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Abstract

Cardiopulmonary bypass (CPB) is used increasingly to correct
cyanotic heart defects during early infancy, but myocardial dys-
function is often seen after surgical repair. This study evaluates
whether starting CPB at a conventional, hyperoxic pO, causes
an “unintentional” reoxygenation (ReQ, ) injury. We subjected
2-wk-old piglets to ventilator hypoxemia (FIO, ~ 0.06, pO,
~ 25 mmHg) followed by 5 min of ReO, on CPB before insti-
tuting cardioplegia. CPB was begun in hypoxemic piglets by
either abrupt ReO, at a pO, of 400 mmHg (standard clinical
practice) or by maintaining pO, ~ 25 mmHg on CPB until
controlling ReO, with blood cardioplegic arrest. The effects of
abrupt vs. gradual ReO, without surgical ischemia (blood
cardioplegia) were also compared. Myocardial nitric oxide
(NO) production (chemiluminescence measurements of NO;
+ NO3) and conjugated diene (CD) generation (spectrophoto-
metric A,;; measurements of lipid extracts) using aortic and
coronary sinus blood samples were assessed during cardiople-
gic induction. 30 min after CPB, left ventricular end-systolic
elastance (Ees, catheter conductance method) was used to de-
termine cardiac function. CPB and blood cardioplegic arrest
caused no functional or biochemical change in normoxic (con-
trol) hearts. Abrupt ReO, caused a depression of myocardial
function (Ees = 25+5% of control). Functional depression was
relatively unaffected by gradual ReO, without blood cardiople-
gia (34% recovery of Ees), and abrupt ReO, immediately be-
fore blood cardioplegia caused a 10-fold rise in cardiac NO and
CD production, with subsequent depression of myocardial func-
tion (Ees 21+2% of control). In contrast, controlled cardiac
ReO, reduced NO production 94%, CD did not rise, and Ees
was 83+8% of normal. We conclude ReQ, injury is related to
increased NO production during abrupt ReQ,, nullifies the car-
dioprotective effects of blood cardioplegia, and that controlled
cardiac ReO, when starting CPB to correct cyanotic heart de-
fects may reduce NO production and improve myocardial sta-
tus postoperatively. (J. Clin. Invest. 93:2658-2666.) Key
words: reoxygenation injury - cardiopulmonary bypass - cya-
notic heart disease - nitric oxide - oxidant damage
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introduction

Repair of heart defects causing cyanosis is performed on cardio-
pulmonary bypass (CPB)' in early infancy with increasing fre-
quency. Postoperative cardiac dysfunction is the major cause
of morbidity and mortality despite successful surgical correc-
tion and is more common in infants than in adult cardiac pa-
tients (29). The conventional method of starting CPB in hypox-
emic infants is to raise pO, to > 400 mmHg by mixing their
blood with fluid in the extracorporeal circuit pre-circulated at
hyperoxic levels. We have speculated that such abrupt reoxy-
genation causes an “unintended reoxygenation injury” (2) and
adds to subsequent intraoperative oxidative stress due to surgi-
cal ischemia that provides a bloodless field, and limits the effec-
tiveness of a cardioplegic strategy shown previously to reduce
reperfusion damage (3, 4). Our hypothesis is based on experi-
mental evidence that cyanosis reduces endogenous myocardial
antioxidants and reoxygenation enhances free radical genera-
tion (5). In support of this hypothesis, clinical reports show
myocardial lipid peroxidation in pre-ischemic biopsies from
cyanotic children (6), cardioplegic protection is less adequate
in cyanotic versus normoxic patients despite shorter ischemic
intervals (7) and myocardial dysfunction in cyanotic infants
placed on extracorporeal membrane oxygenation (ECMO) de-
spite absence of surgical ischemia (8, 9).

Studies indicate reactive oxygen species mediate reperfu-
sion/reoxygenation injury (10) via the classic Haber-Weiss
(Fenton) pathway (11). An alternate mechanism of oxidant
injury was proposed recently by Beckman et al.(4), whereby
superoxide anion (O3 ) and nitric oxide (NO) interact to form
cytotoxic O, species (12). We showed recently cyanotic infan-
tile hearts reoxygenated on CPB have a burst of NO which was
associated with oxidant damage and myocardial dysfunction
which could be ameliorated by either adding a NO synthase
(NOS) inhibitor or antioxidants to the priming solution of the
CPB circuit (2). Unfortunately, NOS inhibition with a L-argin-
ine analog produced severe systemic vasoconstriction and re-
sulted in pancreatic damage despite its cardioprotective effect
and the antioxidants added to the CPB prime are not available
clinically.

Alternative strategies do, however, exist during conven-
tional cardiac operations that can reduce NO and O; produc-
tion. For example, generation of O; and NO is pO, dependent
(13, 14), and controlling the rate of reintroduction of molecu-
lar oxygen when CPB is started and cardioplegic solution is
administered may avoid the burst of NO and O; that follows

1. Abbreviations used in this paper: BCP: blood cardioplegia; CPB,
cardiopulmonary bypass; Ees, end-systolic elastance; NO, nitric oxide;
ReO,, reoxygenation.



abrupt reoxygenation (2, 15). Furthermore, NO production is
limited also by several aspects of a cardioplegic strategy devel-
oped for avoiding reperfusion injury (3, 4) and used clinically
(16). These include making the cardioplegic solution hypocal-
cemic and alkalotic to reduce calcium/calmodulin- and pH-
dependent constitutive NOS activation (17, 18), supplement-
ing cardioplegic solution with glutamate/aspartate that may
reduce NO synthesis by inhibiting L-arginine transport (19-
21) and gentle cardioplegic delivery pressure to limit sheer
stress and decrease endothelial NO production (22). This
study tests whether abrupt reoxygenation of cyanotic hearts
during initiation of conventional CPB at high pO, produces a
reoxygenation injury that is (a) reduced only minimally by
gradual reoxygenation alone, and (b) mitigated by delaying
reoxygenation until blood cardioplegia is given. We called this
latter treatment, controlled cardiac reoxygenation.

Methods

The experimental model and protocols used in this study were ap-
proved by the Chancellors Research Committee of the University of
California, Los Angeles and meet the standards of the National Insti-
tutes of Health.

Experimental model

40 immature, 2-wk-old Yorkshire Duroc piglets (4-6 kg) were preme-
dicated with 0.5 mg/kg diazepam intramuscularly, anesthetized with
30 mg/kg pentobarbital intraperitoneally, followed by 5 mg/ kg intrave-
nously each hour and ventilated on a volume limited respirator (Servo
900D; Siemens-Elema, Sweden) via a tracheostomy. The ductus arteri-
osus was occluded with a surgical clip via a left thoracotomy and the
coronary sinus was cannulated for blood sampling via the ligated he-
miazygous vein. The heart was exposed by median sternotomy, and
transducer tip catheters (Millar Instruments, Inc., Kankakee, II) were
placed into the left ventricle, thoracic aorta, left atrium, and right
atrium and pulmonary artery. The signals were routed to a recorder
(MT 9000; Astro-Med Inc, West Warwick, RI) via signal conditioners
(model 13-4615; Gould Inc, Glen Burnie, MD). A thermodilution
probe (No. 4) was directed into the main pulmonary artery and con-
nected to a cardiac output computer (model 9520A; American Ed-
wards Laboratory, Santa Ana, CA). An eight-electrode—equipped con-
ductance catheter (Webster Laboratories, Baldwin Park, CA) was in-
serted through the left ventricular apex and connected to a Sigma-5-DF
signal conditioner processor (Leycom, Netherlands).

After systemic heparinization (3 mg/kg), a thin-walled venous
cannula (No. 20 Fr) and an aortic cannula (No. 8 Fr) were inserted
into the right atrial appendage and the left subclavian artery. A 16-
gauge Teflon needle was placed into the proximal aorta to deliver car-
dioplegia and monitor aortic root pressure during cardioplegic deliv-
ery. Arterial blood gases, electrolytes, and hemoglobin measurements
(Blood Gas System 228; Ciba-Corning, Medfield, MA ) were measured
to ensure optimum extracorporeal circulation, and a heating pad was
placed to keep rectal temperature at 38°C. The CPB circuit was hepa-
rinized, primed with packed red cells from donor pigs, and made nor-
mocalcemic with CaCl,. Hematocrit was adjusted to 25-30% with He-
tastarch (Hespan, Dupont, Wilmington, DE) and plasma-electrolyte
solution (Baxter Healthcare, Deerfield, IL). A Sarns 16310 Membrane
oxygenator (Sarns, Ann Arbor, MI) was used, and aortic pressure kept
at 50-60 mmHg by adjusting systemic flow to ~ 100 ml/kg/min. The
left ventricle was decompressed by a vent placed through an apical stab
wound.

Experimental protocols

CONTROL
Instrumentation without CPB.Five normoxic piglets (pO, ~ 100-150
mmHg) were anesthetized, cannulated for CPB, and observed over 5 h
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to provide control hemodynamic and biochemical data, since the hyp-
oxia/reoxygenation studies (see below) had this duration.

Blood cardioplegia without hypoxemia. To test the safety of our
blood cardioplegic protocol during surgical ischemia in immature
hearts, six normoxic piglets (pO, ~ 100 mmHg) underwent 60 min of
CPB at pO, 400 mmHg without preceding hypoxemia. After 5 min of
CPB, they underwent 30 min of aortic clamping with pO, 400 mmHg
blood cardioplegia. The cardioplegic formulation, as described in Ta-
ble I, was developed experimentally (3), and is used clinically (23).
The blood cardioplegic protocol included warm cardioplegia (37°C)
for 3 min followed by cold cardioplegia for 2 min (4°C), and a 3-min
infusion of 37°C blood cardioplegia just before aortic unclamping. In-
fusion rate was regulated by calibrated roller pump at 10 ml/kg/min
initially to produce arrest and 5 ml/kg/min thereafter with aortic pres-
sure averaging ~ 50 mmHg.

HYPOXIA/REOXYGENATION MODEL

29 piglets were made hypoxic by lowering inspired O, to 6-7% to re-
duce pO, to ~ 25 mmHg for up to 120 min before reoxygenation on
CPB for 60 min. Extracorporeal circulation was begun before 120 mins
if mean arterial pressure fell below 30 mmHg and/ or arterial pH could
not be kept above 7.35 by infusing NaHCO; (1 mEq/kg) by bolus
injections.

Hypoxia/reoxygenation without surgical ischemia

Abrupt reoxygenation. Five piglets were reoxygenated by the conven-
tional clinical procedure of starting CPB at pO, ~ 400 mmHg. CPB
was maintained for 60 min without aortic clamping.

Gradual reoxygenation. In five piglets, the CPB circuit was primed
with blood at pO, ~ 25 mmHg achieved by blending nitrogen and
oxygen. The pO, was kept at ~ 25 mmHg for the first 5 min of CPB,
raised to 100 mmHg for the next 30 min, then to 400 mmHg over the
last 25 min of CPB. The aorta was not clamped.

Hypoxia/reoxygenation with surgical ischemia

19 hypoxic piglets were placed on CPB using either a hyperoxic (pO,
~400 mmHg), normoxic (pO, ~ 100 mmHg), or hypoxic (pO, ~ 25
mmHg) prime in the CPB circuit. After 5 min of CPB, all piglets under-
went 30 min of aortic clamping using the blood cardioplegia regimen
described previously, followed by 25 min of reperfusion before discon-
tinuing bypass. The CPB and blood cardioplegic pO, were adjusted as
follows.

Initial hyperoxic CPB. Eight piglets underwent conventional reox-
ygenation on CPB at pO, ~ 400 mmHg. After 5 min, the aorta was
clamped and blood cardioplegia was delivered at pO, ~ 400 mmHg.

Initial normoxic CPB. In five piglets, CPB was started normoxi-
cally at pO, ~ 100 mmHg, and normoxic blood cardioplegia was deliv-
ered 5 min later. CPB pO, was raised to 400 mmHg after aortic un-
clamping.

Initial hypoxic CPB. In six piglets, CPB was started at the ambient
hypoxic pO, (~ 25 mmHg during ventilator hypoxemia). Initial CPB

Table I. Blood Cardioplegia Formulation

Principle Constituent Final concentration
Deliver oxygen Blood Hematocrit 20-24%
Maintain arrest KCL 18-20 mEq/] (induction)

10-12 mEq/1 (reperfusion)
Buffer acidosis THAM pH 7.6-7.7
Avoid edema Glucose Osmolarity 380-400 mOsm
Restore substrate Glutamate 13 mmol/1
Aspartate 13 mmol/1
Glucose > 400 mg/dl

Limit calcium influx CPD (Ca?*) 0.2-0.3 mmol/I
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flow was increased 50% during these 5 min (to 150 ml/kg) to augment
tissue O, delivery. Systemic and cardiac reoxygenation was delayed
until blood cardioplegia was given; pO, was increased to 100 mmHg
immediately after aortic clamping, and normoxic blood cardioplegia
was given. pO, was raised to ~ 400 mmHg after aortic unclamping.

Mean blood pressure was adjusted to 60-70 mmHg after cardiac
contraction resumed. Piglets were observed for 30 min after CPB, while
arterial blood gases and electrolytes were restored to normal levels.
Final measurements of biochemical variables and contractile function
were made 30 min after CPB. Hearts were then arrested with cold
(4°C) blood cardioplegia (KCl 30 mEq/1) to stop metabolism and a
transmural left ventricular biopsy obtained (~ 200 mg). The subendo-
cardial portion was separated, frozen quickly in liquid nitrogen, and
stored for biochemical analyses.

Physiologic and biochemical determinations

Hemodynamic measurements were made before starting hypoxia
(control), every 15 min during hypoxia, and 15 and 30 min after dis-
continuing CPB. Cardiac output was determined by duplicate injec-
tions of 1 ml of 4°C cold saline into a central venous catheter. Cardiac
index (CI), systemic vascular resistance index (SVRI), pulmonary vas-
cular resistance index (PVRI), and left ventricular stroke work index
(LV SWI) were calculated using the following equations:

‘'CI(ml/min/kg) = CO/body weight (kg)
SVRI (dyn s cm™® kg) = (MAP-CVP)/CO
X body weight (kg) X 1,000
PVRI (dyn s cm™ kg) = (PAP-LAP)/CO
X body weight (kg) X 1,000
LVSWI (g- m) = (MAP-LAP) X CO
%X 0.0136/(HR X bodyweight (kg)

where MAP is mean aortic pressure, PAP is mean pulmonary artery
pressure, LAP is mean left atrial pressure, CVP is central venous pres-
sure, CO is cardiac output in ml/min, and HR is heart rate.

Mpyocardial performance

Left ventricular pressure and conductance catheter signals were ampli-
fied and digitalized to inscribe left ventricular pressure volume loops
after correction for tissue conductance (24). A series of pressure vol-
ume loops were generated under varying loading conditions by tran-
sient occlusion of the inferior vena cava during a 7-s period of apnea.
Measurements were made before hypoxia (control) and 30 min after
discontinuing CPB.

The end-systolic pressure volume relationship (ESPVR) was ana-
lyzed using a computer graphics program (“Spectrum”) on a 383/33
mHz IBM PC, and LV performance was determined from the descend-
ing slope using linear regression and designated end-systolic elastance
(Ees) as described previously (25). Post bypass LV contractility was
expressed as percent recovery of prebypass control values (percent
Ees). Pre- and post-CPB myocardial function was also evaluated using
Starling curves by infusing CPB blood into the IVC at 5 ml/kg/min
while recording CO, MAP, and LAP.

Myocardial nitric oxide production

NO was determined in plasma by re-converting its oxidation end-prod-
ucts, nitrite (NO3 ) and nitrate (NO3 ), to NO and measuring chemilu-
minescence after NO reacts with ozone using a nitrogen oxides ana-
lyzer (DASIBI Environmental Corp., Model 2108, Glendale, CA)
(26). Blood samples were taken from coronary perfusate (blood car-
dioplegia) and coronary effluent (coronary sinus blood) to assess arte-
rial-venous difference in NO during induction of blood cardioplegia.
Production of NO was measured by the formula; NO production
= CBF X V-A/100g heart weight, where A and V are the respective
concentrations of NO measured in the aortic and coronary sinus blood
during cardioplegic delivery when the cardioplegic solution was admin-
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istered at a fixed coronary blood flow rate (CBF), by calibrated roller
pump as described under control studies.

Mpyocardial oxidant injury

Myocardial conjugated diene production. Additional aliquots of coro-
nary artery perfusate (blood cardioplegia) and coronary venous ef-
fluent were sampled to determine conjugated diene production. Sam-
ples were centrifuged immediately for 5 min at 1000 X g. Plasma was
stored in liquid nitrogen for later measurements. Conjugated dienes
were determined spectrophotometrically as described previously(2),
and conjugated diene concentration expressed as absorbance (A) at a
wavelength of 233 nm. Conjugated diene production was calculated by
the following formula; CBF (V -A)/ 100 g heart weight, where A and V
are the concentration of conjugated dienes in the blood cardioplegic
perfusate and coronary sinus effluent respectively, and CBF (coronary
blood flow) is the blood cardioplegic flow rate in ml/min.

Antioxidant reserve capacity

The myocardial antioxidant state was assessed by determining in vitro
lipid peroxidation in cardiac tissue that was homogenized and incu-
bated with z-butyl hydroperoxide (-BHP) at concentrations varying
from 0 to 4 mM for 30 min at 37°C(27). Lipid peroxidation was
determined by measuring thiobarbituric acid (TBA) reactive sub-
stances spectrophotometrically at 532 nm. A standard curve is run
simultaneously and expressed lipid peroxidation as nM malondealde-
hyde/gm protein. Protein was measured by the method of Lowry (28).

Statistical analyses

Data were analyzed with Statview Version 2.0 (Abacus Concepts,
Berkeley, CA). Analyses of variance (ANOVA ) was used for compari-
son between groups. Differences were considered significant at P
< 0.05. Group data are expressed as mean+SEM.

Results

Hemodynamics. The hemodynamic data in control studies
and pre- and posthypoxic data in experimental studies are sum-
marized in Table II.

Hypoxemia caused tachycardia (heart rate increased from
170+10 to 20615 beats/min), pulmonary vasoconstriction
(PVRI increased 120+21%), peripheral vasodilation (SVRI
decreased 34+12%) and an initial increase in cardiac output
(28+8%). There was no statistically significant difference in
bolus NaHCO, injections (averaging 1-2/piglet) or duration
of hypoxia among the groups (Table II).

All piglets could support the circulation after CPB was dis-
continued, achieving normal to near normal cardiac output
after volume infusion. A higher LAP was needed, however, to
maintain the same LV stroke work index in piglets receiving
uncontrol reoxygenation (Fig. 1 a), and no further augmenta-
tion of stroke work index was achieved by volume infusion
after LAP exceeded 8-10 mmHg.

LYV contractility

Reoxygenation on CPB without surgical ischemia. Reoxygena-
tion with abrupt hyperoxic pO, (~ 400 mmHg) in the CPB
circuit without superimposed ischemia (aortic crossclamp)
was associated with only 25+5% recovery of Ees. Fig. 1 b shows
the pressure volume relationships in a piglet undergoing abrupt
reoxygenation on CPB, and Fig. 2 shows the percent recovery
of E,, in all studies of reoxygenation without surgical ischemia.
Gradual reoxygenation performed by raising pO, from 25 to
400 mmHg over 1 h reduced post-CPB myocardial dysfunction
minimally, as Ees recovered to 34+4% of control.
Reoxygenation on CPB with surgical ischemia. In control
studies, myocardial performance was unaffected by the surgical



Table I1. Hemodynamic Changes

HR ClI SVRI Ees
Duration of
hypoxia pre post pre post pre post pre post
min beats/min mifkg/min dyn/s/cm™ kg mmHg/ml

Control

Control (no CPB) None 153+9 1669 99+8 101+7 690191 724+89 34.8+9.9 33.9+9.0

BCP (no hypoxia) None 160+17 173+15 104+19 94+11 634+84 829+55 32.8+6.8 32.0+2.0
Hypoxia/reoxygenation

Abrupt reox 82425 170+8 16318 12010 69+7* 617+43 764+64 35.0+12 7.8+3.2%

Gradual reox 69+22 16510 17315 11215 81+20 555482 51382 30.8+5.7 11.8+2.8%
Hypoxia/reoxygenation with

ischemia

Initial hyperoxic CPB 73+24 168+6 188+24 11416 63+17*  527+52 596+68 34.849.5 7.7+2.1%

Initial normoxic CPB 7730 162+10 184+16 115+15 82+5* 559+82 715+89 30.2+6.9 15.6+2.4*

Initial hypoxic CPB 83127 174+13 172120 11010 88+14 544+41 589+38 32.7+3.8 27.8+4.7%

Pre, control interval; Post, end of study period; HR, heart rate; CI, cardiac index; SVRI, systemic vascular resistance index. * P < 0.05 vs pre
values. ¥ P < 0.05 vs Control and BCP. $ P < 0.05 vs Initial Hyperoxic and Normoxic.
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Figure 1. (a)Left ventricular performance assessed by volume loading
(Starling curves) before (o) and after (w) CPB in piglets reoxygenated
at pO, ~ 400 mmHg. These piglets did not undergo surgical ischemia
with blood cardioplegia. Note left ventricular (LV') normal stroke
work index averages 0.5+0.06 gm/kg before inscription of function
curves, and failure to increase LV stroke work index as flling pressure
is increased after reoxygenation on CPB. Values are mean+SE. (b)
Pressure volume loops during control interval, before hypoxemia, and
after reoxygenation in untreated piglets undergoing abrupt reoxygen-
ation on cardiopulmonary bypass.
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preparation per se, and in non-hypoxemic piglets undergoing
30 min of aortic clamping with blood cardioplegia also recov-
ered completely. In contrast, initial hyperoxic reoxygenation of
hypoxic piglets undergoing this blood cardioplegic regimen was
associated with the same level of severe myocardial depression
(Ees recovered 21+2%) as hyperoxic reoxygenation without
surgical ischemia (Figs. 2 and 3). Conversely, lowering pO, at
the onset of CPB allowed substantial recovery of LV contractil-
ity in a pO,-dependent fashion when used in conjunction with
blood cardioplegia; percent Ees recovered 56+10% with initial
normoxemic CPB and was 83+3% of control if CPB was
started with hypoxic pO, and reoxygenation was initiated with
normoxemic blood cardioplegia (Fig. 3).

Biochemical

Nitric oxide. NO production was not measured in piglets un-
dergoing abrupt and gradual reoxygenation because coronary

10 __ _ _ o .
80 |
g 60 |
8
3]
B
0]
Abrupt Gradual
Reoxygenation

Figure 2. Left ventricular contractility after reoxygenation on cardio-
pulmonary bypass. Left ventricular Ees after discontinuing CPB is
expressed as percent control (z). Values were obtained after instru-
mentation, but before hypoxia and CPB. Histograms represent abrupt
reoxygenation (ReO,) = pO, ~ 400 mmHg and gradual ReO, = pO,
~ 25 mmHg that was increased to 400 mmHg over 1 h of CPB, re-
spectively. These piglets did not undergo surgical ischemia with blood
cardioplegia. Note: comparable decrease of contractility after abrupt
(m) and gradual (@) reoxygenation.
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Figure 3. Myocardial contractility (Ees) expressed as percent control
values before hypoxia or CPB. BCP, blood cardioplegia. The pO,
values reflect the pO, in the extracorporeal circuit when CPB was
started. Note: normal recovery of contractility in control piglets re-
ceiving BCP without preceding hypoxemia (0O), and inverse relation-
ship between pO, during initiating of CPB when initial pO, was hy-
peroxic (pO, ~ 400 mmHg, ), normoxic (pO, ~ 100 mmHg, @), or
hypoxic (pO, ~ 25 mmHg, ). * P < 0.05 vs. control piglets under-
going CPB and BCP without preceding hypoxemia, ¥ P < 0.05 vs. pO,
400 mmHg, ¢ P < 0.05 vs. pO, = 100 mmHg.

blood flow could not be measured without the aorta being
clamped for cardioplegic delivery. Hyperoxic reoxygenation
(pO, > 400 mmHg) on CPB was associated with an 11-fold
increase in NO production during cardioplegic induction com-
pared to control piglets given the same hyperoxic blood cardio-
plegic solution. In contrast, this marked NO production was
reduced by 70 and 94%, respectively, by controlling cardiac
reoxygenation by (a) initiating CPB at normoxemic levels
(pO, ~ 100 mmHg) or (b) starting CPB at ambient hypoxic
pO, (~ 25 mmHg) and delaying reoxygenation until normox-
emic blood cardioplegia was given (pO, ~ 100 mmHg)
(Fig. 4).

5000 4 *
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NO 3

(umol/min/100g)
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T §
N f— ST
itial CPB p02
BCP SR CLE 20 .
(no Hypoxia) ©

Reoxygenation + BCP

Figure 4. Myocardial nitric oxide production (M /min/ 100 g heart
weight) during BCP induction in control piglets (no hypoxemia),
and hypoxemic piglets reoxygenated on CPB with circuit primed at
hyperoxic, normoxic and hypoxic pO, before undergoing surgical
ischemia with BCP. Note negligible NO production in control piglets
receiving BCP without preceding hypoxemia (0), and direct relation-
ship between pO, at start of CPB and NO production during induc-
tion of blood cardioplegia when initial pO, was hyperoxic, normoxic,
or hypoxic. * P < 0.05 vs. control piglets undergoing CPB and BCP
without preceding hypoxemia, * P < 0.05 vs. pO, 400 mmHg, ¢ P

< 0.05 vs. pO, = 100 mmHg.

2662 Moritaet al.

@
S
1

40
.
225
E
i
a2
8d t
10 J
— 5
i) (7r77777¢7)
——— Initial CPB p02
BCP _40ommHg ~100mmHg ~25mmbg
(no Hypoxia)

Reoxygenation + BCP

Figure 5. Myocardial conjugated diene (CD) production (A,;;/min/
100 g heart weight) during BCP induction in control piglets (no hyp-
oxemia), and hypoxemic piglets reoxygenated on cardiopulmonary
bypass with the circuit primed at hyperoxic; normoxic, and hypoxic
pO, before undergoing surgical ischemia with BCP. Note negligible
CD production in control piglets receiving BCP without preceding
hypoxemia (), and direct relationship between pO, at start of CPB
and CD production when initial pO, was hyperoxic normoxic or
hypoxic. * P < 0.05 vs. control piglets undergoing CPB and BCP
without preceding hypoxemia, t P < 0.05 vs. pO, 400 mmHg, ¢ P
< 0.05 vs. pO, = 100 mmHg.

Mpyocardial conjugated diene production. The increase in
conjugated diene production paralleled elevations in NO pro-
duction (Figs. 4 and 5). Negligible cardiac-conjugated diene
production occurred in non-hypoxemic controlled piglets un-
dergoing 30 min of surgical ischemia with blood cardioplegia,
whereas hyperoxic reoxygenation on CPB caused a 10-fold in-
crease in myocardial conjugated diene production during
blood cardioplegic induction (Fig. 5). Conversely, controlled
cardiac reoxygenation limited conjugated diene production

1400
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(nM/g protein)

Initial CPB pO2
~400mmHg ~100mmHg ~25mmHg
Reoxygenation + BCP

BCP
(no Hypoxia)

Figure 6. Myocardial antioxidant reserve capacity determined by
quantifying malondealdehyde elution (MDA) from myocardial ho-
mogenates incubated with the oxidant z-butylhydroperoxide (-BHP)
at 4 mM concentration. Hatched area shows range of control values
in piglets that were instrumented, but did not undergo either CPB or
surgical ischemia with BCP. Each bar shows values in piglet that ei-
ther did not undergo hypoxemia (no hypoxia) or were reoxygenated
on CPB with circuit primed with hyperoxic, normoxic or hypoxic
blood before undergoing surgical ischemia with BCP. * P < 0.05 vs.
control piglets undergoing CPB and BCP without preceding hypox-
emia, ' P < 0.05 vs. pO, 400 mmHg.



during cardioplegic induction in a pO,-dependent fashion; pro-
duction was reduced 62% when CPB was started at pO, ~ 100
mmHg and 95% at pO, ~ 25 mmHg (P<0.05 vs. hyperoxic
CPB).

Antioxidant reserve capacity. Sudden and gradual reoxy-
genation to 400 mmHg on CPB without surgical ischemia
caused a 68+5% and 44+8% reduction in antioxidant reserve
capacity, respectively. A comparable 59+8% impairment oc-
curred in piglets subjected to hyperoxic reoxygenation with
subsequent surgical ischemia (Fig. 6). In contrast, starting
CPB at either normoxic or ambient hypoxic levels, followed by
normoxemic blood cardioplegia in previously hypoxemic pig-
lets limited the impairment in antioxidant reserve capacity
(Fig. 6).

Discussion

This in vivo study shows that abrupt reoxygenation of cyanotic
infantile piglets produces post-CPB myocardial mechanical
dysfunction that is associated with augmented NO production
provided that molecular O, is reintroduced by the conven-
tional clinical procedure of raising pO, to 400 mmHg in the
extracorporeal circuit. Post-CPB cardiac dysfunction is asso-
ciated with signs of lipid peroxidation and depletion of myocar-
dial antioxidants. This reoxygenation damage (a) nullifies the
cardioprotective effects of a blood cardioplegic solution, and
(b) can be limited or prevented by controlled cardiac reoxygen-
ation, whereby CPB is started using either a hypoxic or a nor-
moxic priming fluid and delaying reoxygenation until the heart
is given a normoxic cardioplegic solution developed originally
for treating reperfusion injury(3,4). The salutary effects of ini-
tiating hypoxic CPB seem related to offsetting reoxygenation
injury by delaying reintroduction of molecular oxygen until
blood cardioplegic induction, since gradual reoxygenation
without blood cardioplegia produced only minimal benefits.

Role of NO. Recent in vitro findings confirm that NO may
reduce myocardial contractile dysfunction(29), as originally
reported in our in vivo reoxygenation study(2). The present
report quantifies a substantially greater production of NO after
reoxygenation than our previous report, since we determined
actual production rates of nitrite and nitrate, rather than iso-
lated, serum nitrite determinations alone. These data define a
direct correlation between NO production during initial reoxy-
genation blood cardioplegic induction and the extent of oxi-
dant injury based on conjugated diene production. Improved
myocardial function and reduced lipid peroxidation was linked
to a suppression of NO by controlling the process of cardiac
reoxygenation. Potential sources of NO include the endothe-
lium, myocytes, endocardium and mitochondria (18), but this
study does not distinguish their relative contribution to the
observed damage. The relative roles of individual elements in
the blood cardioplegic solution in suppressing NO production
is also not examined.

Arginine is the biochemical precursor of NO and is physio-
logically responsible for endothelial-derived relaxation. Nitric
oxide inhibits vascular adherence of neutrophils, perhaps ac-
counting for the salutary effects of L-arginine in the ischemic/
reperfusion model (30), where blood flow is stagnant and
neutrophils become adherent during ischemia and activated
during reperfusion (31). Conversely, L-arginine accelerates
reoxygenation damage in the in vivo hypoxemic model where
coronary blood flow is high, and neutrophil adherence is less

Nitric Oxide-related Reoxygenation Injury on Cardiopulmonary Bypass

likely. Clearly, a balance between the physiologic and patho-
logic effects of nitric oxide must be established. Furthermore,
lactate accumulation may down regulate metabolism during
ischemia and provide reducing equivalents during reperfusion
(32), whereas the high coronary flow during hypoxemia pre-
vents lactate buildup.

NO production during cardioplegic induction in previously
hypoxemic piglets paralleled the initial pO, level in the extra-
corporeal circuit. These in vivo findings documenting the rela-
tionship between NO and pO, are consistent with recent in
vitro studies showing the V.. of constitutive NO synthase is
related to O, tension (13). We likely underestimated the true
burst of NO with reoxygenation, as coronary blood flow was
measured only when blood cardioplegia was delivered 5 min
after starting CPB. Despite delayed measurements, NO produc-
tion increased 11-fold in previously hypoxemic hearts placed
on CPB at pO, 400 mmHg where a similar hyperoxic blood
cardioplegic formulation did not cause NO production, conju-
gated diene generation or myocardial dysfunction under con-
trol conditions. We speculate that the excess NO reacts with O3
and generates the intermediate OONO ~ which decomposes to
generate highly toxic O, and N, intermediates that produce
lipid peroxidation. Encroachment on antioxidant reserve ca-
pacity occurred only in piglets subjected to uncontrolled reoxy-
genation and increased susceptibility to a subsequent ischemic
insult, such as the interval of aortic clamping negded to opti-
mize operating conditions.

The significant increase in nitric oxide content observed in
coronary venous blood when the hypoxic heart was abruptly
reoxygenated may result in adverse biochemical reactions be-
sides those related to peroxynitrite formation. Nltric oxide me-
diates iron release from ferritin, the protein that stores excess
intracellular iron (33). Heme and non-heme-iron proteins
may also be a source of iron release by nitric oxide (34). Recent
studies demonstrated an 8-9-fold rise in iron content of coro-
nary blood when flow is re-established after myocardial isch-
emia (35). Mobilized ferrous iron, released by nitric oxide, is
thereby available to react with hydrogen peroxide which also
increases with cardiac reoxygenation. Thus, nitric oxide may
participate in the Haber-Weiss reaction, but by mechanisms
that were not previously appreciated. Increased nitric oxide
production and free iron release during reoxygenation is con-
sistent with experimental’ and clinical'® studies showing the
importance of deferoxamine, an iron chelator, in preventing
reperfusion-related myocardial damage after CPB.

The possibility exists that there is an NO paradox, just like
an O, (38) and calcium paradox (38), whereby a substance
responsible for modulating several physiologic functions (i.e.,
vascular tone, white blood cell and platelet adherence) may
become deleterious when produced in high concentrations
upon reoxygenation. The confusion over how the same sub-
stance can be both salutary and detrimental is resolved by recog-
nizing that substances may have different actions during vs.
after reoxygenation.

Role of pO,. Clinically, cardiopulmonary bypass in hypox-
emic infants is initiated at high pO, (~ 400 mmHg) without
consideration of the possible cytotoxic effects of abrupt reoxy-
genation. The current study shows that a brief (i.e., 5 min)
interval of uncontrolled reoxygenation during initial hyperoxic
CPB produced sufficient reoxygenation injury to nullify the
benefits of blood cardioplegia.

Free radical generation and subsequent myocardial injury
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after reoxygenation are proportionate to oxygen tension (14,
38, 39). Unfortunately, gradual reoxygenation alone reduced
damage only marginally if unaccompanied by blood cardiople-
gia. We suspect that delaying reoxygenation avoided the burst
of NO and O3 associated with abrupt reoxygenation, since ini-
tiating CPB at a hypoxic pO, (~ 25 mmHg) followed by reox-
ygenation with normoxic blood cardioplegia resulted in negligi-
ble NO production, avoided lipid peroxidation, and preserved
antioxidant reserve capacity. The pO,-dependent nature of this
reoxygenation injury was evident from the findings where in-
termediate results followed initiation of normoxic CPB at pO,
of approximately 100 mmHg (Figs. 3-5).

Controlled cardiac reoxygenation with blood cardioplegia.
Our findings documenting near complete functional recovery
after controlled cardiac reoxygenation are consistent with pre-
vious observations where controlled reperfusion was used after
regional and global ischemia (4, 40, 41). In addition to the
benefits of regulating pO, when CPB was initiated, we specu-
late that several aspects of controlled cardiac reoxygenation
with blood cardioplegia limited reoxygenation damage as enu-
merated previously (3, 4) and by some recently defined mecha-
nisms described below.

Normothermic potassium arrest with hypocalcemic, alkalo-
tic blood. The importance of initiating reoxygenation in the
normothermically arrested state is underscored by the finding
that reoxygenation hypercontraction and sarcolemmal disrup-
tion can be prevented by temporary contractile blockade (42).
This suggests that some of the limited energy produced during
initial reoxygenation is used to normalize cytosolic Ca?*, pre-
sumably by improving Na*-Ca?* exchange (43). Recent stud-
ies link reoxygenation to intracellular calcium loading and
membrane damage (44). Hypocalcemia may also limit activa-
tion of phospholipases which degrade membrane phospho-
lipids, and lower release of reactive oxygen intermediates via
the arachidonic acid and xanthine oxidase pathways (45). It is
known now that constitutive NO synthase is Ca2*/calmodulin
dependent, so that decreasing extracellular Ca%* would attenu-
ate activation of both endothelial and endocardial NO synthase
and reduce NO production (18). Reperfusion alkalosis also
favors inactivation of NO by catalyzing its oxidation to inor-
ganic nitrate, as NO is most stable at acidotic pH (17).

Glutamate/aspartate supplementation. Both hypoxia and
ischemia deplete cytosolic concentrations of the key precursors
of Krebs cycle intermediates, glutamate and aspartate; thus,
reducing their availability for optimal tricarboxylic acid (TCA)
function upon reoxygenation. We showed previously that their
replenishment either intravenously or in the cardioplegic solu-
tion(3) in hypoxemic or ischemic hearts restored near normal
post-ischemic function, presumably via improved energy me-
tabolism. Glutamate and aspartate may also affect the L-argin-
ine-NO-pathway via their conversion to glutamine. Arginine
uptake is essential for NO synthesis (46), and is regulated by
the cationic amino acid transport system that can be inhibited
by L-glutamine and neutral amino acids (19). Glutamine syn-
thetase, present in cardiac muscle, converts glutamic acid to
L-glutamine (20), and L-glutamine is synthesized also from
aspartate via aspartate aminotransferase (21). In addition to
their effect on cardiac energy metabolism, these observations
imply that glutamate and aspartate via their conversion to L-
glutamine may inhibit L-arginine transport and subsequent
NO production.

Reduced reperfusion pressure. Reducing coronary artery
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pressure during reperfusion improves endothelial-dependent
function (47). This was ascribed initially to a reduction in
mechanical damage to vulnerable endothelial cells, but endo-
thelium-derived NO is linked closely to sheer stress (22), so
that decreasing sheer stress by gentle reperfusion may limit the
NO that is generated.

PO, in blood cardioplegia. Although lowering pO, in the
CPB circuit had negligible effect on reducing reoxygenation
injury without blood cardioplegia, pO, in the blood cardiople-
gic solution may influence the effectiveness of different factors
in the blood cardioplegic strategy, since O; and NO production
are pO, dependent (13,14). Hyperoxic blood cardioplegia is
probably never needed, since normoxia (pO, ~ 100 mmHg)
provides nearly complete O, saturation and O, demands are
negligible in the arrested decompressed heart (48).

Clinical implications. Our data suggest that an “uninten-
tional” cardiac reoxygenation injury can be produced by the
conventional procedure of instituting hyperoxic CPB. This in-
ference is weakened, somewhat, because of the uncertain rele-
vance of the acutely hypoxic model to the patient with chronic
cyanosis who develops myocardial metabolic adaptations to
hypoxemia (49). The incidence of pre-bypass dysfunction was,
however, common to all groups and recovery occurred only in
piglets undergoing controlled cardiac reoxygenation.

Our findings are consistent also with observations of pa-
tients with chronic cyanosis due to Tetralogy of Fallot who
exhibit reduced endogenous antioxidant levels (i.e., glutathi-
one peroxidase, SOD) (50), enhanced vulnerability to oxidant
damage (51), and increased conjugated diene production in
pre-ischemic myocardial biopsies after conventional CBP is
started (6). This myocardial reoxygenation changes may in-
crease vulnerability to subsequent ischemic/reperfusion injury
in the surgical setting and contribute to post-bypass cardiac
dysfunction, where standard methods of blood cardioplegic
protection are less cardioprotective compared with acyanotic
adult patients undergoing coronary revascularization despite
shorter ischemic intervals (7).

The functional depression quantified by the sensitive indi-
ces (Ees) and inscription of ventricular function curves may
seem incompatible with the “uneventful” postoperative course
after straightforward repair of cyanotic children with pulmo-
nary stenosis or Tetralogy of Fallot. All piglets could be weaned
from cardiopulmonary bypass and depressed function was de-
fined by reduced Ees and normal cardiac output at increased
filling pressures. This impairment of function may not be appre-
ciated from the bedside where functional reserve is not tested.
Our findings may explain why inotropic support is often
needed postoperatively in cyanotic children. The occurrence of
reoxygenation injury is evident also in cyanotic infants who
undergo extracorporeal membrane oxygenation (ECMO) for
respiratory failure, as reduced systolic function which pro-
gresses to “cardiac stun” occurs despite no surgical ischemia
(8,9).

We interpret our data to suggest that altering routine tech-
niques of conventional cardiopulmonary bypass may limit car-
diac reoxygenation damage, and that the observed injury may
be related to augmented NO production when CPB is started.
Initiation of CPB at hypoxic pO, reduces NO production and
would likely be safe since the flow in the extracorporeal circuit
could be augmented to ensure tissue O, delivery when bypass is
started. Furthermore, normoxic initiation on CPB at pO,
~ 100 mmHg ensures ~ 99% oxygen saturation without ad-



justment of the CPB flow, and it is unlikely that hyperoxic CPB
is ever needed in clinical practice, since pO, > 100-150 mmHg
confers only negligible increase in oxygen content. The avoid-
ance of hyperoxia during reoxygenation in cyanotic hearts to
reduce reoxygenation injury may, in a sense, be comparable to
restricting inspired FIO, in newborn infants to avoid retrolen-
tal fibroplasia (52). The techniques of controlled cardiac reox-
ygenation used in this study are available in routine practice,
and can hopefully be used to limit cardiac reoxygenation injury
during repair of congenital defects causing cyanosis.
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