
CONGENITAL � Original Submission
Differential Effects of Normoxic and Hyperoxic

Reperfusion on Global Myocardial Ischemia-
Reperfusion Injury

Yun-Wen Peng, MSc,* Azmath Mohammed, MD,† Kristopher B. Deatrick, MD,† Terry Major, MSc,†

Dorothy Cheng, BS,* Ian Charpie, BS,* and John R. Charpie, MD, PhD*
Cardiomyocyte under ischemia followed by normoxic
or hyperoxic reperfusion.

Central Message

After CPB and cardioplegic arrest, normoxic

reperfusion is associated with preserved LV

contractility and less oxidant stress, inflamma-

tion, apoptosis, and myocardial injury com-

pared with hyperoxic reperfusion.
The objectives were to investigate if after hypoxia or ischemia, normoxic
reperfusion is associated with less oxidant stress (OS), inflammation, and
myocardial injury than hyperoxic reperfusion. In this study, cardiomyocytes
(H9c2 cells) were cultured in hypoxia, followed by reoxygenation in normoxia
or hyperoxia. Cardiomyocyte OS, inflammation, and apoptosis were mea-
sured. In parallel experiments, rabbits were cannulated for cardiopulmonary
bypass (CPB). Following cardioplegic arrest and aortic cross-clamp
removal, hearts were reperfused under normoxic or hyperoxic conditions.
Left ventricular developed pressure and contractility (LV +dP/dt) were
recorded, and blood samples and heart tissues were collected for measure-
ment of OS, inflammation, and cardiac injury. Results showed that H9c2
cells exposed to hyperoxic reoxygenation showed significant increases in
OS, inflammation, and apoptosis compared to normoxic reoxygenation. Fol-
lowing CPB and 2-hour hyperoxic reperfusion, LV +dP/dt and left ventricular
developed pressure were significantly decreased compared with pre-CPB
values (to 36 § 21%, P = 0.002; and 53 § 20%, P = 0.02, respectively),
associated with significant increases in all plasma and tissue biomarkers for
OS, inflammation, and myocardial injury. In contrast, LV +dP/dt was rela-
tively well preserved under normoxic reperfusion conditions (to 70 § 14%
after 2-hour reperfusion), and was associated with an attenuated myocardial
OS, inflammatory, apoptotic, and injury response compared to the hyper-
oxia group (eg, cTn-I: 5.9 § 1.5 vs 20.2 § 7.6 ng/mL, respectively, P <
0.0001). Overall, in both in vitro and in vivo experiments, normoxic reperfu-
sion/reoxygenation was associated with less robust OS, inflammation, apo-
ptosis, and myocardial injury compared with hyperoxic reperfusion/
reoxygenation. These results suggest that hyperoxia should be avoided to
Perspective Statement

CPB with cardioplegic arrest results in myocar-

dial ischemia-reperfusion injury associated

with an increase in oxidant stress and inflam-

mation that is attenuated by normoxic reperfu-

sion compared with hyperoxic reperfusion both

in vitro and in vivo. Thus, hyperoxia should be

avoided to minimize myocardial ischemia-

reperfusion injury and ventricular dysfunction

after open-heart surgery.
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minimize myocardial OS, inflammation, and ventricular dysfunction after
CPB.

Semin Thoracic Surg 31:188�198 © 2018 Elsevier Inc. All rights reserved.
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INTRODUCTION
Myocardial ischemia-reperfusion (IR) injury associated with

cardiopulmonary bypass (CPB) and cardioplegic arrest contrib-
utes to ventricular dysfunction and adverse outcomes after car-
diac surgery. The pathogenesis of IR injury is complex, but
reactive oxygen species (ROS) generated during IR are hypoth-
esized to play a pivotal role leading to lipid peroxidation, pro-
tein denaturation, and DNA fragmentation, all of which may
result in irreversible myocyte injury and cell death. The cell
damage induced by ROS can also initiate a local inflammatory
response, which leads to further oxidative stress-mediated tis-
sue injury.1�3

Previous clinical and experimental studies suggest that after
cardioplegic arrest, normoxic vs hyperoxic CPB may mitigate
oxidant stress (OS) and myocardial reoxygenation injury.4�7

Despite these findings, few institutions have adopted normoxic
CPB as their standard perfusion practice for patients undergo-
ing cardiac surgery. This apparent paradox may be due to: (1)
the lack of a clear mechanistic link between myocardial OS,
postoperative ventricular dysfunction, and important clinical
outcomes after heart surgery; and (2) the wide variation in
practice among institutions regarding myocardial protective
strategies (eg, intraoperative steroids, cold vs warm cardiople-
gia, etc) and perfusion techniques, such as modified ultrafiltra-
tion, that may also influence postoperative ventricular function
and outcomes.

The main objective of this study was to show that myocar-
dial OS and ventricular dysfunction were mechanistically
linked after CPB with cardioplegic arrest. A second objective
was to compare the effects of different reoxygenation/reperfu-
sion conditions on myocardial OS and ventricular dysfunction
using both in vitro and in vivo experimental models. We
hypothesized that after CPB with cardioplegic arrest, normoxic
reperfusion would be associated with less OS and myocardial
injury than hyperoxic reperfusion. These experimental results
will provide the necessary preclinical data for a future random-
ized clinical trial evaluating the impact of normoxic vs hyper-
oxic CPB (current standard of care in most institutions) on
outcomes after cardiac surgery.
MATERIALS AND METHODS
For further details of the methods used, please see the Sup-

plementary Material section.
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Cell Culture and Hypoxia Reoxygenation Protocol
Based on our earlier time-course experiments, we used

embryonic rat heart derived H9c2 cells as an in vitro model to
assess the direct effects of hypoxia reoxygenation (HR) on car-
diomyocyte OS, inflammation, and apoptosis. After 12-hour
hypoxia (<1% O2), cells were returned to 95% room air/5%
CO2 or 95% O2/5% CO2 for 2-hour reoxygenation.

8�10

Immunoblotting
For detection of biomarkers for inflammation (TLR-4) and

apoptosis (caspase-3, BcL-2, and BAX), H9c2 cell lysates were
analyzed by immunoblotting assays.10�13

Real-Time Quantitative Polymerase Chain Reaction
Real-time polymerase chain reaction (RT-PCR) was used to

quantify mRNA expression of markers for OS (gp91-phox and
iNOS) and inflammation (COX-2).

Intracellular ROS Generation
The cell permeable probe 20,70-dichlorofluorescein diacetate

(DCFDA) was used to directly monitor intracellular ROS pro-
duction, and detected using a fluorescence microscope.11�13

Mitochondrial Transmembrane Potential (Dc)
Mitochondrial transmembrane potential (Dc) was assessed

using the polychromatic 5,50,6,60-tetrachloro-1,10,3,30-tetrae-
thylbenzimidazolylcarbocyanine iodide stain (JC-1), and
detected using a fluorescence microscope.11�13

Animal Model
Male New Zealand white rabbits (2.9�3.3 kg) were assigned

to 2 groups (N = 6�7 per group): (1) normoxic reperfusion
(with 21% O2 CPB and inspired FiO2 0.21), or (2) hyperoxic
reperfusion (with 100% O2 CPB and inspired FiO2 1.0). The
experimental protocol was approved by the Institutional Ani-
mal Care and Use Committee at the University of Michigan. All
animals received humane care in compliance with the Guide
for the Care and Use of Laboratory Animals published by the
National Institutes of Health.

Surgical Preparation
Anesthesia was induced with intramuscular ketamine and

xylazine, and maintained by isoflurane inhalation.14 A high-
fidelity 4-Fr Millar pressure catheter (Millar, Inc, Houston, TX)
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was placed into the LV apex for measuring left ventricular
developed pressure (LVDP) and LV contractility (LV +dP/dt).

Experimental Protocol
For venoarterial CPB, blood was drained from the right

jugular vein and infused into the right carotid artery. Fol-
lowing 30-minute hemodynamic stability on CPB, an
ascending aortic cross-clamp was placed and cold (4°C)
crystalloid cardioplegic solution (Plegisol, Abbott Lab, North
Chicago, IL) infused into the aortic root. After 60-minute
cross-clamp time, the clamp was removed, and the rabbit
was reperfused and mechanically ventilated under normoxic
or hyperoxic conditions for 60 minutes on partial CPB (50
mL/kg/min) followed by complete separation from CPB for
an additional 60 minutes.14,15 Mean arterial pressure, heart
rate, LVDP, LV +dP/dt, ECG, and rectal temperature were
monitored continuously using a computer equipped with a
data acquisition system (PowerLab and LabChart, ADInstru-
ments, Colorado Springs, CO).

Biomarkers of OS, Inflammation, and Cardiac Injury
Blood samples were collected from the femoral artery at

multiple time points (pre-CPB, during CPB, and 0.5, 3, 10, 30,
60, 90, 120 minutes after aortic cross-clamp removal) for mea-
surement of plasma ROS. DNA oxidation (8-hydroxy-20-deox-
yguanosine [8-OHdG]), inflammation (interleukin-6 [IL-6]
and C-reactive protein [CRP]), apoptosis (caspase-3), and car-
diomyocyte injury (troponin-I [cTn-I]).5,15�18

Heart Tissue Specimen Preparation
Rabbit heart tissues were collected immediately following

120-minute reperfusion. Tissue samples were fixed in 10%
buffered formalin for hematoxylin and eosin staining, and the
remaining heart tissue was snap frozen in liquid nitrogen and
stored at ¡80°C for measurement of OS and inflammation.
The mRNA expression of gp91-phox, iNOS, and COX-2 were
measured by RT-PCR.

DATA ANALYSIS
Data are presented as mean § SE differences in messenger

RNA levels and protein expression between control and each
experimental group and/or between experimental groups were
examined using Student’s t test for unpaired comparisons,
with a significant P value <0.05. For normoxic and hyperoxic
reperfusion, change in LVDP and LV +dP/dt, plasma OS,
inflammatory markers, and myocardial apoptosis and injury at
each time point from pre-CPB was evaluated using one-way
analysis of variance (ANOVA). In addition, group comparisons
between reperfusion methods were also made in change in
each measurement listed above at each time point from pre-
CPB, using two-way ANOVA. A P value <0.004 was considered
statistically significant for the results from ANOVA with Bon-
ferroni correction for multiple comparisons. All of the statisti-
cal analyses were performed using GraphPad Prism 7
(GraphPad Software, Inc, San Diego, CA).
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RESULTS

HR-Induced OS and Inflammation in Embryonic Rat
Cardiomyocytes

Based on results from our previously published time-course
experiments,10 H9c2 cells exposed to 12-hour hypoxia and 2-
hour room-air reoxygenation showed a maximal OS response
compared to control cells not exposed to HR. Therefore, all
subsequent in vitro experiments were performed using 12-
hour hypoxia followed by 2-hour reoxygenation (12H/2R) in
95% room air/5% CO2 (normoxia) or 95% O2/5% CO2

(hyperoxia).
The mRNA levels of gp91-phox and iNOS were significantly

increased in 12H/2R-treated H9c2 cells compared with control
cardiomyocytes. Furthermore, mRNA expression of gp91-
phox and iNOS was increased by 1.5- and 2-fold, respectively,
with hyperoxia compared with normoxia (Fig. 1A and B). To
directly observe intracellular ROS generation, the cell perme-
able probe DCFDA was used. DCFDA was oxidized to yield
high intensity green fluorescence (DCF) in the presence of
ROS. The blue fluorescent dye Hoechst 33342 displayed
nuclear morphology. We demonstrated an increase in DCF
fluorescence in 12H/2R-treated H9c2 cells (compared with
control cells) that was greater under hyperoxic compared with
normoxic conditions (Fig. 1C).

In addition to OS, inflammation plays an important role in
the pathogenesis of myocardial IR injury after CPB. Figure 2
illustrates the substantial increase in COX-2 and TLR-4 expres-
sion with 12H/2R compared to control H9c2 cells. Further-
more, both COX-2 and TLR-4 expression were increased
nearly 2-fold under hyperoxic compared with normoxic condi-
tions.

These results demonstrate that 12H/2R increases both OS
and inflammation in cardiomyocytes, and hyperoxic reoxygen-
ation conditions are associated with greater OS and inflamma-
tion than normoxic reoxygenation.

HR-Induced Apoptosis in Embryonic Rat
Cardiomyocytes

Caspase-3 (a key mediator of apoptosis), BcL-2 (an antia-
poptotic factor), and BAX (a proapoptotic factor) were mea-
sured in H9c2 cells exposed to 12H/2R. Compared with
untreated control cells, 12H/2R significantly increased caspase-
3 protein expression and decreased the BcL-2/BAX ratio (eg,
more proapoptotic environment; Fig. 3A and B). Furthermore,
caspase-3 expression was increased 2-fold in response to
hyperoxic compared to normoxic reoxygenation conditions
(Fig. 3A). The BcL-2/BAX ratio was attenuated significantly in
response to hyperoxia compared with normoxia.

Additional experiments addressed the hypothesis that the mito-
chondrial electron transport chain plays a key role in HR-induced
apoptosis in H9c2 cells. We measured mitochondrial membrane
potential (Dc) using JC-1, a cationic dye that enters the mito-
chondria and changes its fluorescent properties based on aggrega-
tion of the probe. Figure 3C(a) demonstrates that untreated,
horacic and Cardiovascular Surgery � Volume 31, Number 2



Figure 1. Oxidant stress (OS) in H9c2 cells in response to 12 hours of hypoxia and 2 hours of reoxygenation. Messenger RNA levels
of (A) gp-91-phox and (B) iNOS were analyzed by RT-PCR. The results are expressed as mean § SE of 5�6 different cell culture
experiments. (C) Intracellular ROS were visualized using fluorescence microscopy. (a) Untreated, control cells, (b) cells exposed to
normoxic reoxygenation, and (c) cells exposed to hyperoxic reoxygenation. Blue, Hoechst 33342; green, DCF; normoxia, cells
exposed to hypoxia and 21% O2 reoxygenation; hyperoxia, cells exposed to hypoxia and 95% O2 reoxygenation. (Color version of
figure is available online at http://www.semthorcardiovascsurg.com.)

Figure 2. Inflammation in H9c2 cells in response to 12 hours of hypoxia and 2 hours of reoxygenation. Messenger RNA levels of (A)
COX-2 and protein levels of (B) TLR-4 were analyzed by RT-PCR or immunoblotting assay, respectively. The results are expressed
as mean§ SE of 4�6 different cell culture experiments. Normoxia, cells exposed to hypoxia and 21% O2 reoxygenation; hyper-
oxia, cells exposed to hypoxia and 95% O2 reoxygenation.
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Figure 3. Apoptosis in H9c2 cells in response to 12 hours of hypoxia and 2 hours of reoxygenation. Protein expression of (A) cas-
pase-3, and (B) BcL-2 and BAX (for BcL-2/BAX ratio) were analyzed by immunoblotting assay. The results are expressed as
mean§ SE of 4 different cell culture experiments. (C) Representative JC-1 staining in H9c2 cells. (a) Untreated, control cells, (b)
cells exposed to normoxic reoxygenation, and (c) cells exposed to hyperoxic reoxygenation. Red, healthy cells with high Dc;
green, apoptotic cells with low Dc; normoxia, cells exposed to hypoxia with 21% O2 reoxygenation; hyperoxia, cells exposed to
hypoxia and 95% O2 reoxygenation. (Color version of figure is available online at http://www.semthorcardiovascsurg.com.)
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control cardiomyocytes with high Dc show red J-aggregate accu-
mulated in the mitochondria with no diffuse J-monomer (green
fluorescence). In contrast, after 12H/2R, apoptotic cardiomyo-
cytes show more J-monomer with less J-aggregate under both
hyperoxic and normoxic reoxygenation conditions (Fig. 3C(b)
and (c)).

These data suggest that HR is associated with cardiomyocyte
apoptosis in vitro, and that hyperoxic reoxygenation increases
apoptosis compared with normoxic reoxygenation.
Rabbit CPB Model—Left Ventricular Function
Following 60 minutes of ischemia and hyperoxic reperfu-

sion, LV +dP/dt and LVDP were significantly reduced at all
time points compared to pre-CPB baseline measurements
(Fig. 4A and B). For example, under hyperoxic reperfusion
conditions, LV +dP/dt and LVDP were 36 § 21% (P = 0.002)
and 53 § 20% (P = 0.02) of pre-CPB values, respectively, at
2-hour reperfusion (R-120). In contrast, after 2-hour reperfu-
sion under normoxic reperfusion conditions, LV function was
relatively preserved (LV +dP/dt: 70 § 14%, P = 0.42; LVDP: 80
§ 13%, P > 1.0, compared to pre-CPB values). Furthermore,
LV +dP/dt was significantly reduced in the hyperoxic reperfu-
sion group compared to the normoxic reperfusion group
(P = 0.004; Fig. 4A). LVDP also tended to be reduced in the
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hyperoxic reperfusion group compared with the normoxic
reperfusion group, but this difference was not statistically sig-
nificant (P = 0.10; Fig. 4B). Neither blood pressures nor heart
rates were significantly different between the normoxic and
hyperoxic reperfusion groups throughout the experimental
protocol (data not shown).

These data suggest that after CPB with cardioplegic arrest in
vivo, LV function is better preserved with normoxic reperfu-
sion compared with hyperoxic reperfusion.
Rabbit CPB Model—Plasma OS and Inflammatory
Markers

To assess IR-induced OS and nucleic acid oxidative damage,
we measured plasma ROS formation and 8-OHdG production,
respectively. Under hyperoxic reperfusion conditions, plasma
ROS was increased greater than 2-fold within 0.5-minute aortic
cross-clamp removal, and remained elevated throughout the
entire reperfusion period compared to pre-CPB levels (Fig.
5A). In contrast, in the normoxic reperfusion cohort, there was
no significant change in plasma ROS production during reper-
fusion compared to pre-CPB levels. In addition, Figure 5A
shows that hyperoxic reperfusion is associated with higher
ROS formation than normoxic reperfusion. For example, at
10-minute reperfusion, ROS formation was 447 § 54 ng/mL
horacic and Cardiovascular Surgery � Volume 31, Number 2
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Figure 4. Left ventricular function after CPB and cardioplegic arrest. Following 60 minutes of global myocardial ischemia and 2
hours of reperfusion with normoxic (21% O2) or hyperoxic (100% O2) conditions, (A) LV contractility (LV +dP/dt) and (B) LV devel-
oped pressure (LVDP; mm Hg) were measured. I, ischemic time; R, reperfusion time. The results are expressed as mean§ SE of
6�7 rabbits per group.
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in the hyperoxic group compared with 289 § 35 ng/mL in the
normoxic group (P = 0.02).

Consistent with the increase in ROS during reperfusion, 8-
OHdG was increased following cross-clamp removal compared
with pre-CPB levels, with a further increase beginning with
complete separation from CPB (at 60-minute reperfusion).
Furthermore, the hyperoxic reperfusion cohort showed signifi-
cantly higher levels of plasma 8-OHdG than the normoxic
reperfusion group. For example, at 120-minute reperfusion, 8-
OHdG was 51.2 § 20.6 ng/mL in the hyperoxic group com-
pared to 27.4 § 7.0 ng/mL in the normoxic group (P = 0.002;
Fig. 5B).

Proinflammatory cytokines play a key role in the inflamma-
tory cascade associated with CPB and contribute to myocardial
dysfunction and hemodynamic instability after CPB. Our study
investigated the time course of 2 well-characterized proinflam-
matory cytokines in plasma from rabbits exposed to CPB with
hyperoxic and normoxic reperfusion. Our data showed that
plasma IL-6 was significantly increased in all rabbits during
reperfusion compared with pre-CPB levels (P = 0.0003 for
hyperoxia and P = 0.001 for normoxia, Fig. 5C). Furthermore,
IL-6 was increased further in rabbits exposed to hyperoxic
reperfusion compared to normoxic reperfusion (436 § 177
ng/mL vs 152 § 58 ng/mL, respectively, at 120-minute reper-
fusion; P = 0.0004).

Compared to pre-CPB levels, we observed an increase in
plasma CRP during reperfusion in the hyperoxic group, but not
in the rabbits exposed to normoxic reperfusion (Fig. 5D). After
Seminars in Thoracic and Cardiovascular Surgery � Volume 31
120-minute reperfusion, plasma CRP was 514 § 98 ng/mL in
the hyperoxic group vs 200 § 26 ng/mL in the normoxic group
(P = 0.002).

These data indicate that CPB-induced IR is associated with
an increase in OS, nucleic acid damage, and inflammation that
is greatest under hyperoxic reperfusion conditions, and attenu-
ated with normoxic reperfusion.

Rabbit CPB Model—Plasma Apoptosis and
Myocardial Injury

To assess the impact of IR on myocardial apoptosis and
injury in our rabbit CPB model, we measured the change in
plasma concentrations of caspase-3 and cTn-I. We observed a
rapid increase in caspase-3 levels within 0.5 minute following
aortic cross-clamp removal that was sustained throughout
reperfusion in the rabbits exposed to hyperoxia (Fig. 6A). In
contrast, rabbits exposed to normoxic reperfusion showed a
modest, nonsignificant increase in plasma caspase-3 from pre-
CPB levels.

Similar to the caspase-3 data, cTn-I levels progressively
increased (particularly after complete separation from CPB at
60-minute reperfusion) in both hyperoxic and normoxic
groups (P < 0.0001 for both groups; Fig. 6B). However, plasma
cTn-I levels were significantly higher in the hyperoxic group
compared with the normoxic group (20.2 § 7.6 vs 5.9 § 1.5
ng/mL, P < 0.0001).

These results suggest that CPB with cardioplegic arrest is
associated with IR-induced myocardial injury and apoptosis
, Number 2 193



Figure 5. Time course of plasma biomarkers for oxidant stress and inflammation after CPB and cardioplegic arrest. (A) ROS, (B) 8-
OHdG, (C) IL-6, and (D) CRP under normoxic (21% O2) or hyperoxic (100% O2) reperfusion conditions. The results are expressed
as mean§ SE of 5�7 rabbits per group.
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that is significantly attenuated by normoxic reperfusion com-
pared with hyperoxic reperfusion.

Rabbit CPB Model—Myocardial OS, Inflammation, and
Histology

To directly assess myocardial OS and inflammation in our
rabbit CPB model, we measured gp91-phox, iNOS, and COX-2
mRNA expression in heart tissue homogenates after 60-minutes
ischemia and 120-minutes reperfusion. These data showed that
myocardial gp91-phox, iNOS, and COX-2 expression were sig-
nificantly increased in hearts from rabbits exposed to CPB and
cardioplegic arrest compared with control (no CPB) hearts. Fur-
thermore, there was a significant reduction in gp91-phox,
iNOS, and COX-2 expression in rabbits reperfused with nor-
moxic conditions compared with hyperoxic conditions. As
shown in Figure 7, mRNA expression of gp91-phox, iNOS, and
194 Seminars in T
COX-2 were attenuated in rabbit hearts that were reperfused
with normoxia compared to rabbit hearts reperfused with
hyperoxia (gp91-phox: 2.63 § 0.57 vs 5.18 § 0.89 fold of con-
trol, P = 0.04; iNOS: 0.93§ 0.12 vs 7.92§ 2.21 fold of control,
P = 0.03; COX-2: 6.88 § 1.88 vs 21.40 § 3.89 fold of control,
P = 0.01).

Histologic examination showed minor hemorrhage, myo-
fiber hypereosinophilia, and focal vacuolation in cardiac tissue
collected from rabbits independent of reperfusion conditions.
However, in the rabbit hearts reperfused with hyperoxia, there
were multifocal inflammatory infiltrates composed predomi-
nantly of heterophils within the myocardial vasculature as well
as multifocally within the cardiac interstitium (Supplementary
Material). These multifocal heterophilic infiltrates suggest a
more robust tissue response to reperfusion injury in the hyper-
oxic rabbits.
horacic and Cardiovascular Surgery � Volume 31, Number 2



Figure 6. Time course of plasma markers for apoptosis and cardiomyocyte injury after CPB and cardioplegic arrest. (A) Caspase-3
and (B) cardiac troponin-I under normoxic (21% O2) or hyperoxic (100% O2) reperfusion conditions. The results are expressed as
mean§ SE of 6�7 rabbits per group.

CONGENITAL � DIFFERENTIAL EFFECTS OF NORMOXIC AND HYPEROXIC REPERFUSION
These results suggest that CPB with cardioplegic arrest
results in direct myocardial IR injury associated with an
increase in OS and inflammation that is attenuated by nor-
moxic reperfusion compared with hyperoxic reperfusion.

DISCUSSION
Cardiac surgery with CPB and cardioplegic arrest is associ-

ated with OS and a systemic inflammatory response that may
contribute to significant postoperative organ dysfunction.19�23

In particular, CPB with cardioplegic arrest necessitates a period
of global myocardial IR that triggers local ROS production in
vivo, and subsequent activation of proinflammatory and apo-
ptotic signaling pathways.24,25 Other clinical studies confirm
Figure 7. Tissue OS and inflammation in rabbit myocardium. Messe
rabbit heart homogenates were measured by RT-PCR. The results
group, and 3 rabbits of control group.
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that cardiac surgery with CPB leads to systemic OS, as evi-
denced by an increase in multiple OS markers and a decrease
in antioxidant reserves, associated with increased postoperative
morbidity and prolonged hospital stay.26�29

Our experimental results demonstrate that in isolated cardi-
omyocytes in culture, HR (a simulated model of IR) is associ-
ated with an increase in cellular OS, inflammation, injury, and
programmed cell death. Hyperoxic reoxygenation further exac-
erbates cardiomyocyte injury in vitro. In our in vivo rabbit CPB
model, global myocardial IR (due to aortic cross-clamping and
cardioplegic arrest) significantly impaired LV systolic function
associated with significant increases in plasma and myocardial
tissue OS, inflammation, and apoptosis. Compared to hearts
nger RNA levels of (A) gp-91-phox, (B) iNOS, and (C) COX-2 in
are expressed as mean§ SE of 5�6 rabbits per experimental
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reperfused with hyperoxic conditions, hearts reperfused with
room air (normoxia) showed relatively preserved LV contractil-
ity, and attenuated increases in plasma and myocardial tissue
OS, inflammation, and cardiac injury.

We confirm that OS generated by HR or IR plays an impor-
tant role in initiating the series of pathological events causing
cardiomyocyte injury, apoptosis, and ventricular dysfunction.
Our results also confirm our hypothesis that normoxic reperfu-
sion mitigates OS, inflammation, cardiomyocyte injury, and LV
dysfunction compared with hyperoxic reperfusion. The results
of this study provide important preclinical data to support a
clinical trial of normoxic CPB after cardiac surgery, and to sup-
port development of other therapeutic strategies to target OS
and inflammation to prevent or reduce IR injury after open-
heart surgery.

There are multiple reports in the literature of oxygen-depen-
dent reperfusion injury in both patients and animal models. In
previous studies, Buckberg,30,31 Beyersdorf,32 and Caputo et
al33 reported that controlled reoxygenation during CPB is asso-
ciated with reduced myocardial damage compared with hyper-
oxic CPB during cardiac surgery. Also, Morita34 addressed the
importance of controlling PaO2 at the onset of CPB to avoid
multiorgan injury after open-heart surgery in children with
cyanotic congenital heart disease. Our experimental results are
consistent with these findings, and further suggest that oxy-
gen-dependent reperfusion injury is mediated by OS, inflam-
mation, and apoptosis in the heart, and may be mitigated by
normoxic reperfusion. In contrast to these previous publica-
tions, Smith et al35 reported that controlled cardiac reoxygena-
tion did not improve myocardial function following global
myocardial ischemia in a swine model. The reasons for this
apparent discrepancy remain unclear. However, 1 potentially
important distinction in our experimental protocol compared
to these earlier studies is that we controlled reoxygenation con-
ditions both through the CPB circuit and through the mechani-
cal ventilator throughout the reperfusion period to maximize
the potentially beneficial effects of normoxia on IR injury.

Although we developed an in vivo rabbit model to validate
our in vitro observations regarding the contribution of OS,
inflammation, and apoptosis to ventricular dysfunction after
CPB, there were several limitations to our study. First, in the
clinical setting, there are a variety of intraoperative strategies
employed, in part, to preserve myocardial function after open-
heart surgery. These strategies include intraoperative steroids,
systemic cooling, cardioplegia additives, aprotinin, and modi-
fied ultrafiltration. We made no attempt to address the impact
of these various therapies on myocardial function, but we plan
to extend our experimental observations to investigate the
impact of some of these strategies in the future. Second, we
weaned the rabbits to partial CPB (50 mL/kg) for 1 hour fol-
lowing aortic cross-clamp removal before weaning the rabbits
completely from CPB. Although this weaning strategy differs
from usual clinical practice, we needed to employ a more grad-
ual wean in the absence of any fluid resuscitation or vasoac-
tive-inotropic medications that could have influenced heart
196 Seminars in T
rate, preload, afterload, or contractility. Furthermore, we ini-
tially extended our experiments beyond 120 minutes of reper-
fusion (as well as with variable ischemic times), but we found
that many of the rabbit hearts (particularly in the hyperoxic
group) did not survive in our model in the absence of pharma-
cologic support. Therefore, we chose to compare LV functional
data for the 2 groups of rabbits during early reperfusion when
all hearts survived with reasonable contractility. Third, the
CPB oxygenator employed in our experimental model was spe-
cifically designed for use in rabbits by investigators from
Aachen University (Aachen, Germany). Although it is much
smaller than average pediatric oxygenators, our circuit still
required a prime volume of 25�30 mL leading to a 40�50%
reduction in hemoglobin concentrations. Although we recog-
nize that use of blood prime would have resulted in less hemo-
dilution, there are multiple reports about the potentially
beneficial effects of hemodilution during bypass, and other
studies that suggest that blood prime may actually increase the
likelihood of post-CPB myocardial injury and lung edema.36

Therefore, use of blood vs crystalloid prime and a “safe” degree
of hemodilution is at a minimum controversial in the cardiac
surgery literature. Regardless, for our studies, use of crystalloid
circuit prime and the resulting hemodilution was identical for
both the normoxic and hyperoxic groups of rabbits, and there-
fore does not explain any differences between the 2 groups
with regards to myocardial edema, LV compliance, and systolic
function. With regards to cardioplegia, this is another area of
controversy and variability among institutions performing
heart surgery. There are limited data that demonstrate a supe-
rior benefit for blood vs crystalloid cardioplegia solution. Based
on our usual clinical practice at the University of Michigan,
cold crystalloid cardioplegia was used in this study. Finally, in
our cell-based model, we did not directly measure cellular oxy-
gen tension during reoxygenation under either normoxic or
hyperoxic conditions. Therefore, we do not know how well
these cell culture conditions mimic the cellular conditions in
the tissues.

In conclusion, the results of this study contribute to an
improved understanding of the impact of reoxygenation
conditions on myocardial injury and ventricular dysfunc-
tion after cardiac surgery with CPB and cardioplegic arrest.
Mechanistically, myocardial IR injury is associated with an
increase in OS, inflammation, and apoptosis. Furthermore,
normoxic reperfusion (or reoxygenation) is associated with
preserved LV contractility and less OS, inflammation, apo-
ptosis, and myocardial injury compared with hyperoxic
reperfusion (or reoxygenation). At a minimum, this study
strongly suggests that hyperoxia should be avoided to mini-
mize myocardial IR injury and ventricular dysfunction after
open-heart surgery.
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SUPPLEMENTARY MATERIAL
The following is the supplementary data to this article:

Video 1. This video shows the rabbit CPB/IR study as per-
formed at our laboratory. (1) The experimental protocol
included 60-minute ischemia/cardioplegic arrest and 120-min-
ute reperfusion. (2) The rabbit CPB model was venoarterial
CPB. The blood was drained from the jugular vein and infused
into the carotid artery. A Millar catheter was placed at LV for
ventricular function measurement. The blood pressure mea-
surement and blood sample collection were from femoral
artery. (3) Eight parameters were recorded throughout the
whole experiment. After aortic cross-clamping and injection of
cardioplegia, the LVDP and LV contractility were decreased
immediately. Also, heart rate was reduced dramatically. How-
ever, after reperfusion, LVDP and LV contractility as well as
heart rate recovered quickly.
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