Induction of Manganese Superoxide Dismutase in Rat Cardiac Myocytes
Increases Tolerance to Hypoxia 24 Hours after Preconditioning
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Abstract

Manganese superoxide dismutase (Mn-SOD) is induced in
ischemic hearts 24 h after ischemic preconditioning, when
tolerance to ischemia is acquired. We examined the relation-
ship between Mn-SOD induction and the protective effect
of preconditioning using cultured rat cardiac myocytes. Ex-
posure of cardiac myocytes to brief hypoxia (1 h) decreased
creatine kinase release induced by sustained hypoxia (3 h)
that follows when the sustained hypoxia was applied 24 h
after hypoxic preconditioning (57% of that in cells without
preconditioning). The activity and content of Mn-SOD in
cardiac myocytes were increased 24 h after hypoxic precon-
ditioning (activity, 170%; content, 139% compared with
cells without preconditioning) coincidentally with the acqui-
sition of tolerance to hypoxia. Mn-SOD mRNA was also
increased 20-40 min after preconditioning. Antisense oligo-
deoxyribonucleotides corresponding to the initiation site of
Mn-SOD translation inhibited the increases in the Mn-SOD
content and activity and abolished the expected decrease in
creatine kinase release induced by sustained hypoxia after
24 h of hypoxic preconditioning. Sense oligodeoxyribo-
nucleotides did not abolish either Mn-SOD induction or tol-
erance to hypoxia. These results suggest that the induction
of Mn-SOD in myocytes by preconditioning plays a pivotal
role in the acquisition of tolerance to ischemia at a later
phase (24 h) of ischemic preconditioning. (J. Clin. Invest.
1994. 94:2193-2199.) Key words: cardiac myocytes + hyp-
oxia-reoxygenation - manganese superoxide dismutase « pre-
conditioning « antisense oligodeoxyribonucleotides

Introduction

Prolonged ischemia causes irreversible cell death and results in
myocardial infarction in heart tissue. However, recent findings
suggest that sublethal brief ischemia exhibits a protective effect
against prolonged lethal ischemia that follows in the heart. The
induction of tolerance to ischemia by preceding brief ischemia
(“‘preconditioning phenomenon’’) was reported in in vivo mod-
els (1, 2) and also in clinical reports (3—-5). In most reports,
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preconditioning phenomenon was observed soon after brief sub-
lethal ischemia and did not extend over 3 h after the ischemia
(6,7).

Recently, we found that the preconditioning phenomenon,
which appeared soon after sublethal ischemia and disappeared
3 h after the ischemia, reappeared 24 h after the initial ischemia
in a canine occlusion-reperfusion model of myocardial in-
farction (6). Marber et al. (8) also found that the protective
effect of sublethal ischemia was observed 24 h after the isch-
emia in a rabbit model. The mechanism of the late phase effect
of preconditioning is not clear. Although preconditioning phe-
nomenon found at soon after ischemia was not related to de
novo synthesis of proteins (9), the late phase effect of sublethal
ischemia observed 24 h after ischemia highly correlated to the
induction of proteins, mitochondrial manganese superoxide dis-
mutase (Mn-SOD)(10), or heat shock proteins (HSPs)' (8).
Heat stress, which induces various proteins including radical
scavengers (Mn-SOD, catalase) and HSPs, also increased the
resistance of hearts to myocardial ischemia at the same time
course as protein induction after 24 h of whole-body hyperther-
mia (8, 11, 12). However, the direct proof that the induction
of these proteins is responsible for the acquisition of the toler-
ance to ischemia has not been examined yet.

In this study, we attempted to demonstrate a direct associa-
tion between Mn-SOD induction in myocytes and the acquisi-
tion of tolerance to ischemia at a late phase of preconditioning
using cultured cardiac myocytes exposed to simulated ischemia.

Methods

Cell culture. Cardiac myocytes were isolated and cultured from neonatal
rat hearts based on the method reported previously (13). Briefly, neona-
tal Wistar-Kyoto rats (six litters) were anesthetized with ether and then
their hearts were quickly removed and immersed in PBS (NaCl, 8.0 g/
liter; Na,HPO,, 1.5 g/liter; KH,PO,, 0.29 g/liter; K,HPO,, 0.2 g/
liter) containing calcium (0.1 g/liter) adjusted to pH 7.4. After blood
had been carefully washed out, the excised ventricles were cut into 1-
2-mm cubes, placed in 15 ml of PBS containing 0.1% collagenase, and
then agitated using a magnetic stir bar at slow speed (100-150 rpm)
for 10 min at 37°C. The dissociated cells were collected by decantation.
After discarding the cells from the first treatment, cells from the suc-
ceeding three enzymatic treatments were pooled, centrifuged for 5 min
at 120 g, and then resuspended in 30 ml of Dulbecco’s modified Eagle’s
medium (DME) with a high glucose concentration (4,500 mg/liter)
supplemented with penicillin G (400 U/ml), streptomycin (200 ug/
ml), and 10% FBS. To obtain myocytes selectively, dissociated cells
were preplated for 1 h and then unattached myocytes were collected.
Myocytes were plated on culture dishes at a density of 3.1 X 10*/cm?.

1. Abbreviations used in this paper: CK, creatine kinase; HSP, heat
shock proteins; NBT, nitroblue tetrazolium; ODN, oligodeoxyribo-
nucleotides.
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After 3 d in culture, the percentage of beating myocytes exceeded 90%
in each preparation.

Experimental protocol. Isolated cells were cultured in DME with
10% FBS and 5-bromo-2’-deoxyuridine (100 mM) for 48 h at 37°C
perfused with a normoxic gas mixture (95% room air, 5% CO,; pO,
143 mmHg), and then the medium was switched to serum-free DME
with high concentrations of glucose, insulin (10 mg/ml), and transferrin
(10 mg/ml). After 18-24 h in serum-free medium, the cells were
exposed to various gas conditions. In experiments assessing Mn-SOD
induction by hypoxic preconditioning, cultured myocytes were exposed
to a hypoxic gas mixture (first hypoxia) (94% N,. 5% CO,, and 1%
0O,; pO, 7 mmHg) for 1 h in DME with a low glucose concentration
(1,000 mg/liter). Then the perfusion gas was switched to the normoxic
gas mixture (first reoxygenation), followed by culturing in DME with
a high glucose concentration up to 36 h after reoxygenation. In the
control group, cells were exposed to a normoxic gas mixture instead of a
hypoxic gas mixture for the first hour. In experiments assessing myocyte
injury, cells were exposed to a hypoxic gas mixture (second hypoxia)
in DME without glucose for 3 h at 0, 3, 12, 24, and 36 h after the first
reoxygenation and then were reoxygenated for 1 h (second reoxygena-
tion) with a normoxic gas mixture in the same medium. In the control
group, cultured cells were exposed to a normoxic gas mixture instead
of the first hypoxia.

In experiments involving antisense oligodeoxyribonucleotides
(ODN), antisense and sense ODN (22 mer) involving the initiation
site of rat Mn-SOD transcription were synthesized and applied to the
preconditioned group (a) for 18 h before the first hypoxia, (») from 18
h before the first hypoxia to 24 h after reoxygenation, or (¢) for 24 h
after reoxygenation at 1.5 uM (13). As all three protocols gave the
same results (data not shown), the second protocol was used for the
rest of the experiments. In experiments involving staurosporine (100
nM), it was added to preconditioned cells for 24 h after the first hypoxia.

We performed more than five batches of culture for each set of
experiments. There was no significant difference between batches. We
compared two statistical calculations; the number of culture batches as
n value for statistical analysis and the number of all accumulated data
(batches X dishes) as n value to compensate for inter-dish deviation and
inter-culture batch deviation. As both methods gave the same statistical
results, we used the former method to compare multiple groups.

Measurement of Mn-SOD activity. SOD activity in cultured myo-
cytes with or without hypoxic preconditioning was determined by the
nitroblue tetrazolium (NBT) method (14). Briefly, myocytes were
scraped into 1 ml of cold PBS, sonicated on ice, and then centrifuged
at 800 rpm for 5 min. The supernatant was added to the reaction mixture
of NBT with xanthine-xanthine oxidase, and then the SOD activity in
the supernatant was measured colorimetrically as inhibitory activity
toward blue formazan formation by SOD in the reaction mixture. To
determine Mn-SOD activity, the assay was repeated in the presence of
potassium cyanide (1 nM) to inhibit copper, zinc-superoxide dismutase
(Cu, Zn-SOD) activity. Cu, Zn-SOD activity was determined by sub-
traction of the Mn-SOD activity from the total SOD activity.

Measurement of Mn-SOD content. The Mn-SOD content in the su-
pernatant of a cell homogenate was determined by means of an enzyme-
linked immunosorbent assay (ELISA)(15). After an anti—rat Mn-SOD
polyclonal antibody had been attached to immunoplates overnight at
4°C and the plates had been blocked with 0.5% (wt/vol) ovalbumin,
the supernatant of a cell homogenate (prepared as above) was added
to the wells, followed by incubation at 37°C for 1 h. The wells were
washed three times with the washing buffer (PBS with 0.05% Tween),
and then anti—rat Mn-SOD polyclonal antibody conjugated with horse-
radish peroxidase was added to each well. After 1 h at 37°C, the wells
were washed four times with the washing buffer, and then the horserad-
ish peroxidase reaction was measured with a microplate reader (Corona
Electric, Katsuta, Japan). The Mn-SOD activity and content were cor-
rected for the protein concentration in the supernatant determined using
a protein assay kit (Bio-Rad Laboratories, Richmond, CA).

Northern analysis of Mn-SOD mRNA. Total RNA was isolated from
cultured cells using the guanidinium thiocyanate extraction method
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Figure 1. Experimental protocol. Cultured myocytes were exposed to
first hypoxia for | h (preconditioning) followed by normoxic first reoxy-
genation. After 24 h of first reoxygenation, the cells were exposed to
second sustained hypoxia for 3 h, followed by 1 h of reoxygenation
(second reoxygenation).

(16). 10 pg of total RNA was size-fractionated by gel electrophoresis,
blotted onto a nylon membrane, and then hybridized for 24 h with
cDNA probes labeled by the random primer method. The membranes
were washed with 2 X SSC containing 0.1% SDS at 55°C and then
exposed to Kodak X-Omat-RR film for 24 h for Mn-SOD and for 6 h
for B-actin. The autoradiogram was analyzed by a computerized gel
scanner (Imaging Research Inc., St. Catherines, Ontario, Canada), and
Mn-SOD signals were normalized to S-actin signals to cancel the varia-
tion of loading. The cDNA probe used for Mn-SOD hybridization was
a Stul/Sacll fragment (465 bp) of a rat Mn-SOD c¢DNA (17). The
cDNA for S-actin was a Pstl/Hindlll fragment containing a 500-bp
portion of the coding region of the human S-actin gene.

Measurement of creatine kinase (CK). CK activity in the culture
medium was measured | h after reoxygenation from sustained hypoxia
by the German Society for Clinical Chemistry method (18). Briefly,
after mixing of the culture medium with assay solution, the assay reac-
tion was started by the addition of creatine phosphate. The production
of NAD(P)H was measured at 340 nm.

Materials. The cell culture apparatus was purchased from Becton
Dickinson (Mountain View, CA). The chemicals and reagents for cell
culture were purchased from Gibco Laboratories (Gaithersburg, MD),
Sigma Immunochemicals (St. Louis, MO), and Wako (Osaka, Japan).

Results

Cellular models of hypoxic preconditioning. We examined
whether the preconditioning phenomenon could be mimicked
in cultured myocytes by exposing them to brief hypoxia fol-
lowed by reoxygenation before exposure to sustained hypoxia
(Fig. 1). Spontaneous beating of cultured myocytes, which
ceased or decreased under the first brief hypoxic condition,
restarted or was restored without hypercontraction or bleb for-
mation on the first reoxygenation. The control cells were treated
in the same way as the preconditioned myocytes except that the
cells were exposed to the normoxic condition for the first hour.
CK activity in culture medium after 1 h of hypoxia (0.15+0.01
U/liter) was the same as the CK activity in culture media from
control cells (0.16-0.02 U/liter) or the value of culture medium
alone (0.12+0.02 U/liter), which suggests that myocytes were
not injured by the first hypoxia. On the second reoxygenation
after the second sustained hypoxia after 24 h of the first reoxy-
genation, the cells without preconditioning restarted spontane-
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Figure 2. CK activity in culture medium after prolonged hypoxia. After
hypoxic preconditioning for 1 h, the cells were reoxygenated for 0, 12,
24, or 36 h. CK release after second reoxygenation for 1 h after sustained
hypoxia for 3 h was measured. Control cells were exposed to normoxic
conditions instead of hypoxic preconditioning for 1 h. Open columns,
control myocytes; hatched columns, preconditioned myocytes. Each
statistic was derived using Student’s unpaired ¢ test. Five batches of
myocyte culture were examined for each experimental condition.
Means+SEM.

ous contraction with increasing amplitude, and finally the cells
hypercontracted. However, preconditioned cells showed less
marked hypercontraction on reoxygenation, even after restarting
spontaneous contraction. To evaluate myocyte injury quantita-
tively, we measured CK activity in culture media 1 h after the
second reoxygenation (Fig. 2). When preconditioned myocytes
were exposed to sustained hypoxia soon after, 12 h after, or 36
h after hypoxic preconditioning, the amount of CK released
from preconditioned myocytes was the same as that released
from myocytes without preconditioning. However, when the
sustained hypoxia was applied 24 h after preconditioning, the
amount of released CK from preconditioned myocytes was 57%
of that from cells without preconditioning. Therefore, in the
cultured myocyte model, simulation of ischemia by the exposure
to hypoxia with low glucose exhibited the same protective effect
as in vivo preconditioning at a later phase (24 h after). The
composition of the culture medium was critical for simulating
preconditioning by hypoxia. A low glucose concentration, the
absence of insulin and transferrin during the hypoxic precondi-
tioning, and the presence of high concentrations of glucose,
insulin, and transferrin in the first reoxygenation medium were
necessary for the induction of Mn-SOD by hypoxic precondi-
tioning. The absence of glucose, insulin, and transferrin during
the sustained hypoxia for 3 h was necessary to cause cell injury
on the second reoxygenation.

Mn-SOD after hypoxic preconditioning. We investigated
whether Mn-SOD was increased in cardiac myocytes after hyp-
oxic preconditioning. Cardiac myocytes were exposed to hyp-
oxic preconditioning for 1 h, and then the Mn-SOD content and
activity in myocytes were measured after reoxygenation for 36
h (Fig. 3). During the preconditioning, the Mn-SOD content
in myocytes slightly decreased, reaching 83% of the prehypoxic
value after 1 h of hypoxia. Upon reoxygenation, the Mn-SOD
content increased gradually and reached 157% of the posthyp-
oxic value at 24 h after reoxygenation. Thereafter, the Mn-SOD
content decreased and returned to the prehypoxic value after 36
h of reoxygenation (Fig. 3, top). Simultaneously, the Mn-SOD

Manganese Superoxide Dismutase Induction and Hypoxic Preconditioning

0.8

(ugimgp

)
N

in) Mn-SOD C

8 8 38

!

Mn-SOD Activity (Uimg p

4 0 12 24 3 ()
L 1 1
4 L] 1

Hypoxia

Figure 3. Mn-SOD content and activity in cultured cardiac myocytes.
The SOD activity in cultured myocytes with (closed circles) or without
(open circles) hypoxic preconditioning was determined by the NBT
method. The Mn-SOD content in the supernatant was determined by
ELISA, as described previously. Eight batches of myocyte culture were
examined for each data point. Each statistic was derived using Student’s
unpaired ¢ test. Means*SEM. *P < 0.05.
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activity exhibited the same trend as the Mn-SOD content. It
decreased to 83% during the hypoxia, reached 182% of the
posthypoxic value after 24 h of reoxygenation, and then de-
creased to the control value after 36 h of reoxygenation (Fig.
3, bottom). Therefore, the time course of Mn-SOD induction
and reduction after hypoxic preconditioning was coincident with
the time course of the acquisition of tolerance to hypoxia shown
in Fig. 2. The duration of hypoxic preconditioning is important
for the induction of Mn-SOD. When the duration was < 45
min, the Mn-SOD protein was not induced after 24 h of reoxy-
genation. When the duration was > 120 min, the Mn-SOD
content became 75% of the prehypoxic value and did not exceed
the prehypoxic value even after 24 h of reoxygenation. How-
ever, the activity of the cytosolic isoform of SOD (Cu, Zn-
SOD) did not decrease during hypoxic preconditioning for up
to 3 h (102% of the prehypoxic value) or did not increase after
reoxygenation after 1 h of hypoxic preconditioning and showed
a gradual decrease during the reoxygenation period (90% of
the control value after 24 h of reoxygenation). In the cells
without hypoxic preconditioning (control group), both the Mn-
SOD content and activity remained constant during this time
period (Fig. 3, open circles). We also examined whether tran-
scription of Mn-SOD mRNA was augmented by the exposure
to hypoxic preconditioning. Total RNA was harvested from
myocyte cultures from 10 to 60 min at 10-min intervals, size-
fractionated, and then hybridized to an Mn-SOD cDNA probe
(Fig. 4 A). Although the Mn-SOD protein level peaked at 24
h, as shown in Fig. 3, the levels of Mn-SOD mRNA increased
early after preconditioning (20-40 min) and returned to the
control level (Fig. 4, A and B). The Mn-SOD mRNA levels
remained constant thereafter, up to 23 h after reoxygenation
(data not shown).

Induction of Mn-SOD and hypoxic tolerance. We examined
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Figure 4. Effect of hypoxic preconditioning on Mn-SOD mRNA expres-
sion in cardiac myocytes. (A) Total RNA was isolated from precondi-
tioned cultured myocytes at 10-min intervals from 10 to 60 min after
reoxygenation. RNA was analyzed by Northern blot hybridization after
size fractionation using a rat Mn-SOD cDNA probe. Rat Mn-SOD
mRNA gave two bands, corresponding to 4.0 and 1.0 kb. C, myocytes
before hypoxic preconditioning. (B) Blots were also hybridized with a
[-actin probe, and Mn-SOD signals were normalized to paired S-actin
signals. Each value after hypoxic preconditioning (10—60 min) was
compared with the value for the myocytes before hypoxic precondi-
tioning (C). More than three batches of experiment were done for each
time point. Means*=SEM. *P < 0.05.

whether antisense ODN could inhibit the increases in Mn-SOD
activity and content in cultured myocytes after hypoxic precon-
ditioning (Fig. 5). Antisense ODN corresponding to the initia-
tion site of Mn-SOD translation (22 mer: CACGCCGCCCGA-
CACAACATTG, 1.5 uM) were added to myocyte cultures from
18 h before exposure to the hypoxic preconditioning to 24 h
after the first reoxygenation, and the Mn-SOD content and activ-
ity were measured after 24 h of reoxygenation. The increases
in both the Mn-SOD content and activity after hypoxic precon-
ditioning were inhibited completely by the addition of antisense
ODN. However, sense ODN (22 mer: CAATGTTGTGTC-
GGGCGGCGTG, 1.5 uM) did not attenuate the increase in
either the Mn-SOD content or activity caused by precondi-
tioning. A protein kinase C inhibitor, staurosporine (100 nM),
also markedly inhibited the expected increases in Mn-SOD con-
tent and activity in cultured myocytes with hypoxic precondi-
tioning when added to the myocyte cultures after hypoxic pre-
conditioning, which indicates that Mn-SOD was induced by a
protein kinase C—mediated pathway after hypoxic precondi-
tioning.

We examined whether the increases in Mn-SOD activity
and content in myocytes exposed to hypoxic preconditioning
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Figure 5. Effects of ODN and staurosporine on Mn-SOD content and
activity in cultured myocytes. Myocytes were exposed to hypoxic pre-
conditioning for 1 h, followed by reoxygenation. The Mn-SOD content
and activity in myocytes were measured at 24 h after reoxygenation.
ODN were applied to cultures from 18 h before hypoxia to 24 h after
reoxygenation. In experiments involving staurosporine, it (100 nM)
was added to preconditioned cells for 24 h after reoxygenation. Five
batches of myocyte culture were examined for each experimental condi-
tion. Each statistic was derived using Scheffe’s test after ANOVA.
Means*+SEM.

CK (U/L)

Control Hypoxia Hypoxia Hypoxia
Antisense ODN Sense ODN
(1.5uM) (1.5uM)

Figure 6. Effect of ODN on CK release from cultured cardiac myocytes
after hypoxia-reoxygenation. Antisense and sense ODN were applied to
preconditioned myocyte cultures at 1.5 uM from 18 h before first hyp-
oxia to 24 h after reoxygenation. In the control group, cultured cells
were exposed to normoxic conditions instead of hypoxic precondi-
tioning. CK activity in the culture medium was measured 1 h after
reoxygenation after sustained hypoxia. Six batches of myocyte culture
were examined for each experimental condition. Each statistic was de-
rived using Scheffe’s test after ANOVA. Means+SEM.



were directly related to the protective effect of preconditioning
using antisense ODN (Fig. 6). The expected decrease in CK
release caused by hypoxic preconditioning was abolished in
cultures pretreated with antisense ODN, in which Mn-SOD in-
duction was specifically inhibited, as shown in Fig. 5. Sense
ODN, which did not attenuate Mn-SOD induction, did not abol-
ish the effect of hypoxic preconditioning on myocyte injury
after sustained hypoxia. Possibly because of cytotoxicity, most
of the myocytes pretreated with staurosporine hypercontracted,
developed blebs, and became lifted up from the culture dishes
on exposure to the second hypoxia, and thus CK release after
sustained hypoxia from these cultures could not be examined.

Discussion

This is the first report showing that hypoxic preconditioning
induces tolerance to hypoxia in cardiac myocytes at 24 h after
preconditioning and that induction of Mn-SOD in myocytes is
directly related to the mechanism underlying the tolerance to
hypoxia. We found that (a) exposure of myocytes to 1 h of
hypoxia reduced CK release from the myocytes after exposure
to sustained hypoxia when second hypoxia was applied to them
24 h after hypoxic preconditioning. However, the protective
effect was not observed when the interval between the hypoxic
preconditioning and the sustained hypoxia was 0, 12, or 36 h.
(b) The time course of the induction of tolerance to hypoxia
was coincident with the time course of increase and decrease
in Mn-SOD in the myocytes; Mn-SOD was not induced in
myocytes 12 h after preconditioning, but the Mn-SOD content
and activity were about 1.3-2.0 times those in cells without
preconditioning after 24 h. This increase in Mn-SOD declined
after 36 h. (¢) Mn-SOD induction was supposed to be transcrip-
tionally regulated, because the Mn-SOD mRNA level was aug-
mented soon after hypoxic preconditioning. (d) The addition
of antisense ODN corresponding to the initiation site of Mn-
SOD translation in myocyte cultures abolished both the induc-
tion of Mn-SOD in myocytes and the acquisition of tolerance
to hypoxia after hypoxic preconditioning.

Cardiac myocyte model of preconditioning. Isolated cardiac
myocytes were used as a model of ischemic heart diseases (19,
20). Recently, Ganote et al. (21) and Armstrong et al. (22)
used isolated cardiac myocytes from adult rats and rabbits to
examine the role of adenosine in early phase of preconditioning.
They applied the ‘‘ischemic slurry’’ method to simulate isch-
emia instead of low oxygen tension in glucose-free medium
which we used in this report. As the morphology and metabo-
lism of neonatal myocytes are different from in situ adult myo-
cytes, isolated adult cells might be suitable to mimic adult
hearts. However, phenotypical change after isolation and the
absence of contraction in these adult cells could raise the differ-
ence from in situ hearts. On the other hand, the phenotype of
cultured neonatal myocytes is highly stable and their contractile
profile during hypoxia-reoxygenation is compatible with in situ
hearts during ischemia-reperfusion. Hypoxia with glycolysis in-
hibition is well established in mimicking ischemia in isolated
cell models (19). Despite these limitations, both adult and neo-
natal myocyte systems simulated in situ preconditioning phe-
nomena (time course, species difference, etc.) quite well.

Late phase effect of preconditioning. The preconditioning
phenomenon was initially recognized soon after exposure to a
brief ischemic episode (1). Repeated sublethal ischemia re-
duced the extent of myocardial cell death resulting from lethal
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ischemia applied immediately after sublethal ischemia. Al-
though how long the protective effect of ischemic precondi-
tioning remains has not been determined definitely, the consen-
sus is that it is not maintained for more than 3 h (6, 7). Recently,
we examined the effect of repeated brief occlusion of the canine
coronary artery on tolerance to ischemia from soon after to 24
h after preconditioning (6). The size of myocardial infarction
caused by prolonged ischemia was reduced significantly when
the ischemia was introduced soon after preconditioning, com-
pared with the group without ischemic preconditioning. How-
ever, the protective effect of ischemic preconditioning had dis-
appeared 12 h after preconditioning. Surprisingly, when we
exposed the canine heart to lethal prolonged ischemia 24 h
after preconditioning, the extent of myocardial infarction was
markedly reduced compared with the nonpreconditioned group.
Recently, Marber et al. (8) also reported the reappearance of
tolerance to ischemia at the ‘‘24-h window’’ after precondi-
tioning.

Mechanism underlying the protective effect of precondi-
tioning. The mechanism underlying the preconditioning phe-
nomenon at an early phase is proposed to comprise a change
in energy metabolism or activation of an adenosine receptor (2,
23, 24). Protein induction was not involved in the mechanism
underlying tolerance to ischemia at this phase because inhibitors
of protein synthesis did not abolish the protective effect of
preconditioning (9). However, many proteins, such as protoon-
cogenes and stress proteins, were newly synthesized on stimula-
tion with ischemia or hypoxia in heart tissue (25-29). Recently,
we and others found that the synthesis of an endogenous radical
scavenger, mitochondrial Mn-SOD, was increased in cardiac
tissue after preconditioning (10, 25).

Tolerance caused by Mn-SOD induction. Mn-SOD acts as
a rescue protein in several cells, and the induction of Mn-SOD
by endotoxin (30) and cytokines (TNF-a [31-33] and IL-1
[34]) serves as a mechanism endowing tolerance to oxygen
injury or antitumor agents. IL-1 pretreatment (35) and TNF-a
(36) have also been reported to increase the tolerance to isch-
emia-reperfusion injury in hearts, which suggests that Mn-SOD
induction could be the mechanism underlying the tolerance to
ischemia in hearts. Our finding that inhibition of Mn-SOD in-
duction by antisense ODN abolished the tolerance to hypoxia
is the first direct evidence of Mn-SOD acting as a rescue protein
in ischemic hearts at a late phase, the 24-h window, of precondi-
tioning.

Catalase, another scavenger of an active oxygen species,
hydrogen peroxide, was also induced in hearts on endotoxin
treatment (37) or heat shock (38, 39). Inhibition of catalase
increased after heat shock, and endotoxin treatment abolished
the protective effects of these stresses against ischemia, which
indicates that catalase could be a rescue protein in ischemic
hearts in these sets of experiments. Peroxisomal catalase was
also found to be induced in a heart preconditioned by ischemia
(25). However, the role of catalase in the acquisition of toler-
ance at preconditioning has not been examined yet.

Active oxygen species such as oxygen radicals, hydrogen
peroxide, and lipid peroxides have been detected in ischemic
and reperfused hearts (40, 41). They were supposed to be patho-
genic factors for ischemic heart injury (42, 43) because exoge-
nous radical scavengers (44, 45), inhibitors of lipid peroxida-
tion (46, 47), and endogenous catalase induced by endotoxin
(37) or heat shock (38) reduced ischemic and ischemic/reper-
fused heart injury. Therefore, Mn-SOD induced by precondi-

2197



tioning in our model may behave as an antioxidant in myocytes
and scavenge superoxide anions generated on hypoxia/reoxy-
genation before causing myocyte injury on propagation of the
radical chain reaction.

HSPs have also been reported to increase after stresses such
as heat shock (27, 38) and hypoxic/ischemic preconditioning
(8, 25-29), which was supposed to be related to the protection
against ischemia. Recently, Hutter et al. (12) showed quantita-
tive correlation between HSP72 induction and myocardial pro-
tection in a rat whole body hyperthermia model. However, there
is little direct proof of a causal relationship between these two
phenomena, and the mechanism in which heat shock proteins
salvage myocytes from ischemia should be examined.

Mechanism underlying Mn-SOD induction. Mn-SOD activ-
ity showed a biphasic increase after preconditioning in an in
vivo experiment (10). Induction soon after ischemic precondi-
tioning is possibly due to conversion from pro Mn-SOD to Mn-
SOD (48) or a change in oligomer structure (14, 49). However,
the Mn-SOD content increased together with the Mn-SOD ac-
tivity at the 24-h window after preconditioning in this experi-
ment and in our previous study (10), which suggests that de
novo synthesis of the Mn-SOD protein occurs at a later phase
of preconditioning. Various interventions are known to induce
Mn-SOD in cells. Endotoxin (30), cytokines such as TNF-a
(50), and IL-1 (34) increased Mn-SOD in endothelial cells and
pulmonary tissue. In hearts, x-ray irradiation (51) increased
Mn-SOD in a biphasic manner. Induction of Mn-SOD was also
observed in hypertrophic hearts produced by aortic bind-
ing (52).

Our results indicate that the mechanism underlying Mn-
SOD induction after hypoxic preconditioning is regulated at the
transcriptional level. In prokaryotes, the Mn-SOD gene is under
the control of cis elements responsible for anaerobic/aerobic
states (53). However, the Mn-SOD gene of eukaryotes does
not contain these cis elements. As an activator protein-1 site
exists in the eukaryotic Mn-SOD gene (54) and a c-kinase
inhibitor, staurosporine, inhibited Mn-SOD induction in our sys-
tem, c-kinase activation and the following phosphorylation of
activator protein-1 could be a possible pathway for Mn-SOD
induction (55).
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