiac death
from arrhythmias [16—18]. Thus, our study may offer a
further understanding of the arrhythmogenic mechanism(s)
at a molecular level and identify some mitochondrial genes
responsible for arrhythmogenesis in ischemic/reperfused
hearts.

2. Materials and methods

2.1. Animals, induction of diabetes, and isolated heart
preparation

Male Sprague—Dawley rats (320-350 g) were used for all
studies. Animals received humane care in compliance with
the “Principles of Laboratory Animal Care” formulated by
the National Society for Medical Research prepared by the
National Academy of Sciences (Publication No. 86-23,
revised 1985). Diabetes mellitus was induced by i.v. injec-
tion of streptozotocin (55 mg/kg). Nondiabetic age-matched
controls were injected with an equivalent volume of vehicle.
Diabetes was confirmed by the presence of hyperglycemia.
Rats were anesthetized with i.p. pentobarbital (60 mg/kg)
and then given intravenous heparin (500 IU/kg). After
thoracotomy, the heart was excised, and the aorta and left
atrium were cannulated. Hearts were initially perfused
according to Langendorff then preparations were switched
to the working mode as previously described [19].

2.2. Indices measured
Serum glucose was measured by a spectrophotometer

using standard assay kits. ECG was registered by a recorder
(Haemosys, Experimetria) throughout the experimental

period by two silver electrodes attached directly to the
heart. The incidence of reperfusion-induced VF, in our
model, is very high (about 80-90%) in both nondiabetic
and diabetic subjects.

Therefore, in order to get 6 nonfibrillated nondiabetic
and 6 nonfibrillated diabetic hearts, 31 and 41 hearts were
needed to be studied, respectively, and subjected to 30 min
ischemia followed by 2 hr reperfusion. In hearts developed
VF (25 out of 31 nondiabetics and 35 out of 41 diabetics)
upon reperfusion were further divided into two subgroups
(six hearts in each subgroup): (i) the duration of reperfu-
sion-induced VF was less than 3 min, and (ii) longer than
10 min. If the duration of VF was less than 3 min (sponta-
neous defibrillation occurred), the VF was defined as
reversible VF. If the duration of VF was sustained until
the end of the first 10 min of reperfusion, the VF was
considered to be irreversible. In this latter group, after
10 min of VF, hearts were electrically defibrillated and
reperfused for an additional 110 min. Heart rate (HR),
coronary flow (CF), aortic flow (AF), and left ventricular
developed pressure (LVDP) were also recorded.

2.3. Northern blot

Hybridizations were performed as previously described
[20]. RNA was prepared from the left ventricle (about
100 mg), and 5 pg total RNA was subjected to electro-
phoresis in formaldehyde-containing 1% agarose gels and
transferred to nylon membranes by standard capillary
transfer. Hybridization was carried out with 3?P-labeled
probes in a hybridization oven using an aqueous exclusion
rate-enhancing solution (QuickHyb, Stratagene). After auto-
radiography and automated radiometric scanning, stripp-
ing and re-probing for housekeeping gene mRNA levels
(GAPDH), the membranes’ RNA was routinely employed
for standardization of quantitative measurements.

2.4. RT-PCR

Aliquots containing 50 ng total RNA or 20 ng mRNA
were digested with amplification grade DNAse I (Gibco-
BRL) to remove any DNA contamination and reverse
transcribed into cDNA using 0.1 pg random 9-mer primers
(Stratagene). Quantitation was done as described by Feld-
man et al. [21]. Aliquots corresponding to 0.1 pg initial
total RNA was amplified for 12-26 cycles using specific
primers (5'-CGAACCTGAGCCCTAATA and 5'-GTAGC-
TCCTCCGATTAGA, 312 bp for ATPase 6; 5'-CTTAGC-
ATCAGGAGTCTC and 5'-TATCATGCTGCGGCTTCA,
338 bp for cytochrome oxidase III) in an optimized reac-
tion using the AmpliTaq PCR kit. Fragments were radi-
olabeled by the use of 10 pCi [**P]dCTP per reaction and
five 1/10 volume aliquots were taken every 2 cycles.
Unincorporated nucleotides were separated on 3% agarose
gel electrophoresis and radioactivity incorporated in ampli-
fied fragments measured by liquid scintillation.
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2.5. Imaging of mitochondrial genes

Radioactivity within bands of interest was estimated by
phosphorimage analysis (Molecular Dynamics Inc.) cor-
rected for background, and normalized to hybridization
with GAPDH cDNA as described below. Storage phosphor
screens were placed over the sample in a sample cassette
and stored at room temperature for 48 hr. During incuba-
tion, radiation from the labeled RNA in the blot excites
electrons in the phosphor to a metastable excited state. The
screen was then placed in a Molecular Dynamics Phos-
phorlmager, in which it was scanned with a laser beam
inducing further excitation of the previously excited elec-
trons to an unstable state, the decay of which is accom-
panied by the emission of visible light. The intensity of
emitted light was measured and stored in a data file as a
function of the position of the scanning laser, which
corresponds to the location of exciting radiation on the
blot. Each band in an image displayed on the screen was
marked by a rectangle and the band or spot intensity within
the marked area was then integrated.

2.6. ¢cDNA library construction and analysis
of mitochondrial genes

Ten microgram poly(A)” RNA from control and
ischemic hearts (pooled samples) were used for the con-
struction of a cDNA library in a pUC-derived plasmid
vector [22,23]. All necessary reagents, including the com-
plete E. coli cells, were from Gibco-BRL (Superscript™
System for Plasmid Cloning). First strand synthesis of
cDNA was carried out using a special oligo(dT)-blunt
end Notl primer-adapter instead of the oligo(dT) primer.
After RNA-primed synthesis of second strand cDNA, Sall
adapters were added followed by digestion with Norl to
create the compatible terminus at the poly(dT) end of the
ds-cDNA, and 5 ng were used for oriented ligation into a
Notl/Sall-precut pSPORT 1 plasmid and 1/4 of the ligation
reaction used to transform 100 pL competent MAX effi-
ciency DHS5a E. coli cells. After determination of trans-
formation efficiency, cells were plated at 1 x 10° to
2 x 103 cfu/85 mm plate for 10-12 hr. After 4 hr at 37°
shaking with 4 mL per plate TB medium overlay followed
by pooling of the medium, overnight liquid culture origi-
nated from 5.2 x 10° cfu was kept frozen for repeated
library platings for screening.

2.7. Subtractive screening of mitochondrial genes

Subtracted cDNA probes were prepared by modification
of the technique described by Rhyner et al. [24]. Briefly,
5 ug of poly(A)" RNA extracted from control, ischemic
and reperfused diabetic, and nondiabetic myocardium was
subjected to reverse transcription for 1 hr at 42° using
1000 U of a RNAse H M-MLV reverse transcriptase
(Superscript ™ II, Gibco-BRL), 1 mgrandom 9-mer primers

(Stratagene), ANTP mixture (0.5 mol/L final concentration
with 1 pCi[o-*?P]dCTP tracer), 100 U placental RNAse
inhibitor (Promega) and appropriate buffer in a 125 uL.
reaction. The cDNA was subjected to two rounds of
hybridization at 68° in 30 puL of 2 mol/L phosphate buffer,
pH 6.8 with a 10-fold excess (w/w) of poly(A)" RNA from
control tissue, and the non-hybridized cDNA separated
after each round of hybridization by hydroxyapatite chro-
matography on thermo-jacketed (60°) columns using
0.05 mol/L phosphate buffer. The cDNA enriched in spe-
cifically expressed sequences was desalted, purified, and
subjected to random-primed second strand synthesis for
radiolabeling to high specific activity (<0.5 x 10° cpm/ug).
Replicas from ¢cDNA library platings at 1 x 10° to 2 x
103 cfu per plate (85 mm plates) were made by colony lifts
on nylon filters (CL/P, Bio-Rad) and screened by hybridi-
zation with this probe.

2.8. DNA sequencing and gene identification

The Sanger et al. dideoxy-mediated chain-extension/
chain-termination method was used [25] with denatured
plasmid DNA as substrate (pUC 19-derived pSPORT 1
vector; Gibco-BRL). The M13/pUC ‘universal’ and T7/
T3o sequencing primers and the Sequenase ver 2.0 kit
(USB) were routinely used in 3°S-labeled reactions and
bands separated on 47 cm 6% polyacrylamide/urea gels
with double loading (2.5 and 5 hr running at 2000 V).
Pearson—Lipman algorithms [26] were used for similarity
searches to DNA sequences in the GenBank and EMBL
databases.

2.9. Experimental time course

Hearts were obtained from two populations of rats: (i)
age-matched nondiabetics which were the same age as
diabetic rats and were injected with citrate buffer 8 weeks
prior to the study; (ii) diabetic rats which were injected
with streptozotocin (55 mg/kg, i.v.) 8 weeks prior to the
isolation of the hearts and induction of 30 min normother-
mic global ischemia followed by 2 hr reperfusion. Myo-
cardial function (HR, CF, AF, and LVDP) was measured
before ischemia and after 2 hr reperfusion. In additional
studies, in order to simulate the period of 10 min of
irreversible VF, without the ischemic/reperfused protocol,
isolated hearts were electrically fibrillated (20 Hz,
1200 beats/min) using a 5 V square-wave pulses of 1 ms
duration for 10 min in Langendorff mode. Then hearts
were defibrillated (if it was necessary), switched to work-
ing mode, and perfused for additional 110 min. mRNA
expression was determined at the end of each experiment.

2.10. Statistics

HR, CF, AF, and LVDP were expressed as the mean +
SEM. Two-way analysis of variance was first carried out
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to test any difference between the mean values of all
groups. If differences were established, the values of
the diabetic groups were compared with those of the
nondiabetic age-matched controls using the Bonferroni
correction. A change of P < 0.05 was considered to be
significant.

3. Results
3.1. Subtractive screening

We generated a specific cDNA library in plasmid
pSPORT 1, using as starting material left ventricular tissue
from rat hearts subjected to 30 min ischemia. To under-
represent genes having allogenic variability, pooled
poly(A)* RNA is used for cloning. The size of the obtained
library was estimated to be 340,000 primary recombinants,
and the median insert size is between 1.5 and 2.0 kb. Single
stranded tester cDNA, reverse transcribed from aliquots of
the same pooled ischemic heart mRNA, was repeatedly
subtracted with driver mRNA from nonischemic hearts to
produce a subtracted probe. Out of 40 putative positive
clones that we selected, rapid screening by hybridization of
control and ischemic RNA with probes made from the
corresponding cloned inserts revealed 28 clones of appar-
ently overexpressed genes. When we processed DNA
sequencing and database searching, these clones of ische-
mia-expressed genes were found to contain copies of eight
different genes (Table 1). Partial sequencing from the 3'-
and 5'-ends (200-300 bp) followed by similarity searches
against sequences stored in the GenBank and identified six
of these genes (Table 1). They are genes that coded for
cytochrome oxidase subunits I-III, for ATPS6 and 8, and
for cytochrome b.

3.2. mRNA expression of the identified genes

Fig. 1 shows the results of Northern hybridization
performed by the probe for COXBIII. The up-regulation
of COXBIII was observed as early as 30 min following the
onset of ischemia (P < 0.05 vs. controls) (Fig. 1, lane 2)
and after 120 min of reperfusion (Fig. 1, lane 3) in non-
diabetic and nonfibrillated hearts (*P < 0.05 vs. controls).
In the irreversible fibrillated (Fig. 1, lane 4) and reversible

Table 1
Screening results
Gene Clones Message Location

length (kb)
ATP synthase, subunit 6 3 0.7 mtDNA, heavy strand
ATP synthase, subunit § 2 0.5 mtDNA, heavy strand
Cytochrome b 3 1.2 mtDNA, heavy strand
Unknown 1 1.1 Nuclear
Unknown 1 1.9 Nuclear
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Fig. 1. The expression of COXBIII. In nonischemic hearts, the signal of
COXBIII (blots, upper part) was detected (lane 1, nondiabetic). Hearts
were subjected to 30 min ischemia (lane 2, nondiabetic), and 30 min
ischemia followed by 2 hr reperfusion (lane 3, nondiabetic), and no VF
was registered. In hearts developed irreversible (lane 4, nondiabetic) or
reversible VF (lane 5, nondiabetic), a marked down-regulation in COXBIII
mRNA was detected. In diabetics, the same expression was observed: lane
6, nonischemic diabetic; lane 7, ischemic diabetic; lane 8, ischemic/
reperfused nonfibrillated diabetic. Signal intensity of COXBIII was not
detected in fibrillated diabetics, therefore, these lanes are not depicted.
Lower part shows the quantitative values (ratio between COXBIII and
GAPDH) of six hearts in each group. *P < 0.05 compared to the nonischemic
nondiabetic hearts (group 1). *P < 0.05 compared to the ischemic/reperfused
nonfibrillated group (group 3). *P < 0.05 compared to the nonischemic
diabetic myocardium (group 6).

fibrillated (Fig. 1, lane 5) nondiabetic myocardium, upon
reperfusion, a significant reduction in the expression of
COXBIII mRNA was observed (*P < 0.05), respectively.
In diabetic ischemic (Fig. 1, lane 7) and reperfused (Fig. 1,
lane 8) hearts, the up-regulation of COXBIII was signifi-
cantly increased (*P < 0.05), respectively, in comparison
with the diabetic nonischemic (Fig. 1, lane 6) myocardium.
In diabetic fibrillated hearts (data not shown), the signal of
COXBIII was not detected, therefore, any quantitative or
statistical analysis was not possible to be done in these
groups.

Fig. 2 shows the results of Northern hybridization
experiments performed using probes for ATPS6 (probes
prepared from the corresponding clones, and the probe is
the 2.3 kb Pstl/Xbal fragment of the rat clone). The up-
regulation of ATPS6 (this was not so pronounced as in
COXBIII) was observed, although the data were not sta-
tistically significant, after 30 min ischemia (Fig. 2, lane 2)
and after 2 hr reperfusion (Fig. 2, lane 3) in the nondia-
betic/nonfibrillated myocardium. In irreversibly fibrillated
(Fig. 2, lane 4) and reversibly fibrillated (Fig. 2, lane 5)
hearts, upon reperfusion, a marked down-regulation in
ATPS6 was observed. In diabetic ischemic (Fig. 2, lane
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Fig. 2. The expression of ATPS6. In nonischemic myocardium (blots,
upper part), the signal of ATPS6 can be detected (lane 1, nondiabetic).
Hearts subjected to 30 min ischemia, the expression of ATPS6 was
detected (lane 2, nondiabetic). After 2 hr reperfusion, a further increase in
ATPS6 signal intensity was observed in nonfibrillated myocardium (lane 3,
nondiabetic). In hearts showed irreversible VF (lane 4, nondiabetic) or
reversible VF (lane 5, nondiabetic), a marked reduction in ATPS6 was
observed. In diabetics, the trend of ATPS6 expression was similar to the
nondiabetic subjects: lane 6, nonischemic diabetic; lane 7, ischemic
diabetic; lane 8, ischemic/reperfused nonfibrillated diabetic. Signal
intensity of ATPS6 was undetectable in fibrillated diabetics, therefore,
these lanes are not depicted. The lower part shows quantitative values
(ratio between ATPS6 and GAPDH) of six hearts in each group. P < 0.05
compared to the ischemic/reperfused nonfibrillated group (group 3).

7) and reperfused (Fig. 2, lane 8) myocardium, the regula-
tion of ATPS6 was almost the same (nonsignificant change)
as it was observed in nondiabetic/nonfibrillated hearts. In
diabetic fibrillated hearts, the signals of ATPS6 were
completely undetectable (data not shown), thus, any sta-
tistical analysis was not possible to be done.

Fig. 3 shows the expression of COXBIII in nondiabetic
(A) and diabetic (B) myocardium. Thus, after 30 min
ischemia, the expression of COXBIII mRNA was observed
(Fig. 3A, group 2) (*P < 0.05) compared to the nonis-
chemic control group (Fig. 3A, group 1). This expression
was further increased (*P < 0.05) after 30 min ischemia
followed by 2 hr reperfusion in the nonfibrillated myocar-
dium (Fig. 3A, group 3). However, in the ischemic/reper-
fused fibrillated group (Fig. 3A, group 4) a significant
reduction in the expression of COXBIII mRNA was
detected. The same significant reduction in COXBIII
expression was also observed in the electrically fibrillated
myocardium (Fig. 3A, group 5). The trend in the changes
of COXBIII mRNA expression was also the same in
diabetic subjects (Fig. 3B).
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Fig. 3. Effects of reperfusion- and electrically-induced VF on COXBIII
mRNA expression in nondiabetic (A) and diabetic (B) myocardium. Upper
parts of A and B show representative pictures. Group 1: nonischemic
controls. Group 2: hearts were subjected to 30 min ischemia (ISA). Group 3:
hearts were subjected to 30 min ISA followed by 2 hr reperfusion (RE),
and VF was not developed (NoVF). Group 4: hearts were subjected to
30 min ISA followed by 2 hr RE, and irreversible VF was developed.
Group 5: hearts were electrically fibrillated for 10 min (simulation of
irreversible VF) followed by 110 min perfusion. Mean & SEM. *P < 0.05
compared to the nonischemic hearts (group 1). *P < 0.05 compared to the
ischemic/reperfused nonfibrillated group (group 3).

Fig. 4 depicts the results of ATPS6 mRNA expression in
nondiabetic (A) and diabetic (B) hearts. Thus, ischemia/
reperfusion-induced and electrically-induced VF (groups 4
and 5) resulted in a significant reduction in signal intensity
in both nondiabetic and diabetic hearts.

Table 2 shows RT-PCR analysis for ATPS6 and COXBIII
in nonfibrillated and fibrillated nondiabetic and diabe-
tic ischemic and reperfused myocardium. Results were
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Fig. 4. Effects of reperfusion- and electrically-induced VF on ATPS6
mRNA expression in nondiabetic (A) and diabetic (B) myocardium. Upper
parts of A and B show representative pictures. Group 1: nonischemic
controls. Group 2: hearts were subjected to 30 min ischemia (ISA). Group 3:
hearts were subjected to 30 min ISA followed by 2 hr reperfusion (RE),
and VF was not developed (NoVF). Group 4: hearts were subjected to
30 min ISA followed by 2 hr RE, and irreversible VF was developed.
Group 5: hearts were electrically fibrillated for 10 min (stimulation of
irreversible VF) followed by 110 min perfusion. Mean & SEM. “P < 0.05
compared to the ischemic/reperfused nonfibrillated group.

normalized with regard to GAPDH quantification in the
same sample and expressed as the ratio to basal expression.
Thus, the results show (Table 2) that the expression of
ATPS6 and COXBIII was observed after ischemia in both
nondiabetic and diabetic hearts. Upon reperfusion, the
same expression was observed in nonfibrillated nondia-
betic, and diabetic myocardium (Table 2). In fibrillated
hearts (Table 2), upon reperfusion, the down-regulation of
ATPS6 (8 + 3 mRNA relative amount in nondiabetics) and
COXBIII (6 =1 mRNA relative amount in nondiabetics)
was observed in nondiabetic myocardium, but these mito-
chondrial genes were not detected by RT-PCR in diabetic
fibrillated subjects (Table 2).

Cardiac function (AF and LVDP) was reduced (Table 4)
in diabetic myocardium (serum glucose: 508 &+ 31 mg/
dL) in comparison with the age-matched (Table 3) non-
diabetic (serum glucose: 128 £ 31 mg/dL) hearts. Reper-
fusion resulted in a relatively weak postischemic cardiac
function in nondiabetic nonfibrillated myocardium
(Table 3). In ischemic/reperfused nondiabetic hearts,
where ischemia/reperfusion-induced damage superim-
posed by reperfusion-induced VF, a further significant
reduction in postischemic cardiac function was observed
(Table 3). These results are consistent with the known
ability of VF to enhance reperfusion-induced injury, and
in the presence of a superimposed acute ischemic event
by VF, VF further increased the postischemic cardiac
functional damage. In electrically fibrillated nondiabetic
myocardium (Table 3), the postfibrillated cardiac func-
tion was significantly improved in comparison with the
ischemic/reperfused and fibrillated group. In diabetic
ischemic/reperfused, fibrillated and nonfibrillated hearts
(Table 4), the trend in the recovery of postischemic cardiac
function was the same as it was observed in the nondiabetic
group, however, cardiac function and contractility were
significantly reduced in diabetic groups compared to the
age-matched nondiabetic values (Table 3). The postfibril-
lated recovery in diabetics (Table 4) resulted in a signifi-
cantly improved cardiac function compared to those

hearts subjected to ischemia/reperfusion in the presence
of VE.

Table 2
Quantitative RT-PCR for COXBIII and ATPS6 (mRNA relative amount, ratio to the control GAPDH) in nonfibrillated and fibrillated diabetic and nondiabetic
hearts
Before ISA After ISA After RE
Nondiabetic Diabetic Nondiabetic Diabetic Nondiabetic Diabetic
ATPase subunit 6
In nonfibrillated hearts 38 + 8 24 +7 56 £ 6" 49 + 9* 67 £ 8" 48 + 7%
In fibrillated hearts ND ND ND ND 8 + 3¢ UD
Cytochrome oxidase III
In nonfibrillated hearts 2545 1343 48 + 6 33 + 6" 58 + 8* 42 + 5*
In fibrillated hearts ND ND ND ND 6+ 1* UD

In each group, n = 6, mean + SEM. Comparisons (%) and (#) were made to the nondiabetic and diabetic control groups before ischemia (ISA),
respectively. Comparisons (4) were made to the nondiabetic nonfibrillated group. The symbols, *, #, @, P < 0.05. Reperfusion, RE; not detected, ND;

under detectable level, UD.



Table 3
Cardiac function in nonfibrillated ischemic/reperfused, fibrillated ischemic reperfused, and electrically fibrillated nondiabetic myocardium

Groups Preischemic values (preischemic) After 60 min RE After 120 min RE

HR CF AF LVDP HR CF AF LVDP HR CF AF LVDP
Time-matched control perfusion 311 £ 8 263 +1.0 509+20 17.8+03 299 +9 249 £18 492+14 169405 300+7 256 £13 479+22 160+0.5
ISA/RE nonfibrillated 307 £7 27112 520+£18 174+04 296 +38 20013 220+£12 142+03 294+9 20410 21614 142+04
ISA/RE fibrillated 319+ 8 280+£07 51.0+14 1794+05 296 +6 167 £ 1.1" 112+ 06" 11.0 £ 04" 298 +7 17.1 £ 0.8° 106 £ 0.6 11.0 £ 0.6"
Electrically fibrillated 310 £ 8 265+1.0 526+24 17604 293+9 210 + 1.3* 2304+ 1.5 150+ 05" 288+ 8 202 4+ 1.0* 2204+ 14* 151+ 05"

In each group, n = 6, mean + SEM, *P < 0.05 compared to the ISA/RE nonfibrillated group, *P < 0.05 compared to the ISA/RE fibrillated group. HR, heart rate (beats/min); CF, coronary flow (mL/min); AF,
aortic flow (mL/min); LVDP, left ventricular developed pressure; ISA, ischemia; RE, reperfusion.

Table 4
Cardiac function in nonfibrillated ischemic/reperfused, fibrillated ischemic reperfused, and electrically fibrillated diabetic myocardium
Groups Preischemic values (preischemic) After 60 min RE After 120 min RE

HR CF AF LVDP HR CF AF LVDP HR CF AF LVDP
Time-matched control perfusion 306 + 8 26l £12 390+16 161+£05 291+9 253+1.0 368+17 154+£06 295+38 242 +20 342+21 147+£05
ISA/RE nonfibrillated 300 + 7 257+1.0 382+1.1 157+06 286=+7 198+12 197+10 13.0+04 284+9 187+18 174+17 121 +04
ISA/RE fibrillated 309 £9 268+ 09 372+18 158+07 288+8 16.9 £ 0.8 65+08 80+06" 285+9 16.0 £ 0.9 51 +06" 7.0+£05"
Electrically fibrillated 299 + 8 252+£07 368+20 155£06 279+9 19.7 £0.7% 138 £ 1.0 124 £ 05 276 +£38 18.6 £ 0.8 137 £08* 119+ 04"

In each group, n = 6, mean + SEM, *P < 0.05 compared to the ISA/RE nonfibrillated group, *P < 0.05 compared to the ISA/RE fibrillated group. HR, heart rate (beats/min); CF, coronary flow (mL/min); AF,
aortic flow (mL/min); LVDP, left ventricular developed pressure; ISA, ischemia; RE, reperfusion.
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4. Discussion

Ischemic episodes elicit different changes in the expres-
sion of several genes, arrhythmogenesis, and cardiac func-
tion in the myocardium [27,28]. The electrophysiology of
arrhythmogenesis [29] including the mechanism(s) of VF,
e.g. re-entry, is very well defined [30-32], and only a few
data, to our knowledge, are available to explain the
mechanism of VF at genetic level [17]. The long QT
syndrome and idiopathic VF are cardiac disorders based
on genetic mutation causing lethal arrhythmias and sudden
cardiac death [16,18].

Efforts were also made to study the mechanism of
idiopathic VF indicating that mutations in cardiac ion-
channel genes may contribute to the risk of fibrillation and
sudden cardiac death [33,34]. This idea led us to speculate
that mitochondrial genes [35,36], because mitochondria
are the locus of oxidative phosphorylation, may primarily
play an important role in the regulation of arrhythmogen-
esis in ischemic/reperfused myocardium.

In the present study, we have examined the depen-
dence of reperfusion-induced VF on mitochondrial
mRNA regulation in perfused nondiabetic and diabetic
rat hearts. In addition, we have analyzed the relationship
between VF and mitochondrial gene expression focusing
on COXBIII and ATPS6, without the ischemic/reper-
fused protocol, in electrically fibrillated myocardium.
Our data show an increase, studied and preselected by
subtractive screening from 40 mitochondrial genes, in
the expression of the two mitochondrial-encoded genes,
COXBIII and ATPS6, after 30 min ischemia, and a down-
regulation of these two genes after 2 hr reperfusion in
fibrillated hearts. In nonfibrillated myocardium, upon
reperfusion, the down-regulation of the mitochondrial
genes studied was not observed. It is relatively surpris-
ing that we found a significant up- and down-regulation
so quickly and while the heart is still under ischemic
arrest, but this may be natural for mitochondrial-
encoded genes since the mitochondrial genetic appara-
tus is similar to that of procaryotes. As in most other
mammals, the rat mitochondrial genome contains only
13 protein coding areas (genes for Cox I-III, ATPase 6,
8, cytochrome B, and NADH 1-4, 4L, 5, 6) [36]. In our
studies, the development of reperfusion-induced VF was
critically dependent upon the down-regulation of COX-
BIII and ATPS6. This finding was directly supported by
data obtained in electrically fibrillated myocardium
indicating that VF elicits the down-regulation of COX-
BIII and ATPS6. The observation in electrically fibril-
lated myocardium shows that VF is probably responsible
for the reduction of signal intensity of these genes, but
a fibrillation-induced moderate ischemia cannot be
completely ruled out. Although electrical fibrillation-
induced coronary vasoconstriction is unlikely to account
for the initiation of mitochondrial gene regulation,
there seems little doubt that, after 10 min electrical

fibrillation, this factor can modify the postfibrillated
recovery of hearts or support their maintenance com-
pared to the recovery of ischemic/reperfused fibrillated
myocardium. Thus, in comparison to hearts subjected
to ischemia/reperfusion protocol, coronary flow failed to
recover to its preischemic control value, while in elec-
trically fibrillated hearts, coronary flow recovered to
80-95% of the prefibrillated value. In isolated rat hearts,
the relationship and importance between coronary flow
and ventricular fibrillation were extensively studied and
discussed by Curtis and Hearse [37].

As speculated above, the mechanism underlying the role
of mitochondrial mRNA expression in arrhythmogenesis
may involve the encoded proteins which may be respon-
sible for the regulation of ion control mechanisms. Our
present study might indicate that the heart appears to be
able to recover in terms of cardiac function, and COXBIII
and ATPS6 down-regulation could be originated from VF.
While these results may appear to be in conflict, it may
well be that the injury induced by electrical fibrillation is
heterogeneous and that irreversible injury is induced in an
initially small population of myocardial cells. Thus, on
termination of electrical fibrillation, the undamaged or
reversible damaged cardiac cells become functionally
close to the normal ones but continue to deteriorate in
terms of mitochondrial mRNA expression. Such a proposi-
tion gains some support from our observations of mito-
chondrial mRNA expression in fibrillated, nonfibrillated,
and electrically fibrillated hearts indicating that ischemia/
reperfusion-induced injury in cardiac function is super-
imposed by VF-induced functional damage in the myo-
cardium.

A puzzling aspect of the mitochondrial gene up- and
down-regulation is the issue of coordinated response of
nuclear genes for the assembly of multimeric proteins. For
instance, if this response was produced by new functional
ATP synthase molecules, the expression of nine different
genes would be necessary, seven of which are nuclear-
encoded genes (subunits a, B, v, 9, €, 7, and 9). Although
little is known about mitochondrial transcription regulation
at present, it is assumed that initiation is under control of a
nuclear-derived transcription factor (TF-1) [38], and the
mitochondrial genome would thus, complement nuclear
gene activity when it is necessary [39]. Our data assume,
however, that mitochondrial transcription may precede
nuclear transcription of related genes suggesting that some
sort of signaling mechanisms may reside at mitochondrial
level.

The stimulus that induces enhanced transcription of
mitochondrial genes in the ischemic/reperfused heart
remains unclear. Many signaling pathways that eventually
modulate up- and down-regulation of genes in the myo-
cardium are known to be activated or down-regulated
by ischemia and reperfusion, but many studies have so
far documented their interaction with promoter elements
involved in regulating nuclear genes. A transcription factor
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that appears to interact with the promoter region in the
D-loop of mitochondrial DNA has recently been described,
but it is unclear if it acts only as a permissive factor or is
actively modulating transcription in response to some
intracellular messengers [35,38].

Although not specifically studied in the present inves-
tigation, it is of interest to note the findings of Wang and
Semenza [40], and Semenza [41] with hypoxia-inducible
nuclear factor (HIF-1). Their studies demonstrated that
HIF-1 is present and functions in cell lines and tissues
including HeLa cervical carcinoma cells, LTK™ fibroblast,
C,C,, skeletal myoblasts, cardiac and vascular develop-
ment, suggesting that this transcription factor plays a more
general role in the hypoxic/ischemic response of mamma-
lian tissues and may regulate and control the expression of
other hypoxia/ischemia-induced genes. Indeed HIF-1
binding sites were identified in other functional classes
of hypoxia-inducible genes such as inducible nitric oxide
synthase [42]. Given the potential significance in changes
of mitochondrial mRNA expression in ischemic/reperfused
myocardium, the identification of mitochondrial genes as a
target for HIF-1 regulation may lend further support to an
additional hypothesis that changes in mitochondrial
mRNA expression could contribute to the coordination
of postischemic dysfunction via HIF-1.

In summary, it has been published that diabetic hearts
respond on different ways to the susceptibility of the
myocardium in comparison with the nondiabetic myocar-
dium [43-46]. However, in our studies, significant
changes, regarding the arrhythmogenic mechanism in con-
nection with COXBIII and ATPS6 mRNA expression, were
not observed between ischemic/reperfused diabetic and
nondiabetic myocardium, indicating that these two mito-
chondrial genes may play a crucial role in arrhythmogen-
esis under diabetic as well as nondiabetic conditions. Thus,
COXBIII and ATPS6 were up-regulated after 30 min ische-
mia in both nondiabetic and diabetic hearts. Upon reperfu-
sion, the down-regulation of these mRNAs was only
observed in fibrillated myocardium. In nonfibrillated and
reperfused hearts, the down-regulation of COXBIII and
ATPS6 was not observed either in nondiabetic or diabetic
myocardium. In electrically fibrillated hearts, the down-
regulation of COXBIII and ATPS6 was observed indicating
that VF elicits the down-regulation of these mitochondrial
genes both under diabetic and nondiabetic conditions.
Thus, our findings suggest that pharmacological stimula-
tion of the expression of COXBIII and ATPS6 during
reperfusion could prevent the development of VF, and
these genes could regulate the mechanism(s) of arrhyth-
mogenesis in both ischemic/reperfused nondiabetic and
diabetic myocardium.

Additional studies are needed to resolve the links in the
apparent cascade of the up- and down-regulation of ische-
mia/reperfusion-induced mitochondrial gene expression
and related protein synthesis in fibrillated and nonfibril-
lated hearts.
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