Late preconditioning against stunning is not mediated
by increased antioxidant defenses in conscious pigs
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Tang, Xian-Liang, Yumin Qiu, Julio F. Turrens, Jian-
Zhong Sun, and Roberto Bolli. Late preconditioning
against stunning is not mediated by increased antioxidant
defenses in conscious pigs. Am. J. Physiol. 273 (Heart Circ.
Physiol. 42): H1651-H1657, 1997.—Previous studies in con-
scious pigs have demonstrated that a sequence of ten 2-min
coronary occlusion/2-min reperfusion cycles renders the heart
relatively resistant to myocardial stunning 24 h later [late
preconditioning (PC) against stunning] by an unknown mech-
anism. Since oxygen radicals contribute importantly to myo-
cardial stunning and since antioxidant enzymes have been
reported to be upregulated 24 h after PC in dogs and rabbits,
we tested the hypothesis that late PC against stunning is
related to an increase in endogenous antioxidant defenses.
Chronically instrumented conscious pigs underwent a se-
qguence of ten 2-min coronary occlusion/2-min reperfusion
cycles (preconditioned group, n = 11) or received no interven-
tion (control group, n = 5). Twenty-four hours later, pigs were
killed and the myocardial levels of Mn superoxide dismutase
(SOD), Cu-Zn SOD, catalase, glutathione (GSH) peroxidase,
GSH reductase, GSH, GSH disulfide, a-tocopherol, and ascor-
bate were measured. There were no differences in any of the
enzymatic or nonenzymatic antioxidants between the isch-
emic and nonischemic regions in the preconditioned group or
between the control and the preconditioned group. Thus,
when a marked protection against stunning was present (24 h
after PC), no alteration in antioxidant defenses was observed.
These results indicate that, in conscious pigs, late PC against
myocardial stunning is not mediated by increased endog-
enous antioxidant defenses, thereby refuting one of the major
current hypotheses regarding this phenomenon.
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PREVIOUS STUDIES in conscious pigs (38) have demon-
strated that a sequence of ten 2-min coronary occlusion/
2-min reperfusion cycles induces severe myocardial
stunning, but when the same sequence is repeated 24 h
later, the severity of stunning is markedly reduced [late
preconditioning (PC) against stunning]. More recent
studies (3, 24) have demonstrated a similar phenom-
enon in conscious rabbits. In both conscious pigs and
rabbits, a protective effect is consistently observed and
is of substantial magnitude in every animal, resulting
in a 50—60% decrease in the overall severity of myocar-
dial stunning (3, 24, 38).

The mechanisms of late PC against stunning remain
largely unknown. The fact that this phenomenon has a
delayed onset (requiring >6 h to develop), lasts for at
least 72 h, and disappears within 6 days after the PC
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ischemia (40) seems to be consistent with the time
course of synthesis and degradation of cytoprotective
protein(s). The two classes of proteins that have been
proposed as the most likely candidates as mediators of
protection are heat stress proteins (HSPs) and antioxi-
dant enzymes. Although HSP 70 is upregulated 24 h
after the PC ischemia in our conscious pig model (38),
this association does not prove causality and may
represent an epiphenomenon based on recent findings
in rabbit models of late PC (15). A potential role of
increased antioxidant defenses in late PC is supported
by the notion that reactive oxygen species (ROS) contrib-
ute importantly to the pathogenesis of myocardial
stunning (2, 4, 21, 41). Furthermore, late PC against
stunning in this conscious pig model is completely
abolished when animals are treated with antioxidants
during the first sequence of coronary occlusion-reperfu-
sion cycles, indicating that the development of the
cardioprotective response is triggered by the oxidative
stress associated with the first ischemia-reperfusion
challenge (39). There is considerable evidence that
exposure to an oxidative stress can induce antioxidant
enzymes, such as catalase and Mn superoxide dismu-
tase (SOD), in a variety of systems (6, 10, 14, 19, 31, 33,
34, 36, 37, 44, 46) and that increased expression of Mn
SOD can protect against oxidant injury (43). In the
setting of myocardial ischemia and reperfusion, previ-
ous studies have reported that a sequence of four 5-min
coronary occlusions results (24 h later) in increased
myocardial activity of Mn SOD in dogs (18) and of Mn
SOD and Cu-Zn SOD in rabbits (15), concomitant with
increased resistance against cell death (late PC against
infarction) (20, 25). An increase in Mn SOD levels and
in resistance to anoxia has also been reported in
isolated rat myocytes preconditioned 24 h earlier with
two 5-min periods of anoxia followed by reoxygenation
(48). A possible role of antioxidant defenses in the
pathogenesis of late PC is further supported by the
observation that pretreatment of rats with endotoxin
(7) or interleukin-1 (which are known to increase ROS
generation) (8) results in increased resistance to is-
chemia-reperfusion injury 24-36 h later and that this
tolerance is associated with increased myocardial activ-
ity of catalase or glucose 6-phosphate (G-6-P) dehydro-
genase (8). Because of these facts, it seems plausible to
speculate that late PC against stunning is mediated by
an increase in endogenous antioxidant defenses trig-
gered by the initial oxidative stress incurred on day 1,
which would result in a lesser oxidative stress (and
consequently lesser ventricular dysfunction) on day 2.
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The aim of the present study was to test this hypoth-
esis using the same conscious pig model in which we
have previously demonstrated late PC against stun-
ning. We measured the myocardial levels of all major
enzymatic and nonenzymatic antioxidants 24 h after
ischemic PC. The conscious pig model was selected to
avoid the confounding factors associated with open-
chest preparations (21, 41) and also to correlate the
levels of antioxidants with the presence of functional
protection (38). To provide a comprehensive assessment
of the effect of ischemic PC on antioxidant defenses, the
analysis was extended to include Mn SOD, Cu-Zn SOD,
catalase, glutathione (GSH) peroxidase, GSH reduc-
tase, GSH, GSH disulfide (GSSG), a-tocopherol, and
ascorbate.

METHODS

Atotal of 18 pigs was used for this study. The experimental
preparation and techniques have been previously described
in detail (38—40). The study was performed in accordance
with the guidelines of the Committee on Animals of Baylor
College of Medicine and with the Guide for the Care and Use
of Laboratory Animals.

Experimental preparation. Domestic pigs of either sex
(weight at surgery, 27 = 2 kg) were premedicated with
ketamine hydrochloride (20 mg/kg im) and atropine (0.04
mg/kg im). Twenty to thirty minutes later, anesthesia was
induced with methohexital sodium (7.5 mg/kg iv), after which
the animals were intubated and anesthesia was maintained
with 0.5-1.0% methoxyflurane. A left thoracotomy was per-
formed under sterile conditions at the level of the fifth
intercostal space. Tygon catheters were placed in the left
atrium and femoral artery. A hydraulic occluder and a Dopp-
ler flow velocity probe were implanted around the middle left
anterior descending coronary artery (LAD). A 10-MHz pulsed
Doppler ultrasonic crystal was sutured to the epicardial
surface in the center of the region to be rendered ischemic.
Two insulated copper wires were sutured to the right ven-
tricle to record the electrocardiogram. All wires and catheters
were tunneled under the skin and exteriorized through small
incisions on the back. The chest was closed in layers, and a
small tube was left in the thorax to drain air and fluid
postoperatively. Antibiotics were administered intravenously
before surgery and daily for 7 days thereafter (cefazolin, 30
mg/kg twice a day, and gentamicin, 0.7 mg/kg twice/day).
Arterial blood gases, hematocrit, rectal temperature, and
heart rate were measured daily after instrumentation to
ensure that the animals had fully recovered from the surgical
procedure. The catheters were flushed daily until the end of
the protocol. All pigs were allowed to recover for a minimum
of 10 days after surgery.

Experimental protocol. Conscious pigs were studied while
lying quietly in a cage in a quiet, dimly lit room. Aortic and
left atrial pressures, LAD blood flow velocity, systolic wall
thickening, and the electrocardiogram were monitored simul-
taneously on an eight-channel, direct-writing oscillograph
(Gould Brush System 200).

Pigs were assigned to a control or a preconditioned group.
Control pigs were not subjected to coronary artery occlusion-
reperfusion. In the preconditioned group, pigs underwent a
sequence of ten 2-min LAD occlusion/2-min reperfusion cycles,
which were performed by inflation or deflation of the hydrau-
lic balloon occluder. This protocol has been previously shown
(38-40) to induce a consistent and powerful protection against
myocardial stunning 24 h later in this animal preparation.
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Complete coronary occlusion was documented by the LAD
blood flow velocity decreasing to zero and by the appearance
of dyskinesia in the wall-thickening tracings. To measure
regional myocardial blood flow, radioactive microspheres
were injected, as previously described (5), at 30—60 s into the
fifth LAD occlusion.

Tissue preparation. Twenty-four hours later, the pigs were
anesthetized with pentobarbital sodium (35 mg/kg iv), intu-
bated, and ventilated with a positive-pressure respirator. The
heart of each pig was exposed through a left thoracotomy and
freed of adhesions. Pigs were then given heparin (5,000 U iv)
and killed with a bolus of saturated KCI solution. The heart of
each pig was excised immediately after death, and the aorta
was perfused with ice-cold normal saline for 2 min at 100
mmHg to wash out all intravascular blood. Transmural
samples (1-2 g) were rapidly removed from the center of the
ischemic-reperfused region injury [anterior left ventricular
(LV) wall] and from the nonischemic region (posterior LV
wall), snap frozen, and stored in liquid nitrogen until use. The
center of the ischemic-reperfused region was identified on the
basis of the coronary anatomy.

To measure myocardial levels of SOD, catalase, GSH
peroxidase, GSH reductase, GSH, and GSSG, the frozen
tissue samples were homogenized on ice with a Polytron
homogenizer (Brinkmann Instruments, Westbury, NY) in 4
vol 50 mM potassium phosphate buffer (pH 7.0) containing
0.1% Triton X-100. The homogenates were then ultracentri-
fuged at 150,000 g, and the supernatant was stored in
aliquots at —70°C for measurement of antioxidant levels.

To measure myocardial content of a-tocopherol and ascor-
bate, the frozen tissue samples were ground to a fine powder
with a mortar and pestle that was kept on dry ice. The ground
tissue powder was homogenized in chelexed water using a
hand-held tissue shredder at 4°C. To determine «-tocopherol,
an internal standard tocopherol acetate was added before
homogenization, and the homogenates were transferred to an
extraction tube. The extraction procedure was an adaptation
of the method of Burton et al. (9). To determine ascorbate, the
homogenates were immediately treated with 0.65 ml of 6%
trichloroacetic acid and centrifuged at 8,000 g for 5 min, and
the supernatant was collected for ascorbate assays.

The sediment of the homogenate was saved for counting
the radioactivity of the samples. Care was taken to ensure
that the samples did not contain an admixture of ischemic
and reperfused and nonischemic myocardium. Accordingly,
the ratio of myocardial blood flow to the ischemic region
during occlusion to simultaneous blood flow to the nonisch-
emic region was estimated in each sample. Radioactive
counts per minute per gram of tissue were measured in the
samples from the two regions, and the counts per minute per
gram for the nonischemic samples were averaged. Only
samples of ischemic-reperfused tissue in which the counts per
minute per gram were <10% of the average in the correspond-
ing nonischemic samples were used for this study. This
ensured that the samples of ischemic-reperfused myocardium
assayed for antioxidants consisted of severely ischemic tissue
(<10% of nonischemic flow).

Biochemical assays. Assays of SOD, catalase, GSH peroxi-
dase, GSH reductase, GSH, and GSSG were carried out in a
DU-65 Beckman spectrophotometer. Protein concentration
was measured with the Folin phenol reagent, following the
procedure described by Lowry et al. (22). Catalase activity
was measured with the rate of H,O, decomposition at 240 nm
(e = 40 M~1.cm~1). Because this reaction follows a pseudo-
first-order Kinetic, an arbitrary unit of catalase was defined
as the amount of enzyme that decomposes 1 pmol H,O,/min
between 10.5 and 9.5 mM (1, 42). The assay of SOD activity
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Table 1. Enzymatic and nonenzymatic antioxidants in control and preconditioned groups

Control Preconditioned
Antioxidant Anterior wall Posterior wall Ischemic region Nonischemic region
Total protein, mg/g tissue 32.7*x4.0 33.1+3.0 285x21 30.2x1.8
Total SOD, U/mg protein 9.4+13 8.9+0.7 9.1+0.7 85*0.7
Mn SOD, U/mg protein 5.6+0.9 55+0.8 5.4+0.5 5.6+0.5
Cu-Zn SOD, U/mg protein 3.8x1.0 3.4+0.5 3.3+0.3 3.1+0.3
Catalase, U/mg protein 30.1+5.4 29.2+43 29.9+35 28.2+2.6
GSH peroxidase, mU/mg protein 21.3+3.9 19.3+4.6 21.9+3.9 19.0+3.1
GSH reductase, mU/mg protein 16.3+1.8* 16.2+1.7* 12.4+0.8 12.5+0.6
GSH, nmol/mg protein 27.1+1.8 28.2+15 254+1.1 255+1.1
GSSG, nmol/mg protein 1.5+0.2 1.5+0.1 1.2+0.1 1.4+0.1
GSSG-to-GSH ratio 0.056 +0.002 0.052 +0.002 0.047 =0.002 0.054 +0.004
a-Tocopherol, pg/g tissue 9.9=x25 71x1.2 9.4+0.6 8.3+0.4
Ascorbate, pg/g tissue 26.2+125 21.0+10.5 24.3+53 185+4.4

Data are means = SE. SOD, superoxide dismutase; GSH, glutathione; GSSG, GSH disulfide. * The activity of GSH reductase tended to be
higher in control pigs (n = 5) compared with preconditioned pigs (n = 11), but the difference was not statistically significant; this difference was
caused by 1 control pig having high levels of GSH reductase (23.2 mU/mg protein in the anterior wall and 22.5 mU/mg protein in the posterior

wall).

was carried out in 50 mM potassium phosphate and 0.1 mM
EDTA (pH 7.8) at 550 nm. One unit of SOD was determined as
the amount of enzyme that inhibited by 50% the rate of 20 uM
cytochrome c¢ reduction by 0.5 mM xanthine and xanthine
oxidase (initial rate, 0.025 absorbance U/min) (29, 42). So-
dium azide (0.2 mM) was added to the system to suppress
cytochrome-c oxidase activity. To determine only Mn SOD
activity, 1 mM sodium cyanide was used to inhibit Cu-Zn SOD
activity. Cu-Zn SOD activity was determined by subtracting
Mn SOD activity from the total activity (42). Glutathione
peroxidase was measured after the rate of NADPH oxidation
at 340 nm (e = 6.22 mM~1.cm™1) in a buffer containing 1 mM
reduced GSH, 5 U/ml of glutathione reductase, 1 mM sodium
azide, 0.2 mM NADPH, 1 mM EDTA, and 50 mM potassium
phosphate (pH 7.0) incubated for 5 min at room temperature.
The reaction was started by adding 0.1 mM t-butyl hydro-
peroxide (13). A unit was defined as the amount of sample
that oxidized 1 pmol of NADPH/min (42). GSH reductase was
determined by monitoring the oxidation of NADPH at 340
nm, 37°C, in a system containing (in mM) 50 tris(hydroxy-
methyl)aminomethane (Tris) and 0.25 EDTA (pH 8.0), 3.3
GSSG, and 0.1 NADPH. One unit of activity was defined as
the amount of enzyme that catalyzes the oxidation of 1 pumol
NADPH/min (42). For measuring myocardial concentration of
GSH and GSSG, 1 ml of homogenate was denatured by
dilution with 3 ml of perchloric acid to a final concentration of
1 M acid, 2 mM EDTA. The samples were centrifuged and
neutralized with KOH. GSH and GSSG were measured by
use of o-phthalaldehyde as a fluorescent reagent. The method
takes advantage of the reaction of GSH with o-phthalalde-
hyde at pH 8.0 and of GSSG with o-phthalaldehyde at pH
12.0; GSH can be complexed to N-ethylmaleimide to prevent
interference of GSH with the measurement of GSSG (17).

Myocardial levels of a-tocopherol were determined by first
extracting tissue homogenates with sodium dodecyl sulfate,
ethanol, and n-heptane (9). Before analysis, the heptane was
removed under a stream of nitrogen and the samples were
dissolved in methanol. The extracts were then analyzed by
high-performance liquid chromatography using a Beckman
pump equipped with a Cig reverse-phase column (250 X 4.6
mm) and a guard column. a-Tocopherol was eluted with 98%
methanol and detected by a Gilson dual-wavelength spectro-
photometer at 294 and 270 nm and 0.01 and 0.005 absorbant
unit full scale, respectively. Data were collected and inte-
grated using Hewlett-Packard ChemStation.

Myocardial levels of ascorbate were assayed by the Roe and
Kuether (35) method, which involves forming the hydrozone
derivatives of oxidized ascorbic acid. The sample was totally
oxidized by incubation with Norit charcoal for 15 min at room
temperature, which converted the ascorbic acid to the dehy-
droascorbic acid. The sample was then centrifuged at 11,500 g
for 5 min. We added 10 pl of 10% thiourea and 80 ul of 2%
2,4-dinitrophenylhydrazine to the 0.25 ml of supernatant.
The sample was incubated at 57°C for 45 min. Color was then
produced by adding 85% sulfuric acid. Absorbance was deter-
mined using a spectrophotometer set at 520 nm.

Statistical analysis. All data are reported as means = SE.
Antioxidant levels were analyzed by a two-way analysis of
variance (ANOVA; group and region) followed by unpaired or
paired Student’s t-tests, as appropriate. All statistical analy-
ses were performed with Statistical Analysis System soft-
ware. Two-way ANOVA was performed using the procedure
General Linear Models (GLM). Statistical significance was
defined as P < 0.05.

RESULTS

Of the 18 pigs entered into the study, 5 were assigned
to the control group and 13 to the preconditioned group.
Two of the thirteen pigs in the preconditioned group
were excluded because of ventricular fibrillation during
reperfusion. Therefore, totals of 5 and 11 pigs were used
for the assays in the control and preconditioned groups,
respectively.

In the preconditioned group, the performance of
complete LAD occlusion during the 10 coronary occlu-
sion-reperfusion cycles was documented by the Doppler
flow velocity probe and wall-thickening crystal record-
ings. The measurements of radioactivity in the sedi-
ment of the homogenates were 18 * 8 counts/min
(cpm)/g in the samples from the ischemic-reperfused
region and 1,009 = 358 cpm/g in the samples from the
nonischemic region. The blood flow ratio between the
two regions (1.8 = 0.9%) confirms that blood flow in the
samples of the ischemic-reperfused region was virtu-
ally zero during coronary occlusion.

The results are summarized in Table 1. Total proteins
in the supernatant were 32.7 + 4.0 and 33.1 = 3.0 mg/g
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of tissue in the anterior and posterior walls, respec-
tively, in the control group (n = 5) and 28.5 * 2.1 and
30.2 = 1.8 mg/g of tissue in the ischemic and nonisch-
emic regions, respectively, in the preconditioned group
(n = 11). There were no statistical differences between
the two regions of each group or between the two groups.

As shown in Table 1, there were no appreciable
differences in total SOD activity, Mn SOD activity, or
Cu-Zn SOD activity between the anterior and posterior
walls of the LV or between the ischemic and nonisch-
emic regions in preconditioned pigs. The activity of
catalase and GSH peroxidase were also similar be-
tween the anterior and posterior walls in control pigs
and between the ischemic and nonischemic regions in
preconditioned pigs. The activity of GSH reductase
tended to be lower in preconditioned pigs compared
with that in controls, but the difference was not statisti-
cally significant; this difference was due to one pig
having high levels of GSH reductase in the control
group (Table 1 legend). The activity of GSH reductase
was virtually identical between the two ventricular
regions within each group (Table 1).

There were no appreciable differences between the
two groups or between the two LV regions within the
same group with respect to the myocardial concentra-
tion of GSH and GSSG, the GSSG-to-GSH ratio, the
myocardial concentration of a-tocopherol, or the myocar-
dial concentration of ascorbate (Table 1).

DISCUSSION

The goal of the present study was to determine
whether late PC against myocardial stunning in con-
scious pigs is associated with increased antioxidant
defenses. We measured the myocardial levels of all
major enzymatic (Cu-Zn SOD, Mn SOD, catalase, GSH
peroxidase, and GSH reductase) and nonenzymatic
(GSH, «a-tocopherol, and ascorbate) antioxidants at 24
h after ischemia, when the protective effects of PC
against stunning are maximal (40). The results show
that none of the antioxidants examined were increased
in the ischemic-reperfused myocardium. This indicates
that late PC against stunning in conscious pigs is not
mediated by an increase in antioxidant defenses,
thereby refuting one of the major current hypotheses
regarding the pathogenesis of this phenomenon. Al-
though previous studies have examined changes in
antioxidant enzymes late after ischemia or hypoxia in
isolated cardiomyocytes (47, 48) or in anesthetized
open-chest animals (15, 18), to our knowledge this is
the first study to assess the effect of ischemia on
antioxidant levels in a conscious animal preparation.

Methodological considerations. We utilized a con-
scious porcine model in which PC is induced with a
sequence of ten 2-min coronary occlusions, because this
is the preparation in which the phenomenon of late PC
against myocardial stunning has been previously de-
scribed (38) and characterized (39, 40). The cardiopro-
tective effects observed in this model are powerful and
very consistent, with virtually every pig exhibiting
decreased severity of myocardial stunning 24 h after
PC (38—40). Because previous studies (40) have docu-
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mented that cardioprotection is fully developed at this
time, we elected to measure antioxidant levels at 24 h
after PC. To avoid any possible contamination of myocar-
dial antioxidant enzymes with circulating red blood cell
enzymes, the heart was thoroughly perfused with ice-
cold saline for 2 min before we obtained the tissue
samples. Even if sporadic red blood cells were still
present in the tissue, their impact on our measure-
ments should have been similar in ischemic and nonisch-
emic samples. Particular care was taken to avoid
contamination of ischemic samples with nonischemic
tissue. Only samples with a blood flow <10% of simulta-
neous nonischemic flow during coronary occlusion were
utilized for this study (see RESULTS).

No previous study has assessed the effect of ischemic
PC on the myocardial content of antioxidants in a
conscious animal preparation. We reasoned that the
abnormal conditions associated with anesthetized open-
chest models [e.g., surgical trauma, exaggerated ROS
generation after ischemia and reperfusion (21), ele-
vated catecholamine levels, fluctuations in body tem-
perature (41), inflammatory reaction to thoracotomy
with possible release of cytokines] could affect the
response of antioxidant enzymes to ischemia and reper-
fusion. For example, Hoshida et al. (18) found that in
dogs subjected to thoracotomy, the myocardial content
of Mn SOD increased spontaneously in the nonischemic
myocardium during the first 24 h of recovery after
surgery, presumably as a result of surgery-induced
release of cytokines. The use of a conscious animal
model obviates any potentially confounding influence of
the factors associated with open-chest preparations.
Furthermore, the use of a conscious model enabled us
to directly correlate the functional protection observed
24 h after ischemic PC (38-40) with the changes (or
lack thereof) in antioxidant defenses.

Previous studies of the effect of early PC on antioxi-
dants. The data regarding the effect of the early phase
of PC on antioxidant enzymes are conflicting. Using
open-chest rabbits preconditioned with a 5-min coro-
nary occlusion followed by 10 min of reperfusion and
then subjected to a 30-min occlusion, Turrens et al. (42)
found no change in the activity of Cu-Zn SOD, Mn SOD,
catalase, GSH peroxidase, GSH reductase, or total
glutathione at 5 min after the 30-min occlusion. On the
other hand, using open-chest dogs preconditioned with
four 5-min coronary occlusion/10-min reperfusion cycles,
Hoshida et al. (18) reported that the activity of Mn SOD
was significantly increased 5 min after PC (26% in the
subendocardium and 36% in the subepicardium), al-
though the content of Mn SOD protein declined (—17%
in the subendocardium and —5% in the subepicar-
dium); this increase in Mn SOD activity was accompa-
nied by a small (4-7%) but statistically significant
increase in GSH peroxidase activity and a decrease in
GSH reductase activity (10—-14%). These changes disap-
peared by 3 h after PC. The reason for the discrepancy
between these results and those of Turrens et al. (42) is
unknown. Das et al. (12) found an increase in the
number of antioxidant enzymes, including Mn SOD,
catalase, GSH peroxidase, and GSH reductase at 6 h of



ANTIOXIDANTS AND LATE PRECONDITIONING AGAINST STUNNING

reperfusion after a 1-h coronary occlusion in porcine
hearts that were preconditioned with four 5-min coro-
nary occlusions interspersed with 10 min of reperfusion
compared with hearts that were not preconditioned.
Because of the intervening 60 min of coronary occlusion
after PC, these results (12) cannot be compared with
those of Turrens et al. (42). In a subsequent study in
isolated, buffer-perfused rat hearts, Das et al. (11)
observed that a sequence of 4 cycles of 5-min ischemia/
10-min reperfusion was associated with induction of
catalase and Mn SOD mRNAs and resulted in an in-
crease in the activity of Mn SOD, peroxisomal catalase,
and GSH peroxidase 60 min after the PC protocol. It is
not known whether the difference between these re-
sults and those of Turrens et al. (42) reflects differences
in species, models, or the timing of antioxidant measure-
ment.

Previous studies of the effect of late PC on antioxi-
dants. To date, only one investigation (18) has exam-
ined the effects of ischemia on myocardial antioxidants
24 h later. In the aforementioned study by Hoshida et
al. (18), in which open-chest dogs were preconditioned
with a sequence of four 5-min coronary occlusion/10-
min reperfusion cycles, at 24 h after PC there was an
increase in Mn SOD activity (29 and 24% in the sub-
endocardium and subepicardium, respectively) and pro-
tein (~40 and 10% in the subendocardium and subepi-
cardium, respectively), with no significant changes in
Cu-Zn SOD, GSH peroxidase, or GSH reductase activi-
ties. The reason for the apparent discrepancy between
these findings and our present results is unknown. The
divergent results may be secondary to differences in
species (dogs vs. pigs), experimental preparations (open-
chest vs. conscious animals), or PC protocols (four
5-min occlusions vs. ten 2-min occlusions). It should be
noted that in the Hoshida et al. (18) study, both the
activity and the protein content of Mn SOD increased
gradually for 24 h after PC even in the nonischemic
myocardium (~17% in the subendocardium and 24% in
the subepicardium), a finding that was not observed in
our present study. This spontaneous increase in Mn
SOD, which may reflect the effects of surgical trauma,
consequent inflammation, and concomitant cytokine
release, complicates the assessment of the specific
effects that ischemia per se may exert on antioxidant
enzymes. In recent preliminary communications by
Heads et al. (15, 16), an increase in the activities of both
Cu-Zn SOD and Mn SOD, without changes in protein
content, was reported in open-chest rabbits precondi-
tioned 24 h earlier with four 5-min occlusions. The
difference between these findings and our present
results may be due to the different PC protocols, to the
aforementioned effects of the open-chest preparation,
or to the method used by Heads et al. (15, 16) to
measure SOD activity (in-gel zymography).

Besides in vivo ischemia, a number of manipulations
have been reported to induce delayed modulation of
antioxidant enzymes. Using a model of late PC in
neonatal rat myocytes subjected to hypoxia and reoxy-
genation, Yamashita et al. (47) found evidence that the
increased resistance to hypoxic injury 24 h after PC
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was mediated by induction of Mn SOD. In a model of PC
in isolated adult rat myocytes, Zhou et al. (48) reported
that the activity of Mn SOD was augmented both early
(2 h) and late (24 h) after exposure to two brief (5 min)
bouts of anoxia; this increase was associated with
augmented resistance to a 60-min anoxic insult. An
increase in the activity of antioxidant enzymes (Mn
SOD, Cu-Zn SOD, catalase, GSH peroxidase, G-6-P
dehydrogenase) has also been reported at 24—72 h after
pharmacological PC with interleukin-1 (27) and endo-
toxin (28) in rats and with amphetamine in pigs (26). It
is not possible to directly compare the effects of isch-
emic PC and of pharmacological agents on antioxidant
enzymes. Furthermore, the differences between the
experimental models used in these studies [cultured
cardiomyocytes (47, 48), isolated rat hearts (27, 28), or
isolated pig hearts subjected to 60 min of LAD occlusion
and cardioplegic arrest (26)] and the model used in the
present study (conscious pigs) preclude comparisons of
the results. The effects of oxidative stress in isolated
cell models have been conflicting. For example, Lu etal.
(23) found that exposure to H,O, induced an increase in
the activities of SOD, catalase, and GSH peroxidase
18 h later in bovine vascular endothelial cells. In
contrast, Wiese et al. (45) recently reported that expo-
sure of various mammalian cell lines to relatively low
doses of H,0, results in markedly increased resistance
to an H,0O, challenge several hours later and that this
adaptation to oxidative stress is not associated with
any significant increase in the activity of classic antioxi-
dant enzymes, such as Cu-Zn SOD, Mn SOD, catalase,
or GSH peroxidase.

Antioxidant hypothesis. The hypothesis that late PC
against myocardial stunning is mediated by increased
antioxidant defenses has gained widespread support,
because it is predicated on a number of pertinent
considerations. First, there is convincing evidence that
myocardial stunning is caused in part by the genera-
tion of ROS during reperfusion (2). Thus it would seem
reasonable to hypothesize that protection against stun-
ning could be due to increased antioxidant capacity.
Second, as discussed above, previous studies in open-
chest dogs (18) and rabbits (15, 16) have concluded that
ischemic PC induces Mn SOD 24 h later, which is
associated with increased resistance to myocardial
infarction (20, 25). Third, oxidative stress is known to
upregulate antioxidant enzymes in a variety of biologi-
cal systems (6, 14, 33, 34, 36, 37, 44, 46), including the
heart (10, 31). Because reperfusion after brief ischemia
is associated with a burst of ROS generation (2, 4, 21), it
seems plausible to speculate that this increased oxida-
tive stress could lead to an increase in antioxidant
defenses in the myocardium. Fourth, administration of
endotoxin or interleukin-1 (which are thought to gener-
ate ROS) has been shown to result in upregulation of
myocardial antioxidant enzymes (7, 8, 27, 28) concomi-
tant with increased myocardial resistance to ischemia-
reperfusion injury. Finally, the fact that late PC against
stunning requires >6 h to develop and disappears
between 3 and 6 days thereafter (40) strongly suggests
that it is mediated by the synthesis of cardioprotective
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proteins (such as antioxidant enzymes), which are then
degraded over the next few days.

Our present results, however, clearly (and unexpect-
edly) demonstrate that late PC against stunning is not
associated with increased antioxidant defenses. These
results do not rule out the possibility that different PC
protocols [such as the four 5-min occlusions used by
Hoshida et al. (18)] may result in increased antioxidant
defenses. Our data, however, clearly demonstrate that
a PC protocol that induces powerful protection against
stunning 24 h later is not associated with increased
antioxidant defenses. This indicates that the mecha-
nism for the protection against stunning does not
involve changes in antioxidant levels. Accordingly, other
mechanisms (e.g., the induction of other cardioprotec-
tive proteins) must be responsible for this phenomenon.

Our finding that antioxidant defenses are not upreg-
ulated during late PC does not contradict the notion
that ROS mediates stunning for the following reasons:
1) ROS are not the sole culprit in the genesis of
myocardial stunning (2); 2) because the generation of
ROS after reperfusion is closely related to the severity
of the antecedent ischemia (4), any cellular adaptation
that alleviates the severity of ischemia would be ex-
pected to diminish the intensity of ROS generation
after reperfusion and thereby alleviate ROS-induced
damage (2, 4); and 3) it seems plausible that ROS
generation initiates a cascade of reactions that culmi-
nates in the damage of critical cellular targets (2). In
theory, the cellular adaptations associated with late PC
may protect these targets without interfering with the
upstream ROS-initiated reactions.

Potential limitations. We cannot rule out the possibil-
ity that in this study a transient upregulation of
antioxidant enzymes may have occurred soon after the
PC stimulus and disappeared by 24 h. If this were the
case, however, the time course of the increase in
antioxidant defenses would be unrelated to the time
course of the protection, since, in this model, late PC
against stunning is only partially manifest at 12 h after
the initial ischemic challenge and achieves full expres-
sion at 24 and 72 h (40). Thus an upregulation of
antioxidant defenses that resolves by 24 h after the
ischemic stimulus could not be construed as the mecha-
nism of late PC against stunning.

The transmural distribution of antioxidant enzymes
was not assessed in this study. In principle, it is possi-
ble that changes limited to the subendocardium (the
most ischemic layer) may have been obfuscated by the
dilutional effect produced by the transmural sampling.
In the aforementioned study by Hoshida et al. (18) in
dogs, however, the activity of Mn SOD increased both in
the subendocardium (+29%) and in the subepicardium
(+24%). Because the transmural gradient of collateral
perfusion is less in the porcine heart compared with
that in the canine heart, it seems unlikely that a selec-
tive upregulation of antioxidant enzymes would occur
in the former but not in the latter. Furthermore, pre-
vious studies using transmural sampling in pigs (12, 26)
were able to detect an increase in antioxidant enzymes.

It could be argued that an increase in antioxidant
defenses is unlikely to play a role in late PC against
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myocardial stunning in the pig, because the porcine
heart lacks xanthine oxidase (30, 32). This argument,
however, is refuted by the fact that we did observe a
marked attenuation of myocardial stunning with anti-
oxidant therapy in conscious pigs subjected to the same
coronary occlusion protocol employed in this study (ten
2-min coronary occlusions) (39), indicating that ROS do
play an important role in the pathogenesis of myocar-
dial stunning in the porcine heart and implying that
sources other than xanthine oxidase are responsible for
the formation of these species.

In conclusion, the present study demonstrates that,
in the conscious pig, late PC against myocardial stun-
ning is not associated with any appreciable increase in
the major enzymatic and nonenzymatic antioxidant
defenses. This finding, which is somewhat surprising
and contrary to our original expectations, indicates
that ischemic PC does not upregulate antioxidant
enzymes and that the increased resistance to ischemia-
reperfusion injury 24 h after PC in this model is
mediated by other, as yet undefined, mechanisms unre-
lated to an increase in endogenous antioxidant defenses.

We thank Gemma Wallis for excellent technical assistance.

This study was supported in part by National Heart, Lung, and
Blood Institute Grants RO1 HL-43151 and R01 HL-55757 (to R. Bolli)
and American Heart Association Kentucky Affiliate Grants KY
96-GB-31 (to X.-L. Tang) and KY 96-GB-32 (to Y. Qiu).

Address for reprint requests: R. Bolli, Div. of Cardiology, Univ. of
Louisville, Louisville, KY 40292.

Received 10 January 1997; accepted in final form 20 May 1997.

REFERENCES

1. Bergmeyer, H. U. Measurement of catalase activity. Biochem.
Z.327:255-258, 1955.

2. Bolli, R. Mechanism of myocardial “stunning.” Circulation 82:
723-738, 1990.

3. Bolli, R., Z. A. Bhatti, X.-L. Tang, Y. Qiu, Q. Zhang, Y. Guo,
and A. K. Jadoon. Evidence that late preconditioning against
myocardial stunning in conscious rabbits is triggered by the
generation of nitric oxide. Circ. Res. 81: 42-52, 1997.

4. Bolli, R., B. S. Patel, M. O. Jeroudi, E. K. Lai, and P. B.
McCay. Demonstration of free radical generation in “stunned”
myocardium of intact dogs with the use of the spin trap alpha-
phenyl N-tert-butyl nitrone. J. Clin. Invest. 82: 476-485, 1988.

5. Bolli, R.,, W. X. Zhu, J. I. Thornby, P. G. O’'Neill, and R.
Roberts. Time course and determinants of recovery of function
after reversible ischemia in conscious dogs. Am. J. Physiol. 254
(Heart Circ. Physiol. 23): H102—-H114, 1988.

6. Bowen, S. W,, and H. M. Hassan. Induction of the manganese-
containing superoxide dismutase in Escherichia coli is indepen-
dent of the oxidative stress (oxyR-controlled) regulon. J. Biol.
Chem. 263: 14808—14811, 1988.

7. Brown, J. M., M. A. Grosso, L. S. Terada, G. J. Whitman, A.
Banerjee, C. W. White, A. H. Harken, and J. E. Repine.
Endotoxin pretreatment increases endogenous myocardial cata-
lase activity and decreases ischemic-reperfused injury of isolated
rat hearts. Proc. Natl. Acad. Sci. USA 86: 2516-2520, 1989.

8. Brown, J. M., C. W. White, L. S. Terada, M. A. Grosso, P. F.
Shanley, D. W. Mulvin, A. Banerjee, G. J. Whitman, A. H.
Harken, and J. E. Repine. Interleukin-1 pretreatment de-
creases ischemia/reperfusion injury. Proc. Natl. Acad. Sci. USA
87:5026-5030, 1990.

9. Burton, G. W,, A. Webb, and K. U. Ingold. A mild, rapid, and
efficient method of lipid extraction for use in determining vita-
min E/lipid ratios. Lipids 20: 29-39, 1985.

10. Cowan, D. B., R. D. Weisel, W. G. Williams, and D. A. Mickle.
The regulation of glutathione peroxidase gene expression by
oxygen tension in cultured human cardiomyocytes. J. Mol. Cell.
Cardiol. 24: 423-433, 1992.



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

ANTIOXIDANTS AND LATE PRECONDITIONING AGAINST STUNNING

Das, D. K., R. M. Engelman, and Y. Kimura. Molecular
adaptation of cellular defences following preconditioning of the
heart by repeated ischaemia. Cardiovasc. Res. 27: 578-584,
1993.

Das, D. K., M. R. Prasad, D. Lu, and R. M. Jones. Precondition-
ing of heart by repeated stunning. Adaptive modification of anti-
oxidative defense system. Cell. Mol. Biol. (Oxf.) 38: 739-749, 1992.
Flohe, L., and W. A. Gunzler. Assays of glutathione peroxidase.
Methods Enzymol. 105: 114-121, 1984.

Frank, L., J. Yam, and R. J. Roberts. The role of endotoxin in
protection of adult rats from oxygen-induced lung toxicity. J.
Clin. Invest. 61: 269-275, 1978.

Heads, R. J., G. F. Baxter, D. S. Latchman, and D. M. Yellon.
Delayed protection in rabbit heart following ischemic precondi-
tioning is associated with modulation of HSP 27 and superoxide
dismutase at 24 hours (Abstract). J. Mol. Cell. Cardiol. 27: A163,
1996.

Heads, R. J., G. F. Baxter, and D. M. Yellon. Changes in the
activity of SOD and subcellular distribution of HSP 70 and HSP
27 during delayed ischemic preconditioning in rabbit heart
(Abstract). J. Mol. Cell. Cardiol. 27: A31, 1996.

Hissin, P. J., and R. Hilf. A fluorometric method for determina-
tion of oxidized and reduced glutathione in tissues. Anal. Bio-
chem. 74:214-226, 1976.

Hoshida, S., T. Kuzuya, H. Fuji, N. Yamashita, H. Oe, M.
Hori, K. Suzuki, N. Taniguchi, and M. Tada. Sublethal
ischemia alters myocardial antioxidant activity in canine heart.
Am. J. Physiol. 264 (Heart Circ. Physiol. 33): H33—-H39, 1993.
Housset, B., and A. F. Junod. Effects of culture conditions and
hyperoxia on antioxidant enzymes in pig pulmonary artery and
aortic endothelium. Biochim. Biophys. Acta 716: 283—-289, 1982.
Kuzuya, T., S. Hoshida, N. Yamashita, H. Fuji, H. Oe, M.
Hori, T. Kamada, and M. Tada. Delayed effects of sublethal
ischemia on the acquisition of tolerance to ischemia. Circ. Res.
72:1293-1299, 1993.

Li, X. Y., P. B. McCay, M. Zughaib, M. O. Jeroudi, J. F.
Triana, and R. Bolli. Demonstration of free radical generation
in the “stunned” myocardium in the conscious dog and identifica-
tion of major differences between conscious and open-chest dogs.
J. Clin. Invest. 92: 1025-1041, 1993.

Lowry, O. H., N. J. Rosebrough, A. L. Farr, and R. J.
Randall. Protein measurement with the Folin phenol reagent. J.
Biol. Chem. 193: 265-275, 1951.

Lu, D., N. Maulik, I. I. Moraru, D. L. Kreutzer, and D. K.
Das. Molecular adaptation of vascular endothelial cells to oxida-
tive stress. Am. J. Physiol. 264 (Cell Physiol. 33): C715-C722,
1993.

Maldonado, C., Y. Qiu, X.-L. Tang, M. V. Cohen, S. Manchi-
kalapudi, J. Auchampach, and R. Bolli. Role of adenosine
receptors in late preconditioning against myocardial stunning in
conscious rabbits. Am. J. Physiol. 273 (Heart Circ. Physiol. 42):
H1324-H1332, 1997.

Marber, M. S., D. S. Latchman, J. M. Walker, and D. M.
Yellon. Cardiac stress protein elevation 24 hours after brief
ischemia or heat stress is associated with resistance to myocar-
dial infarction. Circulation 88: 1264—1272, 1993.

Maulik, N., R. M. Engelman, Z. Wei, X. Liu, J. A. Rousou,
J. E. Flack, D. W. Deaton, and D. K. Das. Drug-induced
heat-shock preconditioning improves postischemic ventricular
recovery after cardiopulmonary bypass. Circulation 92, Suppl.
11: 1138111388, 1995.

Maulik, N., R. M. Engelman, Z. Wei, D. Lu, J. A. Rousou, and
D. K. Das. Interleukin-1 alpha preconditioning reduces myocar-
dial ischemia reperfusion injury. Circulation 88: 387-394, 1993.
Maulik, N., M. Watanabe, D. Engelman, R. M. Engelman,
V. E. Kagan, E. Kisin, V. Tyurin, G. A. Cordis, and D. K. Das.
Myocardial adaptation to ischemia by oxidative stress induced by
endotoxin. Am. J. Physiol. 269 (Cell Physiol. 38): C907—-C916, 1995.
McCord, J. M., and I. Fridovich. Superoxide dismutase. An
enzymic function for erythrocuprein (hemocuprein). J. Biol.
Chem. 244: 6049-6055, 1969.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45,

46.

47.

48.

H1657

Muxfeldt, M., and W. Schaper. The activity of xanthine oxidase
in heart of pigs, guinea pigs, rabbits, rats, and humans. Basic
Res. Cardiol. 82: 486-492, 1987.

Oberley, L. W, D. K. St. Clair, A. P. Autor, and T. D. Oberley.
Increase in manganese superoxide dismutase activity in the
mouse heart after X-irradiation. Arch. Biochem. Biophys. 254:
69-80, 1987.

Podzuweit, T., W. Braun, A. Muller, and W. Schaper. Arrhyth-
mias and infarction in the ischemic pig heart are not mediated by
xanthine oxidase-derived free oxygen radicals. Basic Res. Car-
diol. 82: 493-505, 1987.

Privalle, C. T.,, W. F. Beyer, Jr., and I. Fridovich. Anaerobic
induction of ProMn-superoxide dismutase in Escherichia coli. J.
Biol. Chem. 264: 2758-2763, 1989.

Richter, H. E., and P. C. Loewen. Induction of catalase in
Escherichia coli by ascorbic acid involves hydrogen peroxide.
Biochem. Biophys. Res. Commun. 100: 1039-1046, 1981.

Roe, J. H., and C. A. Kuether. The determination of ascorbic
acid in whole blood and urine through the 2,4-dinitrophenylhydra-
zine derivative of dehydroascorbic acid. J. Biol. Chem. 147:
399-407, 1943.

Steinberg, H., R. A. Greenwald, S. A. Moak, and D. K. Das.
The effect of oxygen adaptation on oxyradical injury to pulmo-
nary endothelium. Am. Rev. Respir. Dis. 128: 94-97, 1983.
Stevens, J. B., and A. P. Autor. Induction of superoxide
dismutase by oxygen in neonatal rat lung. J. Biol. Chem. 252:
3509-3514, 1977.

Sun, J.Z., X. L. Tang, A. A. Knowlton, S. W. Park, Y. Qiu, and
R. Bolli. Late preconditioning against myocardial stunning. An
endogenous protective mechanism that confers resistance to
postischemic dysfunction 24 h after brief ischemia in conscious
pigs. J. Clin. Invest. 95: 388-403, 1995.

Sun,J.Z, X.L.Tang, S. W. Park, Y. Qiu, J. F. Turrens, and R.
Bolli. Evidence for an essential role of reactive oxygen species in
the genesis of late preconditioning against myocardial stunning
in conscious pigs. J. Clin. Invest. 97: 562-576, 1996.

Tang, X. L., Y. Qiu, S. W. Park, J. Z. Sun, A. Kalya, and R.
Bolli. Time course of late preconditioning against myocardial
stunning in conscious pigs. Circ. Res. 79: 424—434, 1996.
Triana, J. F, X.Y. Li, U. Jamaluddin, J. I. Thornby, and R.
Bolli. Postischemic myocardial “stunning.” Identification of ma-
jor differences between the open-chest and the conscious dog and
evaluation of the oxygen radical hypothesis in the conscious dog.
Circ. Res. 69: 731-747, 1991.

Turrens, J. F., J. Thornton, M. L. Barnard, S. Snyder, G.
Liu, and J. M. Downey. Protection from reperfusion injury by
preconditioning hearts does not involve increased antioxidant
defenses. Am. J. Physiol. 262 (Heart Circ. Physiol. 31): H585—
H589, 1992.

Warner, B., R. Papes, M. Heile, D. Spitz, and J. Wispe.
Expression of human Mn SOD in Chinese hamster ovary cells
confers protection from oxidant injury. Am. J. Physiol. 264 (Lung
Cell. Mol. Physiol. 8): L598-L605, 1993.

White, C. W,, P. Ghezzi, C. A. Dinarello, S. A. Caldwell, I. F.
McMurtry, and J. E. Repine. Recombinant tumor necrosis
factor/cachectin and interleukin-1 pretreatment decreases lung
oxidized glutathione accumulation, lung injury, and mortality in
rats exposed to hyperoxia. J. Clin. Invest. 79: 1868—1873, 1987.
Wiese, A. G., R. E. Pacifici, and K. J. Davies. Transient
adaptation of oxidative stress in mammalian cells. Arch. Bio-
chem. Biophys. 318: 231-240, 1995.

Wong, G. H., and D. V. Goeddel. Induction of manganous
superoxide dismutase by tumor necrosis factor: possible protec-
tive mechanism. Science 242: 941-944, 1988.

Yamashita, N., M. Nishida, S. Hoshida, T. Kuzuya, M. Hor,
N. Taniguchi, T. Kamada, and M. Tada. Induction of manga-
nese superoxide dismutase in rat cardiac myocytes increases
tolerance to hypoxia 24 hours after preconditioning. J. Clin.
Invest. 94: 2193-2199, 1994.

Zhou, X., X. Zhai, and M. Ashraf. Direct evidence that initial
oxidative stress triggered by preconditioning contributes to
second window of protection by endogenous antioxidant enzyme
in myocytes. Circulation 93: 1177-1184, 1996.



