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Abstract We tested the hypothesis that pressure overload
exacerbates oxidative stress associated with augmented
mitochondrial permeability transition (MPT) pore opening
and cell death in ischemic-reperfused hearts. Pressure
overload decreased the level of reduced glutathione but
increased nitrotyrosine and 8-hydroxydeoxyguanosine
levels in ischemic-reperfused hearts. The activity of cata-
lase, but not superoxide dismutase (SOD), was lower in
ischemic-reperfused hearts perfused at higher pressure.
Mitochondria from ischemic-reperfused hearts subjected to
higher perfusion pressure displayed significantly greater
[*H]-2-deoxyglucose-6-P entrapment suggestive of greater
MPT pore opening and consistent with greater necrosis and
apoptosis. Tempol (SOD mimetic) reduced infarct size in
both groups but it remained greater in the higher pressure
group. By contrast, uric acid (peroxynitrite scavenger)
markedly reduced infarct size at higher pressure, effec-
tively eliminating the differential between the two groups.
Inhibition of xanthine oxidase, with allopurinol, reduced
infarct size but did not eliminate the differential between
the two groups. However, amobarbital (inhibitor of mito-
chondrial complex I) or apocynin [inhibitor of NAD(P)H
oxidase] reduced infarct size at both pressures and also
abrogated the differential between the two groups. Con-
sistent with the effect of apocynin, pressure-overloaded
hearts displayed significantly higher NAD(P)H oxidase
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activity. Furthermore, pressure-overloaded hearts displayed
increased nitric oxide synthase activity which, along with
increased propensity to superoxide generation, may
underlie uric acid-induced cardioprotection. In conclusion,
increased oxidative and nitrosative stress, coupled with
lack of augmented SOD and catalase activities, contributes
importantly to the exacerbating impact of pressure over-
load on MPT pore opening and cell death in ischemic-
reperfused hearts.
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Introduction

Reactive oxygen species (ROS) play important roles in
various normal cellular processes as well as pathologies.
Indeed, excessive ROS generation is a critical event con-
tributing to cell death in ischemic-reperfused hearts [10,
12, 16, 27, 35, 39]. The relative importance of ROS during
ischemia and reperfusion has been the subject of intense
investigation. Some studies suggest that during the ische-
mic phase, low levels of ROS are generated which can
damage the electron transport chain thereby causing inef-
ficient transfer of electrons with consequent increase in
ROS generation. This aspect becomes particularly impor-
tant with the availability of oxygen during early reperfu-
sion of the myocardium thereby contributing to a large
burst of ROS which plays a pivotal role in the genesis of
reperfusion-induced injury [7, 12, 16, 21, 27, 28, 31, 39].
Important myocardial sources of ROS (e.g., superoxide)
during reperfusion include the mitochondrial respiratory
chain distal to complex I (NADH dehydrogenase), xanthine
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oxidase and NAD(P)H oxidase [27, 39]. It is noteworthy
that although the myocardium possesses endogenous anti-
oxidant defenses, such as the superoxide dismutase (SOD)
and catalase, these mechanisms are usually overwhelmed
following ischemia and reperfusion. In turn, these condi-
tions are conducive to the interaction of superoxide with
nitric oxide to produce the potent oxidant, peroxynitrite
[31]. Consequently, exacerbated oxidative and nitrosative
stress serves as a major trigger for the mitochondrial per-
meability transition (MPT) pore opening and subsequent
cell death primarily via necrosis [4-7, 12, 14, 16, 21, 27,
28, 31, 39].

Our previous demonstration of load-dependency of
myocardial ischemia reperfusion (IR) injury indicates that
pressure overload favors pathways that promote cell death
[24-26]. However, the association between pressure over-
load and ROS generation in relation to myocardial IR
injury has not been explored. Since increased ROS gener-
ation is a key determinant of cell death following myo-
cardial IR insult [6, 7, 10, 12, 14, 16, 21, 27, 28, 31, 39], we
tested the hypotheses that (a) pressure overload exacerbates
oxidative stress and (or) reduces the ability to scavenge
ROS, (b) pressure overload-induced exacerbation of oxi-
dative stress promotes greater MPT pore opening thereby
worsening cell death via both necrosis and apoptosis and
(c) inhibitors of ROS generation or the availability of ROS
scavengers causes greater cardioprotection in hearts sub-
jected to higher pressure. Accordingly, we determined the
levels of several indicators of oxidative stress in associa-
tion with activities of scavenging enzymes, catalase and
SOD, in ischemic-reperfused rat hearts subjected to low
and high perfusion pressures. Assessment of MPT pore
opening in the isolated heart was achieved using mito-
chondrial entrapment of [3H]-2-deoxyg1ucose-6-P ([3H]-
2D0OG-6P) protocol [2, 15], while a flow cytometry-based
assay was used for determination of apoptosis and necrosis.
In addition, we examined the impact of pharmacological
agents that either scavenge ROS (tempol and uric acid) [17,
22, 34] or inhibit their generation via complex I (amobar-
bital) [8, 32], xanthine oxidase (allopurinol) [39] and
NAD(P)H oxidase (apocynin) [21] on infarct size in hearts
subjected to low and high perfusion pressures.

Methods
Animals
Male Sprague-Dawley rats (9-11 weeks of age) were
purchased from Harlan Laboratories (Indianapolis, IN).
The use of animals for this study was approved by the

Animal Care and Use Committee of the Medical College of
Georgia.
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Heart perfusion and determination of oxidative stress
indicators

For all isolated heart perfusion experiments, the animals
were heparinized (1,000 U/kg; i.p.), decapitated and hearts
removed for perfusion on a Langendorff apparatus. The
perfusion medium was standard Krebs—Henseleit (KH)
buffer containing 11 mM glucose and equilibrated with
95% 0,—5% CO, at 37°C [24-26]. The perfusion pressure
was set at either 80 or 160 cmH,0O during the ischemia
reperfusion protocol; these values correspond to about 60
and 120 mmHg, respectively [24-26].

The experimental protocols used in this investigation are
summarized in Fig. 1. For determination of tissue levels and
activities of indices of oxidative stress, hearts were sub-
jected to the global model of IR insult. Accordingly, fol-
lowing 25 min of stabilization and 40 min of global
ischemia, each heart was reperfused for 5 or 15 min fol-
lowed by snap freezing in liquid nitrogen and kept at —80°C
until assayed; hearts which were not subjected to the IR
protocol served as normoxic controls. Tissue samples were
then pulverized and used for assessment of reduced gluta-
thione level and activities of SOD and catalase using
commercially available kits (Cayman Chemical Company,
Ann Arbor, Michigan). Tissue nitrotyrosine (as a stable
footprint of oxidative stress) levels were determined using
the slot blot analysis as described previously [23]. On the
other hand, tissue 8-hydroxydeoxyguanonse (8-OHdG), as
an index of oxidative DNA damage, was measured using an
ELISA kit following manufacturer’s instruction (Northwest
Life Science Specialties, LLC; Vancouver, WA) [23].

Myocardial NAD(P)H oxidase and nitric oxide synthase
(NOS) activities were determined as described previously
[20, 33]. Accordingly, the myocardial tissue was pulverized
and placed in ice-cold homogenization buffer [vol/wt ratio
10; 50 mmol/L. Tris—-HCI (pH 7.4), 0.1 mmol/L. EDTA,
0.1 mmol/L EGTA, 250 mmol/L sucrose and 10% glycerol]
in the presence of protease inhibitors (1 mmol/L PMSF,
2 pumol/L leupeptin, 1 pmol/L pepstatin A, and 0.1% apro-
tinin). The tissue was homogenized on ice with a glass—
Teflon homogenizer (15 strokes). Protein concentration was
determined by standard Bradford assay (Bio-Rad). Myo-
cardial NAD(P)H oxidase activity was measured by deter-
mining NAD(P)H-dependent superoxide production, in the
presence and absence of tempol (10 mM), using the
enhanced chemiluminescence technique as described pre-
viously [20]. On the other hand, total NOS activity was
determined in the heart homogenates based on the rate of
L-[*H] citrulline formation from L-[°H] arginine and defined
as [3H] arginine to [3H] citrulline conversion inhibited by the
nonselective NOS inhibitor, Nw-nitro-L-arginine (LNNA,
1 mmol/L). Aliquots of heart homogenates were incubated
with [3H] arginine (10 puM final arginine, 71 Ci/mmol) in the
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Fig. 1 Diagram illustrating I. Global Model of Ischemia-Reperfusion:
experimental protocols A.Use of indicators of oxidative stress — - -
described in detail under B. Assessment of apoptosis and necrosis Stabilization Ischemia Reperfusion
Methods. [°H]-2DOG: [°H]-2- (# Ischemia-Reperfusion; perfusion pressure| (25 min) {40 min) (5 or 15 min)
deoxyglucose of 80 and 160 cm H,0)
1. Global Model of Ischemia-Reperfusion:
(A;:\s;essme:tofiTP‘!'pore °;_’E’_"i"3 [*H}-2D0G (15 min); Ischemia Reperfusion
% Ischemia-Reperfusion; perfusion pressure | "washout {10 min) 2 <
of 80 and 160 cm H,0) i8lmin) {5 or 15 min)
lll. Regional Model of Ischemia-Reperfusion:
Infarct size studies:
A. Control Stabilization Ischemia Reperfusion
(Perfusion pressure of 80 and 160 cm H,0) (25 min) (40 min) {2 hr)
B.Drug treatment Stabilization Ischemia Reperfusion
(Perfusion pressure of 80 and 160 cm H,0) {25 min) {40 min) {2hr)
€ — - - >
Tempol, uric acid, allopurinol or apocynin
C. Amobarbital treatment Stabilization Ischemia Reperfusion
(Perfusion pressure of 80 and 160 cm H,0) {25 min) (40 min) (2 hr)
Amobarbital: mn m

presence of 1| mM NADPH, 30 nM calmodulin, 3 pM tet-
rahydrobiopterin, 2 mM CaCl,, 1 pM FAD, and 1 pM FMN
in a final volume of 50 pl for 30 min at room temperature.
The remainder of the assay was done as recently described
[33].

Assessment of MPT pore opening

The induction of MPT pore opening, with ensuing cell
death, occurs during the initial few minutes of reperfu-
sion and the novel technique of mitochondrial entrapment
of [PH]-2DOG-6P allows direct assessment of MPT pore
opening and subsequent closure in the isolated perfused
heart; [’H]-2DOG-6P is a metabolite of [*H]-2-deoxy-
glucose ([*H]-2DOG) which remains exclusively in the
cytosol unless MPT pore opens [2, 15]. Accordingly, in
the pre-ischemic stabilization phase, hearts were perfused
with KH buffer containing 0.1 nCi/ml of [3H]-2DOG for
15 min followed by a 10-min washout of extracellular
[PH]-2DOG. This was followed by 40 min of global
ischemia and 15 min of reperfusion. Hearts which were
not subjected to the IR protocol served as normoxic
controls. Thereafter, hearts were minced and homoge-
nized in buffer containing 250 mM sucrose, 10 mM Tris
pH 7.4 and 1 mM EDTA using a dounce homogenizer;
mitochondrial pellet was recovered following sequential
centrifugation and assayed for [*H] and citrate synthase
(Sigma-Aldrich); whole homogenate was also assayed for
radioactivity. Mitochondrial entrapment of [3H]-2DOG—
6P was expressed as (mitochondrial [*H] dpm per unit
citrate synthase)/(total heart [3H] dpm/g wet wt.) X 10°
[2, 15].

Assessment of cell necrosis and apoptosis

At the end of global IR protocol (40 min ischemia and
15 min reperfusion), hearts were perfused with KH buffer
containing 100 units/ml of collagenase II (2 ml/min for
5 min; Sigma-Aldrich); hearts which were not subjected
to the IR protocol served as normoxic controls. Addi-
tional hearts were treated with apocynin [100 pM as an
NAD(P)H oxidase inhibitor] during the IR protocol to
determine its effect on cell death via necrosis and apoptosis
[21]. Thereafter, the hearts were transferred to KH buffer
containing 400 units/ml of collagenase II and incubated at
37°C for 40 min [13]. Subsequently, hearts were made into
a single-cell suspension and centrifuged at 1500 rpm for
10 min. This was followed by determination of cell
necrosis by propidium iodide fluorescence and assessment
of apoptosis by the terminal deoxynucleotidyl transferase-
mediated dUTP nick end-labeling (TUNEL) assay; these
protocols were carried out using flow cytometry [FAC-
SCalibur machine (BD Biosciences, Mountain View, CA)]
and the APO-BRDU kit (Phoenix Flow System), following
manufacturer’s protocols [3, 19].

Infarct size studies

For infarct size studies, the regional model (i.e., coronary
ligation) of IR injury using the Langendorff perfused heart
was employed [24-26]. In brief, after a 25-min stabiliza-
tion period, each heart was subjected to 40 min of regional
ischemia followed by 2 h of reperfusion (Fig. 1). Accord-
ingly, the perfusion buffer contained either no drug (con-
trol) or one of the following agents: tempol (1 mM as a
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SOD mimetic) [17, 22], uric acid (100 pM as a peroxyni-
trite scavenger) [34], allopurinol (1 mM as a xanthine
oxidase inhibitor) [39], amobarbital (2.5 mM as an inhib-
itor of NADH dehydrogenase distal to mitochondrial
complex I) [8, 32] or apocynin (100 pM) [21]. Infarct size
was expressed as the ratio of infarcted zones (lacking
staining with tetrazolium) to risk zones (excluding zinc
cadmium particles), which were determined by computer-
ized planimetry [24-26]. Cardiac function was measured
with a pressure transducer by inserting a 23 gauge needle
through the ventricular wall; the pressure transducer was
connected to a computerized heart performance analyzer
(MicroMed, Louisville, KY); rate-pressure-product was
calculated as an index of myocardial work [25, 26]. Also
determined were indices of myocardial contractility and
relaxation (maximum = dP/dr) [25, 26]. Since amobarbital
reduces myocardial function, data prior to its administra-
tion were recorded as baseline values.

Statistics

Data are expressed as mean = SEM. Data were analyzed
using the analysis of variance for comparison of multiple
groups followed by Duncan’s post hoc test to establish
significance (p < 0.05).

Results

Ischemia reperfusion insult was associated with decreased
myocardial level of reduced glutathione but increased
nitrotyrosine and 8-OHdG levels compared to those not
subjected to the IR protocol (i.e., normoxic hearts; Fig. 2a—
c¢). In hearts subjected to 40 min of global ischemia fol-
lowed by 15 min of reperfusion, high perfusion pressure
resulted in significantly lower levels of reduced glutathione
but higher levels of nitrotyrosine and 8-OHdG relative to
those perfused at lower pressure (Fig. 2a—c). In order to
determine whether exacerbated oxidative stress in pres-
sure-overloaded hearts is associated with decreased ability
to scavenge superoxide and hydrogen peroxide, the acti-
vities of SOD and catalase were measured in hearts sub-
jected to 40 min of global ischemia followed by 5 or
15 min of reperfusion. As shown in Fig. 3a, the activity of
SOD was similar in hearts subjected to either low or high
pressure. On the other hand, hearts subjected to the lower,
but not higher, perfusion pressure displayed mild, albeit
significant, increases in catalase activity following 5 and
15 min of reperfusion (Fig. 3b). As a result, a mild, albeit
significant, differential in catalase activity was detectable
between the 15-min reperfused hearts.

Oxidative stress is a major trigger for MPT pore opening
and subsequent cell death via apoptosis and necrosis.
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Fig. 2 Bar graphs showing tissue levels of reduced glutathione
(GSH; panel a), nitrotyrosine (panel b) and 8-hydroxydeoxyguano-
sine (8-OHdG; panel ¢) in normoxic control and ischemic-reperfused
hearts that were subjected to low (80 cmH,0) and high (160 cmH,0)
perfusion pressures. Nitrotyrosine level is expressed as the percent of
the respective lower pressure group and representative bands are
shown for each group. Data represent mean + SEM of n = 5-7
hearts/group for normoxic hearts and n = 8-10 hearts/group for
ischemic-reperfused hearts. *p < 0.05 compared to their counterparts
at the lower perfusion pressure. *p < 0.05 compared to their normoxic
counterparts

Consistent with this notion, mitochondrial entrapment of
[PH]-2DOG-6P was significantly increased in ischemic-
reperfused than normoxic hearts; further, mitochondrial
[’H]-2DOG-6P uptake was also significantly greater for
ischemic-reperfused hearts at the higher pressure (Fig. 4).
In order to establish the impact of greater induction of
MPT pore opening in pressure-overloaded hearts on cell
necrosis and apoptosis, a flow cytometry-based assay was
employed. Accordingly, cell necrosis was determined by
propidium iodide staining while apoptosis relied on label-
ing of 3-hydroxyl ends of single- or double-stranded DNA
breaks. As shown in Fig. 5, an IR insult significantly
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Fig. 3 Bar graphs showing tissue activities of superoxide dismutase
(SOD; panel a) and catalase (panel b) in normoxic control hearts
(n = 8 hearts/group) or hearts subjected to ischemia (40 min) and
reperfusion (either 5 or 15 min; n = 4 or 8 hearts/group, respectively)
at low (80 cmH,0) and high (160 cmH,0) perfusion pressures. Data
represent mean = SEM. *p < 0.05 compared to their normoxic
counterparts. *p < 0.05 compared to their lower pressure counterparts

increased necrotic and apoptotic cell death compared to
normoxic condition. However, pressure overload markedly
increased the contribution of both necrosis and apoptosis to
cell death in IR hearts, a finding consistent with a signifi-
cant increase in infarct size in hearts subjected to higher
pressure as described below [24-26].

We next determined the impact of several pharmaco-
logical agents that are known to either scavenge ROS or
inhibit their generation via pathways serving as important
sources of ROS production in ischemic-reperfused hearts.
Consistent with previous studies [24-26], pressure overload
was associated with significant increase in baseline rate-
pressure-product (RPP), an index of myocardial work, in all
groups (Fig. 6). However, treatment with tempol, allopuri-
nol or apocynin was associated with variable but significant
reductions in RPP at either low or high pressure; on the other
hand, uric acid did not affect RPP at either pressure (Fig. 6).

As shown in Fig. 7a, pressure overload caused signifi-
cant worsening of infarct size in vehicle-treated control
hearts. Treatment with tempol (SOD mimetic) resulted in a
similar and significant decrease in infarct size at either
high or low perfusion pressure. However, a significant

o
w 120 -pmgo ¢cmH,0

8‘ 100 | 72160 cmH,0 . #
D —~~

o 0

e 8

W_. ~—

= 2 60

2

g S 40

=g

8]

u 20

= 7

Normoxic Ischemic-reperfused

Fig. 4 Bar graphs showing mitochondrial entrapment of [°H]-
2DOG-6P (an index of MPT pore opening) in normoxic control
(n = 4 hearts/group) and ischemic-reperfused hearts subjected to low
(80 cmH,0; n=4) and high (160 cmH,0; n = 6) perfusion
pressure. Data represent mean = SEM. *p < 0.05 compared to their
counterparts at the lower perfusion pressure. *p < 0.05 compared to
their normoxic counterparts

differential in infarct size persisted between hearts sub-
jected to higher and lower pressures. By contrast, treatment
with uric acid (scavenger of peroxynitrite) was associated
with a significant reduction in infarct size of hearts that
were subjected to the higher pressure. Consequently, the
pressure-induced differential in infarct size was nearly
eliminated in hearts treated with uric acid. On the other
hand, treatment with allopurinol caused similar and sig-
nificant reductions of infarct size in hearts subjected to
either high or low perfusion pressure, resulting in a sig-
nificant differential in infarct size between the two groups.
However, perfusion of hearts with amobarbital or apocynin
reduced infarct size at either perfusion pressure, with
abrogation of pressure-related differential in infarct size
(Fig. 7, panel a). Subsequent flow cytometry-based studies
showed that treatment with apocynin markedly reduced
both necrosis and apoptosis in ischemic-reperfused hearts
(Fig. 5). It is noteworthy that the IR insult was associated
with significant reductions in functional recovery of the
pressure-overloaded hearts as determined by indices of
myocardial contractility and relaxation (maximum =+
dP/dt; range of 3743 vs. 8-10% for lower vs. higher
pressure groups, respectively; Fig. 7, panels b, c). Treat-
ment with pharmacological agents used in this study were
associated with greater recovery of pressure-overloaded
hearts [range of 20-30% (contractility) and relaxation
(20-25%)] thereby diminishing the pressure-related dif-
ferential of respective drug-treated groups (Fig. 7, panels b,
c; p > 0.05).

To further explore the impact of pressure overload on
NAD(P)H oxidase, we determined the activity of this
enzyme in hearts that were subjected to 40 min of global
ischemia and 15 min of reperfusion. As shown in Fig. §,
tissue generation of superoxide was significantly higher in
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Fig. 5 Flow cytometry analysis
of apoptosis and necrosis in
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hearts subjected to higher pressure. Inclusion of tempol in
the assay medium caused marked reductions in both of
these values and also abrogated the differential in super-
oxide generation between the hearts exposed to higher and
lower pressures (Fig. 8).

Finally, in light of increased nitrotyrosine levels and the
marked cardioprotective effect of uric acid in pressure-
overloaded ischemic-reperfused hearts, NOS activity was
measured in freeze-clamped hearts that were subjected to
40 min of ischemia and 15 min of reperfusion. As shown
in Fig. 9, ischemic-reperfused hearts perfused at the higher
pressure showed significant increase in NOS activity
compared to their lower pressure counterparts. Pressure
overload also tended to increase myocardial NOS activity
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in normoxic hearts although the change was not significant
(p = 0.0635).

Discussion

The main finding of the present study is that pressure
overload is associated with exacerbated oxidative and
nitrosative stress, greater MPT pore opening, apoptosis and
necrosis in ischemic-reperfused hearts. The pressure over-
load-induced exacerbation of infarct size was abrogated by
inhibition of mitochondrial complex I or NAD(P)H oxidase
or by scavenging of peroxynitrite. Collectively, the results
indicate that pressure overload is an important determinant
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and high (160 cmH,O) perfusion pressures, as described in “Meth-
ods” and summarized in Fig. 1. Data represent mean + SEM.
*p < 0.05 compared to their counterparts at the lower pressure.
#p < 0.05 compared to their control counterparts subjected to the
same pressure

of ROS generation, and subsequent cell death, in hearts
subjected to an IR insult.

Commonly used indicators of oxidative stress include
reduced glutathione, nitrotyrosine and 8-OHdG [23, 28,
31]. Thus, the decreased level of reduced glutathione but
increased nitrotyrosine and 8-OHdG levels is consistent
with the notion of greater oxidative and nitrosative stress
burden of pressure-overloaded ischemic-reperfused hearts.
Interestingly, however, neither SOD nor catalase activity
was greater in pressure-overloaded hearts; on the contrary,
pressure-overloaded hearts displayed a mild but significant
reduction in catalase activity. Clearly, the imbalance
between ROS generation and their scavenging underlies
exacerbated oxidative stress in pressure-overloaded hearts.

One noted consequence of oxidative and nitrosative
stress is opening of the MPT pore and subsequent cell
death by apoptosis and necrosis [5, 6, 12, 16]. Indeed, the
novel technique of [*H]-2DOG-6P entrapment allows
determination of MPT pore opening in the isolated hearts
[2, 15]. Accordingly, hearts perfused at a higher pressure
displayed greater mitochondrial entrapment of radioactiv-
ity than those perfused at a lower pressure. This finding is
consistent with previous indirect evidence for greater MPT
pore induction in pressure loaded hearts [24-26]. First,
cyclosporine A, an inhibitor of the MPT pore, causes
greater cardioprotection in hearts subjected to the higher
pressure [25, 26]. Second, inhibitors of glycogen synthase
kinase 35 (GSK-3p) exert greater infarct-sparing effects in
pressure-overloaded hearts [26]; GSK-3f has emerged as a
major regulator of the MPT pore [12, 16, 27]. Third,
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Fig. 7 Panel a shows infarct size, expressed as percent of risk zone,
of untreated control and drug-treated hearts subjected to low
(80 cmH,0) and high (160 cmH,0) perfusion pressures, as described
in Fig. 6. On the other hand, panels b and ¢ show percent recovery
(from baseline values) of myocardial contractility (maximum +dP/df)
and relaxation (maximum —dP/dr) of experimental groups following
40 min of ischemia and 2 h of reperfusion. Data represent mean +
SEM. *p < 0.05 compared to their counterparts at the lower pressure.
#p < 0.05 compared to their control counterparts at the same pressure

pressure overload is associated with reduced level of the
(ser-9) phosphorylated form of GSK-3f which is consid-
ered to be inactive and cardioprotective [24]. Although
necrosis is the major mode of cell death in the ischemic-
reperfused heart [16], the contribution of both necrosis and
apoptosis to cell death markedly increases at the higher
pressure. It is noteworthy that apoptotic and necrotic cell
death was markedly lower in normoxic hearts and apocy-
nin-treated ischemic-reperfused hearts at either pressure
thereby demonstrating the great potential of flow cytometry
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Fig. 8 Bar graphs showing myocardial NAD(P)H-dependent super-
oxide generation, in the presence and absence of tempol (10 mM), of
hearts subjected to low (80 cmH,0) and high (160 cmH,0) perfusion
pressures as described in “Methods” and summarized in Fig. 1. Data
represent mean + SEM of 6 hearts/group/condition. *p < 0.05 com-
pared to their counterparts at the lower pressure. *p < 0.05 compared
to their counterparts in the absence of tempol
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Fig. 9 Bar graphs showing myocardial nitric oxide synthase (NOS)
activity of normoxic and ischemic-reperfused hearts subjected to low
(80 cmH,0) and high (160 cmH,O) perfusion pressures as described
in Fig. 1. Data are mean £ SEM of 5-6 hearts/group/condition.
*p < 0.05 compared to their ischemic-reperfused counterparts or the
normoxic controls at the lower pressure

for studies focused on IR injury. Collectively, the data
point to the pivotal role for perfusion pressure as a major
determinant of cell death via both apoptosis and necrosis.
Thus, subsequent studies focused on assessment of the
relative contribution of major pathways that regulate ROS
generation in the ischemic-reperfused hearts subjected to
pressure overload.

Previous studies have led to the recognition that mito-
chondrial damage does occur during the ischemic phase of
IR injury and that the mitochondria sustain additional
damage during reperfusion [1, 18]. The importance of
ischemic mitochondrial damage is illustrated by the dem-
onstration that amobarbital treatment 1 min before the
ischemic phase causes a more profound reduction in infarct

@ Springer

size of isolated rat heart compared to its administration
during the first 5 min of reperfusion [8, 32]. We subjected
the hearts to amobarbital both immediately before the
ischemic phase and during early reperfusion in an attempt
to maximize its protective effects. Although this protocol
resulted in significant infarct-sparing effect in hearts sub-
jected to both low and high perfusion pressures, the
reduction in infarct size was greater for hearts subjected to
the higher pressure, suggesting a pressure-related pivotal
role for mitochondrial ROS generation via complex I.
However, it is noteworthy that amobarbital exerts other
effects which can potentially benefit the ischemic heart
upon reperfusion [8, 32]. These include increasing effi-
ciency of oxidative phosphorylation thereby favoring high-
energy phosphate production [8] and enhanced glycolysis
and persistent intracellular acidosis thereby decreasing
MPT pore opening and myocardial injury [32].

Another major finding of this study is the demonstration
that apocynin-induced inhibition of NAD(P)H oxidase also
abrogated pressure-related differential in infarct size.
Apocynin inhibits the binding of the cytosolic subunits of
NAD(P)H oxidase to the membrane-bound p22phox/Nox
subunits thereby preventing its activation; the importance of
NAD(P)H oxidase as a major contributor to superoxide
generation in the heart is well-recognized [31]. Our obser-
vations with apocynin suggest that pressure overload causes
greater activation of NAD(P)H oxidase thereby augmenting
superoxide production. This notion is supported by the
demonstration of increased NAD(P)H oxidase activity in
ischemic-reperfused hearts subjected to high pressure.
These findings are consistent with previous reports indicat-
ing that mechanical stress increases superoxide production,
likely through paracrine- and autocrine-induced release of
angiotensin II and subsequent activation of angiotensin II
receptor subtype 1 (AT R) [7, 25, 29]. It is noteworthy that
mechanical stress is also shown to activate ATR indepen-
dent of angiotensin Il release [38]. Since activation of AT|R
is linked to increased NAD(P)H oxidase activity, this pro-
vides a plausible explanation for both increased activity of
NAD(P)H oxidase activity and greater apocynin-induced
infarct-sparing effect in hearts subjected to pressure over-
load. This observation is supported by our previous dem-
onstration that treatment with the AT;R inhibitor,
candesartan, reduced infarct size in a pattern very similar to
apocynin [25]. Collectively, these results provide strong
support for the hypothesis that pressure overload augments
the AII/AT,R/NAD(P)H oxidase axis thereby exacerbating
oxidative stress and consequent worsening of IR injury.

Another source of ROS generation is the enzyme xan-
thine oxidase which acts upon hypoxanthine and xanthine,
products of ATP metabolism. Thus, substrate availability
(e.g., secondary to ischemia reperfusion insult) is a critical
determinant for the contribution of xanthine oxidase to ROS
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generation [39]. Moreover, ischemia promotes conversion
of xanthine dehydrogenase to xanthine oxidase thereby
increasing the contribution of this pathway to ROS gener-
ation [39]. Consistent with previous reports that inhibition
of xanthine oxidase reduces ROS generation and protects
against IR injury, allopurinol treatment caused significant
reduction in infarct size in hearts subjected to either high or
low pressure. Interestingly, however, the treatment did not
abrogate infarct size differential between the two groups.
One likely explanation may relate to the localization of
xanthine oxidase in the endothelium and the requirement of
transport of adenosine and inosine from the cardiomyocyte
to endothelial cells by the nucleotide transport system [39].
Indeed, it has been shown that inhibition of either adenosine
deaminase (i.e., enzyme converting adenosine to inosine) or
the nucleotide transporter protein effectively blocks free
radical generation [11, 39]. Therefore, the lack of greater
efficacy of allopurinol in pressure-overloaded hearts may
relate to interference with processes that are prerequisite for
substrate availability to xanthine oxidase. On the other
hand, unlike the cardiomyocytes, the contribution of
endothelial ROS generation by xanthine oxidase may not be
differentially affected by pressure overload.

We also examined whether scavenging of superoxide
and peroxynitrite would exert differential effects in pres-
sure-overloaded hearts. Consistent with previous reports
[22], the SOD mimetic tempol reduced infarct size in
hearts subjected to either low or high pressure although a
significant differential remained between the two groups.
Interestingly, however, uric acid, which is a potent scav-
enger of peroxynitrite [34], caused minimal effect on
infarct size at the lower pressure but markedly reduced
infarct size of hearts subjected to the higher pressure,
effectively abrogating infarct size differential between the
two groups. Several forms of SOD are known to exist;
MnSOD detoxifies superoxide generated by mitochondria
while Cu/ZnSOD and ecSOD scavenge cytoplasmic and
extracellularly generated superoxide. The availability of
superoxide for peroxynitrite generation depends on the
activities of the different forms of SOD [31]. It is suggested
that when intracellular generation of nitric oxide approa-
ches the levels of superoxide, more than half of the
superoxide will react with nitric oxide to produce the
potent oxidant peroxynitrite [31]. Interestingly, however,
neither the activity of SOD nor that of catalase was greater
in pressure-overloaded hearts; on the contrary, pressure-
overloaded hearts displayed a mild but significant reduc-
tion in catalase activity. Thus, it is likely that greater
generation of superoxide, coupled with the lack of upregu-
lation of scavenging enzymes, and increased nitric oxide
synthase activity in pressure-overloaded ischemic-reper-
fused hearts contributes to greater generation of perox-
ynitrite thereby providing a plausible explanation for the

relatively greater efficacy of uric acid to reduce infarct size.
While nitric oxide is generally cardioprotective [30], per-
missive conditions (e.g., pressure overload) which promote
peroxynitrite formation can elicit deleterious consequences
for the myocardium [28, 31, 39].

Our collective observations indicate that pressure over-
load exacerbates oxidative and nitrosative stress in the
ischemic-reperfused heart. Interestingly, ROS production in
cardiomyocytes [e.g., through NAD(P)H oxidase] can act to
further exacerbate oxidative stress in a process known as
ROS-induced-ROS generation and release. This phenome-
non is likely related to mitochondrial depolarization and
subsequent mitochondrial ROS release through the mito-
chondrial permeability transition (and the mitochondrial
inner membrane anion channel) [7, 12]. The generated ROS
can be released into the cytosol and trigger ROS-induced-
ROS generation and release in neighboring mitochondria
thereby establishing a positive feedback mechanism cul-
minating in exacerbated injury [12, 37]. Thus, the increased
ROS production in the pressure-overloaded hearts could be
both a cause and an effect of MPT pore opening.

Another noted finding of this study relates to the
reduction in baseline RPP in hearts that were treated with
pharmacological agents that modulate ROS levels, an
effect more prominent for tempol, allopurinol and apocy-
nin. It is important to note that while excessive ROS
generation (e.g., following an IR insult) is detrimental, low
levels of ROS are implicated in various physiological
processes [12, 39]. Indeed, increasing evidence implicate
ROS as an important determinant of myocardial contrac-
tility. For example, increased superoxide generation via
NAD(P)H oxidase is believed to contribute to the positive
inotropic effects of angiotensin II and endothelin-1 [9].
While the molecular mechanisms mediating the effect of
superoxide on cardiac contractility remain to be estab-
lished, ROS are known to modulate the activity of a
number of ion channels and transporters involved in car-
diomyocyte calcium regulation [36]. Our observation that
baseline RPP in the isolated heart was most affected by
agents that either scavenge superoxide (tempol) or prevent
its generation (apocynin and to a lesser degree allopurinol)
is in general agreement with increasing evidence impli-
cating superoxide in the regulation of calcium and myo-
cardial function [9, 36]. It is noteworthy that myocardial
functional recovery was generally improved in drug-treated
pressure-overloaded hearts although the effect was mild-
moderate. The lack of a marked beneficial impact on
functional recovery with agents that cause marked infarct-
sparing effects is consistent with previous observations [25,
26]. Likely explanations may relate to differences in
mechanisms regulating cell death and functional recovery,
the use of regional model of IR injury and the relatively
long durations of ischemia (40 min) and reperfusion (2 h).
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In conclusion, mitochondrial complex I and NAD(P)H

oxidase contribute importantly to exacerbated oxidative
stress in pressure-overloaded ischemic-reperfused hearts.
In addition, our previous studies established that calcium
overload contributes to the detrimental impact of pressure
overload on infarct size [25]. In turn, both oxidative stress
and calcium overload are major triggers for MPT pore
opening and subsequent cell death via apoptosis and
necrosis, aspects that were unraveled in the present study.
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