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Abstract Each year, tens of thousands of children
undergo cardiopulmonary bypass (CPB) to correct con-
genital heart defects. Although necessary for surgery, CPB
involves stopping the heart and exposing it to ischemic
conditions. On reoxygenation, the heart can experience
effects similar to that of acute myocardial infarction.
Although much is known about adult injury, little is known
about the effects of global ischemia on newborn ventricles.
We studied newborn (2 to 4 days old) and adult (>8 weeks
old) rabbit hearts subjected to ischemia—reperfusion
(30 min of ischemia and 60 min of reperfusion). Our data
demonstrated chamber- and age-specific changes in oxi-
dative stress. During ischemia, hydrogen peroxide (H,O;)
increased in both right-ventricular (RV) and left-ventricu-
lar (LV) myocytes of the newborn, although only the RV
change was significant. In contrast, there was no significant
increase in H,O, in either RV or LV myocytes of adults.
There was a fivefold increase in H,O, formation in new-
born RV myocytes compared with adults (P = 0.006). In
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whole-heart tissue, superoxide dismutase activity increased
from sham versus ischemia in the left ventricle of both
adult and newborn hearts, but it was increased only in the
right ventricle of the newborn heart. Catalase activity was
significantly increased after ischemia in both adult ventri-
cles, whereas no increase was seen in newborn compared
with sham hearts. In addition, catalase levels in newborns
were significantly lower, indicating less scavenging
potential. Nanoparticle-encapsulated ebselen, given as an
intracardiac injection into the right or left ventricle of
newborn hearts, significantly increased functional recovery
of developed pressure only in the right ventricle, indicating
the potential for localized antioxidant therapy during and
after pediatric surgical procedures.

Keywords Ischemia-reperfusion - Oxidative stress -
Catalase - Hydrogen peroxide

Introduction

Congenital heart defects are the leading birth defect in the
pediatric population. In most cases, surgical correction
involving cardiopulmonary bypass (CPB) is the most suc-
cessful treatment for these conditions. Successful repair
during the first year of life may eliminate the need for a
second repair, but it does not preclude the possibility of
future reinterventions. As with any other surgical proce-
dure, postoperative complications exist. One such compli-
cation is low cardiac output syndrome (LCOS), which is
commonly (25% of patients) seen 6 to 18 h after CPB and
results in inadequate organ perfusion and, ultimately, organ
dysfunction [24]. Studies show that an increase in afterload
without a corresponding improvement in contractility may
aid in the deterioration of cardiac output after CPB [18, 22,
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33, 43]. Ischemic and reperfusion injuries are other com-
plications of CPB and result in an inflammatory process
that causes damage to both ventricles of the myocardium.
Various studies have proposed and employed certain
strategies—such as modified ultrafiltration, which elimi-
nates inflammatory mediators from the circulation and
myocardial apoptosis prevention by radical scavenging—to
prevent or attenuate the inflammatory effects of CPB [8].
Advanced surgical techniques have also been used to
decrease the possibility of LCOS. These include the Nor-
wood procedure, which causes hemodynamic improvement
after surgery [21, 31].

Although ischemia and reperfusion are widely studied in
the adult population, much less attention has been focused
on the pediatric population. Several studies have shown
that the pediatric heart is more sensitive to ischemia—
reperfusion (IR) injury compared with the adult heart [28,
34]. Younger age and prolonged CPB time contribute to the
degree of myocardial dysfunction after surgery. The
mechanisms of the dysfunction caused by IR injury in the
immature heart are not clear, but evidence suggests that
reactive oxygen species (ROS), calcium overload, inflam-
mation, accumulation of metabolic end products, and
apoptosis may contribute to this injury [4, 5]. Still others
argue that tissue pH plays a role in the newborn heart’s
greater susceptibility to ischemic injury [28]. Several
studies have demonstrated significant differences in anti-
oxidant protein levels in newborns compared with adults,
yielding a consensus that newborn hearts have diminished
scavenging capacity [23]. In small amounts, ROS can act
as important second messengers that initiate a cascade of
events that regulate important normal cellular functions. In
excess, however, these ROS lead to damaging sequelae,
including apoptosis, necrosis, abnormal growth and
migration, and recruitment of damaging inflammatory
cells.

Oxygen intermediates, such as hydrogen peroxide
(H,0,), superoxide anion (O37), and the hydroxyl (OH®)
radical are some of the key players involved in cardio-
toxicity occurring during IR. The sources of these radicals
vary depending on the cell type and injury. Myocytes
contain nicotinamide adenine dinucleotide phosphate
oxidase (NADPH-oxidase), which may catalyze the pro-
duction of both H,O, and O3~ [15]. Moreover, ROS can
be formed from breakdowns in the electron transport
chain, thus leading to mitochondrial ROS [25]. Finally,
infiltrating inflammatory cells may also contribute to the
excessive ROS levels seen after IR. This newborn vul-
nerability to IR injury may be attributed to newborn
hearts containing immature and inadequate number of
sarcoplasmic reticula compared with adult hearts [28]. In
such cases, the processing and storage of calcium appears
to be impaired. In addition, underdeveloped sarcolemma

contains high amounts of polyunsaturated fatty acids,
which may predispose to membrane injury by ROS [2].
To date, little is known about the production of oxida-
tive stress in newborns during ischemic injury, especially
in the local setting. In the current study, to determine
chamber- and age-specific differences in oxidative stress
between adult and newborn hearts, we measured changes in
antioxidant protein activity in control and IR hearts.
Moreover, real-time H,O, and superoxide generation were
measured in isolated left-ventricular (LV) and right-ven-
tricular (RV) myocytes from newborn and adult rabbits
using a novel microscopy protocol. Our results demonstrate
a failure of RV myocytes to increase catalase activity in
response to IR as well as a significant increase in H,O,
production. With this localized increased production, we
used ebselen-loaded nanoparticles (PK3-ebselen; Cayman
Chemical) and observed an increased recovery in RV
function, suggesting a potential new therapeutic strategy
for improving cardiac function during and after surgery.

Materials and Methods
Langendorff Perfusion Studies

Newborn (2 to 5 days old) and adult New Zealand white
rabbits (>8 weeks old) were anesthesized with pentobar-
bital [Nembutal] (Lundbeck Inc., Deerfield, IL) adminis-
tered intraperitoneally (newborn) or intravenously (adult)
at a dose of 50 mg/kg 10 min after heparin sulfate (Hospira
Inc., Lake Forest, IL) injection (500 IU/kg). A midline
incision was performed to expose the chest cavity, and the
heart great vessels were excised. Isolation and cannulation
of the aorta (with the pulmonary artery left open) on a
Langendorff perfusion system (EMKA Technologies,
France), using normal Tyrode’s solution (NaCl, Glucose,
Hepes, KCl, MgCl,, and CaCl, [pH 7.4, 37°C]), was per-
formed in a retrograde fashion. After excess blood was
washed out, the right atrium was incised to allow entry of a
water-filled latex balloon attached to a pressure transducer
to measure RV-developed pressure. In some hearts, LV-
developed pressure was measured (not concurrently) in the
same manner as RV-developed pressure. Electrocardio-
gram electrodes were positioned along the right and left
ventricles, and the whole heart was encased in a cylindrical
water bath heated to 37°C. Perfusate was allowed to flow
for 20 min for stabilization followed by 30 min of no flow
(ischemia) and finally 60 min of reflow (reperfusion). The
right and left ventricles were then separated and frozen for
biochemical and immunohistochemical analysis. No volu-
metric measurements were made. All studies were
approved by the Emory University Institutional Animal
Care and Use Committee.
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Myocyte Isolation and Confocal Microscopy

Cardiac myocytes were isolated using calcium-free Tyrode
solution (NaCl, glucose, HEPES, KCI, MgSO,, Na,HPO,,
bovine serum albumin, and collagenase), as described pre-
viously, from both newborn and adult rabbits and separated
into RV and LV portions [6]. The cells were then incubated
with deuterated dihydroethidium (DHE) and dichlorodihy-
drofluorescein diacetate (DCFDA) to allow for the visual-
ization of superoxide and H,0,, respectively, by way of
confocal microscopy (Olympus Fluoview FV1000). In
addition, PK3-ebselen (300 pl) was incorporated into the
cells, along with DHE and DCFDA, to determine its effect
on H,O, production. After 1 h of incubation, the cells were
plated onto a plastic spherical cover slip. This was encased
in a metal chamber (FCS2; Bioptechs) with ports at both
ends, thus allowing for the entry and exit of solution gassed
with either nitrogen or ambient oxygen, and positioned onto
the confocal microscope. Real-time measurements of H,O,
and superoxide were measured during hypoxic (30 min at
25°C) and reoxygenation (60-min) periods.

Measurement of Antioxidant Activity

Catalase levels were measured in tissue homogenates using
decomposition of H,O, at 240 nm using a plate reader as
described [30]. Measurements in the presence and absence
of 3-aminotriazole (specific catalase inhibitor) were taken,
and the inhibitable portion was deemed as catalase activity.
Superoxide dismutase (SOD) activity was measured with a
commercially available kit (Dojindo Molecular Technolo-
gies). Both activities were normalized to protein content.

H,0,-Scavenging Nanoparticles

Nanoparticles were synthesized from the polymer poly-
(cyclohexane-1,4diyl acetone dimethylene ketal [PCADK]).
Five hundred micrograms of ebselen was incubated with
50 mg of PCADK, and nanoparticles were formed by
immersion in polyvinyl alcohol as described previously [39].
Ebselen loading was determined by hydrolyzing the particles
and measuring absorbance at 270 nm using pure ebselen to
generate a standard curve. Activity was confirmed by mea-
suring decomposition of exogenous H,O; at 240 nm.

Results

Recovery of Developed Pressure Was Similar in Right
and Left Ventricles of Newborn Heart

To determine the extent of IR injury, developed pressure
was measured in both ventricles before and after IR injury
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(30 min of ischemia and 60 min of reperfusion) and
expressed as a percent recovery (RDPg,./RDPjpiiar x 100;
100% = max). Percent recovery of developed pressure
(RDP) in the right ventricle of the newborn rabbit heart
after IR was 49.5 + 5.4% (Fig. 1). RDP in the left ven-
tricle was 43.4 £ 17.6%, and there was no significant
difference between the two chambers.

Differential SOD Activity in Left and Right Ventricles
in Newborns and Adults

To determine superoxide-scavenging ability after IR, SOD
activity was measured in both ventricles of adult and
newborn rabbits (Fig. 2) subject to sham or IR surgery. In
sham-operated adults, the left ventricle had 3.0 £ 0.4 U/
mg tissue of SOD activity and 2.8 £ 0.2 U/mg tissue in the
right ventricle. Although there was a trend for increased
activity after IR in the left ventricle (4.4 £ 0.6 U/mg tissue
[P = 0.06]), there was no change in the right ventricle after
injury (2.9 &£ 0.6 U/mg tissue). In newborn left ventricles,
there was a similar level of SOD activity in sham-operated
hearts (3.3 £ 1.7 U/mg tissue), but there was no significant
change after IR (4.2 + 0.5 U/mg tissue). In contrast,
newborn RV tissue in sham-operated hearts had signifi-
cantly less SOD activity (0.6 £ 0.1 U/mg tissue [P < 0.01
vs. adult sham right ventricle]), which was increased nearly
fivefold in response to IR injury (3.0 £ 0.1 U/mg tissue
[P < 0.05 vs. newborn sham right ventricle]). Two-way
analysis of variance (ANOVA) demonstrated no significant
interaction between age and chamber in either basal or
IR-induced SOD activity. These data demonstrate that
newborn right ventricle has decreased baseline SOD
activity compared with adult, although it is able to increase
activity to adult levels in response to IR. In addition, the
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Fig. 1 Similar recovery of developed pressure seen in both ventricles
of newborn rabbits. Percent recovery of developed pressure in
newborn left and right ventricles after IR. Calculated as developed
pressureg,,; (after 90 min of IR)/developed pressureinia (after
20 min of stabilization) x 100. Values are mean £ SE; n = 5 to 9
hearts/group
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Fig. 2 SOD activity shows ventricle-specific regulation in adults and
increased SOD activity in the right ventricle of newborns after IR.
SOD activity increases in adult and newborn LV and RV homoge-
nates after IR surgery. There was no significant difference after IR in
the adult and newborn LV. A fourfold increase was observed in the
newborn right ventricle after IR (¥*P < 0.05 [ANOVA followed by
Bonferroni posttest]), whereas no significant difference was observed
in the adult right ventricle. SOD activity was measured using a
commercially available kit and normalized to tissue weight. Values
are mean + SE; n = 3 to 6 hearts/group

newborn left ventricle has levels similar to those in adult
tissue, although these do not increase activity in response
to IR. Taken together, these data demonstrate distinct age-
and chamber-specific differences in superoxide scavenging
after IR injury.

Differential Catalase Activity in Left and Right
Ventricles in Newborns and Adults

To determine if a similar pattern was seen with H,O,-
scavenging ability, catalase activity was also measured in
adult and newborn (Fig. 3) rabbit hearts subjected to sham
or IR surgery. Sham-operated adult hearts had baseline
catalase levels of 19.9 + 4.56 U/mg tissue in the left
ventricle and 20.5 + 2.84 U/mg tissue in the right ventri-
cle. After IR, there was an increase in both ventricles to
34.3 + 4.4 U/mg tissue (P < 0.05) and 33.8 &= 5.4 U/mg
tissue (P = 0.06), respectively. Surprisingly, both the left
and right ventricles in sham-operated newborn hearts had
approximately 30% of the catalase activity of those in
adults (3.8 = 1.1 U/mg tissue in the left ventricle and
4.3 £ 2.3 U/mg tissue in the right ventricle). After IR,
there was no significant increase in either chamber
(5.0 £ 0.7 U/mg tissue in the left ventricle and
4.6 £ 1.7 U/mg tissue in the right ventricle). Analysis
using two-way ANOVA demonstrated a significant differ-
ence due to age (P = 0.019), but there were no chamber
differences. Moreover, there was no interaction between
age and chamber under either sham or IR conditions. These
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Fig. 3 Catalase levels are increased in both ventricles of adult
rabbits, but newborns hearts have diminished activity after IR.
Catalase activity increased in adult LV and RV tissue homogenates
after IR surgery. Catalase activity was measured in ventricular
homogenates, in the presence and absence of 3-AT, using decompo-
sition of H,O, at 240 nm and normalized to tissue weight. There was
a significant difference in the adult LV whereas a non-significant
increase was found in the adult RV after IR (*P < 0.05 [ANOVA
followed by Bonferroni posttest]). No significant difference was
observed in both newborn left and right ventricles after IR, and
baseline levels were 50% of adult values (P < 0.05 [two-way
ANOVAY]). Values are mean £ SE; n = 3 to 6 hearts/group

data suggest the adult heart has a significantly greater
capacity to scavenge H,O,, as well as increase catalase in
response to IR injury, than the newborn heart.

Confocal Microscopy Can be Used to Measure Real-
Time ROS Production

Because tissue samples were too small to accurately mea-
sure levels of H,O, and O3~ during the time frame of
ischemia—reperfusion, chamber-specific cardiomyocytes
were isolated and subject to hypoxia-reoxygenation to
measure real-time H,O, and O3~ levels. Cells were pre-
loaded with DCFDA and DHE to measure H,O, and O3,
respectively, and imaged for 20 min of stabilization,
30 min of hypoxia, and 30 min of reoxygenation. Sample
DCFDA images are shown in Fig. 4a. Fluorescent mea-
surements were taken every minute and plotted during the
duration of hypoxia and reoxygenation to determine rate of
formation (relative fluorescent units [RFU]; Fig. 4b).
There was an expected increase in O3~ in the LV myo-
cytes of adult compared with newborn rabbits, although no
significant differences were seen in the RV myocytes of
adults and newborns (Fig. 5). In contrast, there was a greater
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Fig. 4 Method for measuring both real-time H,O, and superoxide
production in cultured myocytes. H,O, generation after IR in
newborn myocytes using confocal microscopy is shown. a Sample
DCFDA image obtained before (left panel) and 20 min into (right
panel) ischemia. Shown are both green fluorescence (top of both
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Fig. 5 Superoxide levels are increased in adult LV myocytes.
Superoxide production in newborn and adult LV and RV myocytes
was measured using real-time confocal microscopy on isolated
myocytes (after incubation with dihydroethidium) after 90 min of IR.
No significant difference was reported. Values are mean + SE; n = 6
to 8 cells/group

than fivefold increase in H,O, formation in newborn RV
myocytes compared with those of adults (0.072 £ 0.002 vs.
0.014 = 0.006 RFU/min [P = 0.006]) (Fig. 6). Although
there was a trend toward increased H,O, formation in the LV
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panels) for DCFDA and brightfield images (bottom of both panels).
b Sample tracing demonstrating real-time fluorescence readings at all
points during the experiment. Plotted values were used to determine
slope or rate of production. Similar plots were made for superoxide
using dihydroethidium (red) fluorescence

myocytes of newborn compared with those of adults, the data
were not significant (Fig. 6). Taken together, these results
demonstrate that H,O, generation is significantly greater in
RV myocytes of newborn compared with those of adults,
whereas no significant changes are seen in the LV myocytes
of newborns for H,O, or O5~. When newborn LV and RV
myocytes were incubated with PK3-ebselen and subjected to
hypoxia, H,O, was undetectable in the left ventricle and
significantly diminished in the right ventricle (Fig. 6), sug-
gesting effective decrease of H,O, by the encapsulated
scavenger.

Cardioprotection With Local Ebselen Delivery

Because the production of ROS and activity of antioxidants
demonstrated chamber-specific characteristics, local
delivery of an H,0, scavenger (ebselen) using polyketal
nanoparticles (PK3) was performed [50]. In preliminary
studies, there was no effect of free ebselen injected directly
into the tissue (data not shown). Delivery of a single dose
of ebselen within polyketal particles (PK3-ebselen) had no
significant effect on adult rabbit LV or RV function (12 pg,
400 pl [Fig. 7a]). In contrast, when a similar dose of PK3-
ebselen was administered as an intracardiac injection into
the newborn right ventricle 1 minute before reperfusion,
RDP increased significantly to 73.2 4+ 6.4% (Fig. 7b
[P < 0.05]). In the left ventricle, a slight increase was also
observed (68.1 & 8.2%) after intracardiac injection, but
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Fig. 6 H,O, is increased in the right ventricle of newborns compared
with that of adults after hypoxia. H,O, generation in newborn and
adult LV and RV myocytes was measured using real-time confocal
microscopy on isolated myocytes (after incubation with DCFDA)
after 90 min of IR. A fivefold increase was observed in the newborn
right ventricle compared with adult RV cells (*P < 0.05 [ANOVA
followed by Bonferroni posttest]), whereas no significant change was
found in the newborn left ventricle compared with that of the adult. A
threefold decrease was observed in the newborn right ventricle,
whereas no signal was detected in the newborn left ventricle after
PK3-ebselen treatment. Values are mean + SE; n = 6 to 8 cells per
group. ND not detected

this was not significant. Similar doses of empty particles
(PK3) had no significant effect on RDP in the right or left
ventricle (55.7 £ 7.3% and 58.1 & 2.7%, respectively).
Finally, PK3-ebselen at similar concentrations in perfusate
had no significant effect on RDP (data not shown), thus
indicating the need for local delivery.

Discussion

Although much is known about adult myocardial IR injury,
little is known about injury to newborn hearts, specifically
the right ventricle, because the literature reports findings
observed mostly in the left ventricle. Previous studies have
implicated ROS as the cause of the increased susceptibility
of the newborn heart to ischemic injury [15, 34]. Although
these ROS are continuously being produced in normal
tissue, their overproduction during IR overwhelms endog-
enous scavengers (antioxidants), thus leading to cell death
and diminished ventricular function, as was observed in our
study (50% RDP in both newborn ventricles) and by others
[3, 9]. This diminished function occurs in part due to
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Fig. 7 Local H,O, scavenging with nanoparticles improves functional
recovery in newborn right ventricles (but not left ventricles) after IR.
RDP in both left and right ventricles after IR was measured in adult
(a) and newborn (b) rabbit hearts. PK3-ebselen, administered as an
intracardiac injection into the right ventricle of the newborn heart,
resulted in a significant increase in RDP of saline-treated hearts
(*P < 0.05 [ANOVA followed by Bonferroni posttest]). No significant
increase in recovery was observed in either adult ventricles or the
newborn left ventricle. Values are mean + SE;n = 5 to 9 hearts/group

increased local H,O, production because local delivery of
nanoparticles containing ebselen partly restored function
only in the right ventricle.

Initially, we examined SOD activity because superoxide
production plays an important role in the function of adult
hearts. We saw increased activity of SOD in the adult left
ventricle in response to IR but no changes in the right
ventricle. This would be expected because most studies
performed in adult animals demonstrate an acute increase
in O3, which contributes to death of cardiomyocytes.
Increasing SOD levels in the left ventricle has a positive
effect on cardiac function and remodeling, underscoring
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the importance that scavenging O3~ has on attenuation of
IR injury. Interestingly, newborn LV tissue demonstrated
similar basal levels of SOD activity. Although our study
demonstrates similarities between adults and newborn
rabbits for SOD, most published studies show important
species-dependent changes. In pigs, for example, SOD and
catalase increase during the first few weeks of life before
stabilizing [32], whereas rats generally demonstrate an age-
dependent decrease in antioxidant levels [35]. In addition,
we found that in newborns, the right ventricle had signifi-
cantly decreased SOD activity compared with the left
ventricle. Although this would be a cause for concern, there
was a significant increase in response to IR, suggesting that
the right ventricle has potential defense mechanisms for
scavenging excessive ROS.

Although the mechanism for this increase is unclear,
studies show that certain cell types respond to O>~ by
increasing SOD in a compensatory manner. It has been
reported that the mechanism involved in overexpression of
SOD1 in murine cardiac grafts is decreased apoptosis and
inflammation during IR, thereby preventing the develop-
ment of graft coronary artery disease [41]. Decreased SOD
has also been known to play a role in the exaggerated
sympathetic activity seen in rabbits with congestive heart
failure [7, 38]. Thus, there is a link between inadequate
levels of SOD and progression of heart disease in adults.

Because catalase represents an important scavenging
mechanism for H,O,, we next examined catalase activity in
adults and newborn rabbits by examining the 3-aminotri-
azole inhibitable portion of peroxidase activity. Studies
suggest that catalase is responsible for 80% of all peroxi-
dase activity in mature myocytes, but few studies have
been performed to compare age-related changes. Our data
clearly demonstrate significant changes in basal catalase
levels in newborns compared with adults. Previous studies
from Maulik et al. [23] showed that catalase levels are
quite low in the first 2 weeks of life before significantly
increasing to a peak at 14 days, then significantly
decreasing during the next 2 to 4 weeks. Although our
studies would agree with these early findings, our data
demonstrate that the adult heart is able to increase activity
in response to injury. In adult left and right ventricles, there
was a twofold to threefold increase in catalase activity after
IR. This would suggest that there may be little benefit of
catalase therapy in the acute setting, as supported by our
published studies of inducible catalase overexpression [30].
When catalase overexpression was induced in adult myo-
cytes just before or immediately after infarction, there was
no significant increase in function. In addition, our
unpublished data in adults suggest no major increase in
H,0, levels in the first 24 hours after IR.

In keeping with the previously mentioned studies, we
observed chamber- and age-specific differences in
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oxidative stress in adult versus newborn rabbit hearts. In
our preliminary studies, we were unable to detect ROS in
such small tissue samples using conventional assays.
Moreover, for these studies, the ischemic period was
30 min followed by 60 min of reperfusion; therefore, the
optimal time to measure ROS in vivo was not clear. For
these reasons, we devised a novel setup to measure real-
time ROS production in isolated myocytes. This would
enable simultaneous comparisons of left and right ventricle
cells as well as both O3~ and H,O,. Although we observed
no significant changes in LV H,0, levels between adults
and newborns, H,O, production was increased in the right
ventricle of newborns during hypoxia—reoxygenation
treatment. This study did not examine potential sources of
ROS because the Langendorff model is an isolated heart
model and therefore excludes inflammatory cell infiltration
as a source of ROS. Thus, most ROS are likely from
cardiomyocytes or other cardiovascular cells. Cardiomyo-
cytes contain both Nox2 and Nox4 subunits of the
NADPH-oxidase, and both play a role in ROS production
after IR [16, 19]. Another potential source is mitochondrial
ROS because this has been shown to be important in the
pathogenesis of IR injury [37]. In adults, IR increased
catalase activity, reinforcing our in vitro experiments
showing low levels of H,O, during hypoxia—reoxygenation.
Interestingly, it is unknown whether the increase in H,O,
seen in the newborn heart is a result of the low catalase levels
or the fact that there is a significant increase in SOD in the
right ventricle without a subsequent increase in catalase. In
addition, the mechanism for increased catalase activity seen
in adult hearts subjected to injury but not in newborn hearts is
unknown. Numerous studies have delineated the develop-
mental differences in newborn and adult hearts with respect
to accumulation of metabolic end-products, hydrogen ion-
buffering capacity, calcium handling [44-49], and catalase
cofactors, such as selenium and cysteine, which are needed
to upregulate glutathione-related enzymes [42]. These
cofactors may play a role in ventricle-dependent responses
and will be examined in future studies.

Although our data suggest that the extent of damage in the
left and right ventricle was similar (as measured function-
ally), some studies have suggested ventricle-specific differ-
ences in growth factors, transcription factors, and
metabolism. For example, previous studies demonstrated
that during IR injury in newborn pigs, the left ventricle had
significantly less ATP than the right ventricle as well as
increased hydrogen ion formation [32, 48]. Although there
were no data to determine whether this was the cause of
diminished function, it does outline that the right and left
ventricles experience different responses to the same injury.

In a recent study after CPB surgery in children [29], it
was determined by way of Doppler analysis that RV
myocardial mechanics were more abnormal than those of
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the left ventricle and that regional differences became more
apparent by 24 h. Similar studies performed in sheep [36]
demonstrated that after CPB, the right ventricle experi-
ences more damage than the left ventricle and hence ben-
efits more from cardioplegic protection. Moreover,
differences have been seen in beta-adrenergic receptors in
the left and right ventricles of newborn pigs [47]. In
addition, their response to inotropes varied significantly
compared with adults, suggesting both age- and chamber-
specific differences in potential contractile pathways [26,
27]. Although we did not examine beta-adrenergic
responses in these studies, this could be an area for future
research because adult mouse hearts overexpressing Gyq
demonstrate changes in SERCA and cardiac function that
are reversed by catalase overexpression [17]. In addition,
although H,O, may have many effects on signaling, our
unpublished data suggest that H,O, added directly to
myocytes decreases sarcomeric shortening only in newborn
cells, whereas no effect is seen in adults. These data agree
with previous studies demonstrating that H,O, interferes
with calcium handling and force-frequency relationships
by way of alterations in SERCA and phospholamban
activities [1, 20]. There is also evidence that intracellular
calcium overload may be implicated in H,O,-induced
injury, with subsequent action potential shortening,
because decreased intracellular calcium levels (by way of
adenosine triphosphate—activated potassium channel acti-
vation) reversed the cardiac dysfunction previously
observed [10]. Last, another major aspect of H,O,-induced
injury is the inhibition of oxidative phosphorylation in the
mitochondria, thus leading to decreased glycogen stores
[12]. These explanations highlight the role that H,O,
scavenging plays in reversing cardiac dysfunction.

The increase in H,O, and diminished scavenging
capability in newborn ventricles led us to explore strategies
to improve the manner in which the newborn heart
responds to IR injury. Ebselen, a glutathione peroxidase
mimetic and organoselenium compound, was encapsulated
in a polyketal nanoparticle to decrease diffusion away from
the injury zone. Because the oxidative stress response we
saw in our studies was localized in nature, we hypothesized
that local therapy may improve function. Because cardiac
tissue is highly vascularized and convective forces may
rapidly remove compounds from the cardiomyocytes,
nanoparticles represent an excellent vehicle for small-
molecule retention. We have published several studies
using these biocompatible nanoparticles for sustained local
delivery [35, 39, 40]. In preliminary studies, local injection
of free ebselen had no effect, most likely due to the small
size and large diffusion area of the myocardium. When
encapsulated in nanoparticles, ebselen retained activity as
measured by the decomposition of exogenous H,O,. Thus,
the scavenging ability of ebselen nanoparticles was

independent of ebselen being released because H,O, is
small and freely diffusible; it is likely that the encapsulated
ebselen acted as an H,O,-scavenging sink. Moreover, in
our hypoxia-reoxygenation experiments in isolated myo-
cytes, encapsulated ebselen significantly decreased H,0O,
generation in all cells. Although the directly injected par-
ticles did not spread throughout the entire area of the RV
wall, the encapsulated ebselen was likely able to decrease
the local burst of H,O, from the myocytes, thus preventing
damaging effects. In addition, when delivered in perfusate,
the particles were unlikely to extravasate out of the vas-
culature to the area of damage. Along with the direct
oxidant-scavenging properties of ebselen [11, 13], another
mechanism that may have facilitated postischemic recov-
ery of developed pressure is through the prevention of
calcium overload by way of decreasing intracellular ino-
sitol 1,4,5-triphosphate-induced calcium release [28]. Fur-
thermore, many studies have demonstrated a positive
correlation between coronary flow and recovery of devel-
oped pressure. Although we did not measure this parame-
ter, it is possible that encapsulated ebselen increased
recovery by improving coronary flow [14]. Future studies
will determine the effects of PK3-ebselen on coronary flow
to determine if there is indeed a relationship. Neither the
addition of encapsulated ebselen to the perfusate alone nor
its administration before the ischemic period afforded the
same protection as administering it by way of intracardiac
injection directly into the walls of the right and left ven-
tricles just before the reperfusion period, underscoring the
need for local, temporal-dependent scavenging. Although
the encapsulated ebselen decreased H,O, in LV myocytes
as well, there was no significant effect on cardiac function.
Although there was a trend for an increase, our data would
suggest that there are clear ventricle-specific differences in
newborn response to oxidative stress, with the right ven-
tricle possibly being more susceptible. Future studies will
be performed to determine this interesting mechanism by
which H,0, increases in both ventricles but only signifi-
cantly damages one. Taken together, our data imply that a
single dose may be sufficient and that local scavenging of
ROS during reperfusion contributes largely to improving
newborn RV cardiac function after IR injury.

Conclusion

In conclusion, we observed an increase in SOD activity in
both adult and newborn rabbit left ventricles as well as a
fivefold increase in the newborn right ventricle after IR
injury, thus demonstrating that these ventricles have the
potential to defend themselves against excessive superox-
ide production. Catalase activity showed the same trend in
adult ventricles. In the newborn, however, not only were

@ Springer



330

Pediatr Cardiol (2012) 33:322-331

the baseline values half the adult values, there was also no
change in activity after IR despite a fivefold increase in
H,0, production compared with the adult right ventricle.
Although there was no increase in catalase in the left
ventricle, H,O, levels were not significantly different from
those in adults. After intracardiac injection with nano-
particle-encapsulated ebselen, our functional results dem-
onstrated an increase in the newborn’s recovery of RV- and
LV-developed pressure by approximately 48 and 25%,
respectively. Although more studies must be performed to
delineate the mechanisms involved in these differential
responses to IR, it is quite clear that local therapy must be
considered in the context of newborn hearts after injury.
These studies may be helpful in minimizing injury both
during and immediately after surgical procedures, such as
CPB, that adversely affects the pediatric population.
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