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H2211, 1994.-Because the chronically cyanotic myocardium 
is thought to be more susceptible to oxyradical injury than the 
noncyanotic myocardium during cardiovascular surgery, we 
studied the oxyradical susceptibility of human ventricular 
cardiomyocytes cultured at high and low oxygen tension (POT) 
levels. Passage 4 tetralogy of Fallot cardiomyocytes were 
cultured at PO, levels of 150 and 40 mmHg for 14 days and 
then exposed for 10 min to superoxide radicals. The cellular 
levels of ATP, phospholipid fatty acids, phospholipid conju- 
gated dienes, ol-tocopherol, and activities of superoxide dismu- 
tase, catalase, and glutathione peroxidase were measured. 
ATP levels decreased more markedly in the low-P02 group. 
Although the decrease in &ocopherol levels was similar for 
both groups, phospholipid conjugated diene formation and 
phospholipid unsaturated fatty acid loss was greater in the 
low-P02 cells. Glutathione peroxidase activity was rapidly 
inhibited. Superoxide dismutase activity was unaffected, and 
catalase activity was inhibited by no more than 50%. Although 
extracellular superoxide dismutase with catalase did not in- 
hibit phospholipid conjugated diene formation and phospho- 
lipid breakdown, extracellular glutathione peroxidase with 
reduced glutathione did limit phospholipid damage. With the 
occurrence of membrane lipid peroxidation, the decreased 
glutathione peroxidase activity in the cyanotic tetralogy of 
Fallot myocardium determines cardiomyocyte membrane sus- 
ceptibility to oxidant injury. 

oxyradicals; phospholipid conjugated dienes; phospholipid fatty 
acids; a-tocopherol; antioxidant enzymes 

CONGENITAL HEART DISEASE affects 8 of 1,000 births. 
Clinically, congenital heart disease can be divided into 
cyanotic and noncyanotic heart defects. Tetralogy of 
Fallot (TOF) is the most common form of a cyanotic 
congenital heart lesion. The definitive treatment of the 
tetralogy patient is surgical correction. Although the 
operative mortality for elective correction has decreased 
to 5% in most major centers, there is an unusually high 
incidence of postoperative right heart failure despite 
technically successful surgery (32). 

The basic science of the effects of chronic cyanosis on 
the myocardium is poorly understood. Silverman et al. 
(26) surgically created an adult canine chronically cya- 
notic heart model. They concluded that chronic cyanosis 
predisposed the myocardium to the low-output syn- 
drome and to ATP depletion during the ischemic car- 
dioplegic arrest period. Similar results were found with 

the cyanotic TOF children during elective corrective 
cardiac surgery (6). During the corrective surgery of the 
TOF patient, the postoperative myocardial ATP levels 
decrease gradually during the ischemic arrest time and 
then fall precipitously with the onset of normothermic 
reperfusion (ischemia-reperfusion injury). Myocardial 
tissue biopsies showed recent foci of myocyte necrosis 
and increased levels of phospholipid hydroxyconjugated 
dienes (5). These necrotic foci and increased tissue levels 
of oxidant damage were thought to occur with the onset 
of cardiopulmonary bypass with its associated high 
arterial blood oxygen tension (PO,; 200-400 mmHg). 
Myocardial ventricular antioxidant enzyme activities 
were measured in TOF and noncyanotic adult patients 
having elective cardiac surgery (27). Although there 
were no significant differences in myocardial catalase 
and cytosolic Cu, Zn superoxide dismutase (SOD) activi- 
ties, glutathione peroxidase (GPx) activity was 25% of 
the myocardial activities of the adult patients. We have 
also shown that the myocardial antioxidant enzymes are 
regulated both in vitro (13) and in vivo (27) by PO,. 

To improve our understanding of the reasons underly- 
ing this difference in oxyradical susceptibilities, we have 
now followed (for the first time) oxyradical-mediated 
changes in ATP, fatty acid composition, phospholipid 
conjugated dienes, antioxidant enzyme activities, and 
cx-tocopherol levels in TOF myocytes cultured at high 
and low PO, levels. The antioxidant efficiencies of extra- 
cellular GPx with reduced glutathione (GSH) and of 
SOD with catalase in preventing oxyradical-derived 
cellular phospholipid damage were also studied. These 
in vitro results indicated the importance of GPx activi- 
ties in determining myocardial membrane susceptibility 
to oxidant damage. 

MATERIALS AND METHODS 

CeZZ culture. A ventricular biopsy was obtained from TOF 
patients < 2 years of age undergoing elective corrective cardiac 
surgery. Permission was obtained from the hospital’s Human 
Experimentation Committee. The cardiomyocytes were pro- 
cessed by enzymatic digestion of the biopsy, purified by the 
clonal dilutional method, cultured, and subcultured as de- 
scribed by Li et al. (14, 15). Passage 1 and 4 cells were cultured 
for transmission electron microscopy and immunofluorescent 
staining for human ventricular myosin heavy chain (HVMHC) 
(15). Purity of the cultured cells was established by morphologi- 
cal appearance and immunofluorescent staining for HVMHC. 
Passage 4 cardiomyocytes were cultured separately at POP 
levels of 150 and 40 mmHg for 14 days before experimenta- 
tion. Practical considerations dictated the use of the two PO, 
levels. Regulation of air and CO2 flows to obtain a POT of 100 
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mmHg on a dependable basis for weeks at a time was thought 
to be not feasible. A gas mixture of 95% air-5% CO2 gave a PO, 
of 150 mmHg in the culture medium. A gas mixture of 95% 
nitrogen-5% CO2 gave the lowest possible POT on a reliable 
basis in the culture medium; this Po2 was 40 mmHg. 

Hypoxanthine-xanthine oxidase reaction. The free radical- 
generating system used in this study was similar to that used 
by Shasby et al. (24). A hypoxanthine solution (2 mmol/l) was 
prepared by dissolving 272.2 mg of hypoxanthine in 1 liter of 
phosphate-buffered saline (PBS; pH 7.4, PO, 150 mmHg). Free 
radicals were generated at 37°C in a lOO-mm-diameter cell 
culture dish by adding 3 ml of 2 mmol/l hypoxanthine, 3 ml of 
PBS, and 30 ~1 of xanthine oxidase (100 U/5 ml). The final 
concentrations of hypoxanthine and xanthine oxidase were 1 
mmol/l and 100 U/l, respectively. To determine the cellular 
toxicity of hypoxanthine or xanthine oxidase, cultured cardio- 
myocytes (n = 10) were incubated at 37°C for 30 min in 6 ml of 
PBS with 1 mM hypoxanthine (n = 10) or 100 U/l xanthine 
oxidase. 

Measurement of ATP Zeuels. After the cardiomyocytes cul- 
tured at high and low PO, levels were washed three times with 
PBS, they were exposed to the free radical-generating system. 
The cells were quick frozen with liquid nitrogen at 0.10, 3.5, 
7.0, and 10 min and freeze dried for 12 h at -50°C. Nucleotide 
extraction was performed by the method described by Shryock 
et al. (25). The cells were collected in 2 ml of methanol-water 
(4: 1, vol/vol) at 80°C using a rubber policeman and then 
transferred to a homogenizer. The samples were homogenized 
and centrifuged at 560 g and 4°C for 10 min. The pellets were 
saved for cellular protein assay, and the supernatants were 
dried under nitrogen gas. The residues were dissolved in 0.5 ml 
of Hz0 and 0.5 ml of freon-heptane (4:1, vol/vol). After the 
samples were agitated in a Vortex mixer and centrifuged at 
12,000 g for 10 min with a microcentrifuge, the upper layer 
was collected for ATP assay using the method of Harris et al. 
(8). The cellular ATP results were expressed as nanomoles 
ATP per milligram cell protein. 

Measurement of cellular fatty acid levels. The cardiomyo- 
cytes at each PO, were divided into two groups and then were 
exposed to the free radical-generating system for 10 min. The 
control cells for each group were incubated in PBS in place of 
the free radical-generating system. The control and oxidant- 
damaged cells were immediately frozen with liquid nitrogen 
and freeze dried for 12 h at -50°C. The cells were removed 
with a cell scraper in 2 ml of methanol and collected in a 
homogenizer. The cellular phospholipid fatty acids were ana- 
lyzed by gas chromatography using the method of Shaikh and 
Downar (23). The fatty acid concentrations are expressed as 
nanomoles fatty acid per milligram cellular protein. 

Measurement of phosphoZipid conjugated dienes. Cellular 
conjugated dienes were measured using the [ 14C]tetracyano- 
ethylene method of Waller and Recknagel (29). The cells were 
washed three times with PBS and exposed to the free radical- 
generating system. The free radical injury was stopped after 
0.1, 5, and 10 min by the addition of liquid nitrogen. The cells 
were then lyophilized at -50°C for 12 h. The phospholipids 
were isolated, and conjugated diene levels were measured as 
described in detail by Mickle (17). The conjugated diene 
concentrations are expressed as nanomoles conjugated diene 
per nanomole phospholipid phosphate. 

Measurement of cr-tocopherol ZeveZ. Cardiomyocytes cul- 
tured at high and low PO, levels were exposed to the free 
radical-generating system. At 0.1,5, and 10 min the cells were 
quick frozen with liquid nitrogen and freeze dried for 12 h at 
-50°C. The high-performance liquid chromatography (HPLC) 
method of Ingold et al. (9) was used to quantitate cx-tocopherol. 
The HPLC cw-tocopherol peak was identified by gas chromatog- 

raphy-mass selective detector (Hewlett-Packard). The results 
are expressed as nanomoles a-tocopherol per milligram cellu- 
lar protein. 

Measurement of antioxidant enzyme activities. After the 
cells were washed three times with PBS, they were exposed to 
the free radical-generating system, which was quenched (1) by 
adding 10 ml of cell culture medium after 0.1, 5, and 10 min. 
The cells were immediately harvested and collected in a 50-ml 
tube and then centrifuged at 600 g for 5 min. The cell pellets 
were resuspended in appropriate solutions, after which Cu, Zn 
SOD activity was assayed by the method of L’Abbe and Fischer 
(12), catalase was assayed by the method of Cohen et al. (3), 
and glutathione peroxidase was assayed by the method of 
Doroshow et al. (7). These methods are described in greater 
detail by Li et al. (13). 

ExtracelLular antioxidant enzyme protection studies. After 
the cells were cultured for 14 days at a POT of 40 mmHg, they 
were washed three times with PBS. The antioxidant efficacy of 
2 mM GSH and 2 mM GSH + 5,000 IU/l GPx in preventing 
phospholipid fatty acid loss and conjugated diene formation 
was measured. Also, the antioxidant combination of 1 x lo6 
IU/l SOD with 1 x lo6 IU/l catalase was evaluated by 
quantitation of cellular phospholipid conjugated diene forma- 
tion. The antioxidant enzymes were added immediately before 
initiating the hypoxanthine-xanthine oxidase reaction by the 
addition of xanthine oxidase. After 10 min of exposure to the 
free radical-generation system, the cells were immediately 
frozen with liquid nitrogen and freeze dried overnight at 
-5OOC. The cellular phospholipid fatty acid and conjugated 
diene levels were measured as previously described. 

Measurement of protein concentration. Protein concentra- 
tions were measured using the Bio-Rad protein assay. 

StatisticaL analysis. Student’s t test was used to compare 
differences in ATP levels, fatty acids, conjugated diene levels, 
a-tocopherol levels, and antioxidant enzyme activities in the 
cells cultured at high and low Pop levels. 

RESULTS 

The morphology of passage 4 cardiomyocytes cultured 
at low and high PO, levels was similar (Fig. 1). The 
cardiomyocyte cultures were over 98% pure. No fibro- 
blasts or endothelial cells were visible, and all cells 
stained strongly for HVMHC, as shown in Fig. 2. 
Electron micrograph of passage 1 cardiomyocytes showed 
disorganized myofibrils with distinct sarcomeres (Fig. 
3). By passage 4, the cells contained irregularly orga- 
nized myofilaments with irregular patches of dense Z 
band material (Fig. 4). 

No morphological changes occurred when the cells 
were incubated at 37°C for 30 min in PBS containing 
xanthine oxidase or hypoxanthine. 

With initiation of the oxyradical-generation system, 
the ATP levels in the cells cultured at the low PO, 
decreased more rapidly than in the cells cultured at the 
high PO, (Fig. 5). The cardiomyocytes cultured at the 
high PO, had more (P < 0.05) 20:4 fatty acids in their 
phospholipid fraction than the cells cultured at the low 
PO,, but there was no difference in the total saturated 
and unsaturated phospholipid fatty acids between the 
two groups of cells (Table 1). When the cardiomyocytes 
were exposed to the free radical-generating system for 
10 min, only the fatty acids in the phospholipids in the 
cells cultured at the low PO, showed significant (P < 
0.01) changes. The total polyunsaturated fatty acids, 
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Fig 1 Passage 1 cultured tetralogy of Fallot cardmmyocytrs (x 200) 

18:2 (n-6), 18:3 (n--3), 20:4 (n-61, and 22:6 (n-3) 
dccrcascd 36-72(X. After 5 min of exposure to free 
radicals, the phospholipid conjugated dienes increased 
(P < 0.01) only in the cells cultured at the low POT. In 
the first 5 min there was no signilicant increase in 
conjugated diene levels in the cells cultured at the high 
PO,. (Table 21; however, after 10 min of exposure to free 
radicals, the conjugated diene levels in both groups of 
cells were significantly (P < 0.01) greater than their 
corresponding levels at 5 min. Nevertheless, again it was 
the low-IV),, cells that showed the greater increase (P < 
0.05) in dienc levels. The control cx-tocophcrol levels 
were the same in both groups of cardiomyocytes and 
decreased at the same rate during the 10 min of 
exposure to the free radical-generating system. The 
antioxidant enzyme activities were higher (P < 0.01) in 
the cells cultured at the high PO,. In both groups of cells, 
SOD activity was unaffected by the free radical- 
generating system. Catalasc activity decreased (P < 
0.01) by as much as 40% during the first 5 min of 
exposure to the free radical flux and then remained 
unchanged. GPx activity decreased (P < 0.01) by as 
much as 90% in the first 5 min and to zero activity by 10 
min. 

GSH in the extracellular fluid did not affect the 
oxyradical-derived phospholipid breakdown (Table 3) 

and phospholipid con.jugated diene formation (Fig. 61, 
but GPx with GSH did significantly (P < 0.01) prevent 
some of this injury. SOD and catalase were ineflective in 
minimizing phospholipid conjugated diene formation. 

DISCUSSION 

Despite the significant occurrence of congenital cya- 
notic heart disease, the effects of chronic cyanosis on 
myocardial function and metabolism have been studied 
inadequately. Technical difficulties in establishing ei- 
ther neonatal or adult animal models simulatingcongeni- 
tal heart disease have been almost insurmountable. An 
advantage that cell culture technology olfcrs in the 
study of cyanotic heart disease is that human ventricu- 
lar cardiomyocytes from TOF patients can he exposed to 
low and high POT levels as well as the metabolic differ- 
ences studied. The arterial blood PO? in cyanotic TOF 
patients is 51 2 7 (SD) mmHg (61, which is one-half of 
PO., for control patients. Although the experimental 
diff‘erencc in POT of 150 and 40 mmHg used in this study 
is greater than found clinically, the in vivo response of 
the antioxidant defenses of the control and cyanotic 
myocardium to extracellularly generated oxyradicals 
should follow a similar pattern. 

Most myocardial digestion techniques for isolating 
cardiomyocytes from tissue arc intended to isolate rod- 
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shaped cells, which contract spontaneously. Rod-shaped 
cells arc usually composed of a number of individual 
cardiom.vocytes firmly attached to each other. In our 
hands rod-shaped cardiomyocytes can be isolated only 
from the myocardium of adult animals and do not 
survive much longer than 24 h. Our proteolytic digcs- 
tion technique (14) of myocardial biopsies is intended to 
isolate individual cardiomyocytcs (single cells) that can 
freely attach to the culture dish. The conditions of 
trypsin and collagenase were optimized for maximal 
yields of single viable cardiomyocytes (14). This tech- 
nique yields 2.0 x 10’ single viable cardiomyocytes per 
20 mg of heart tissue, which is five times higher than the 
amount reported by Simpson and Savion (22). In the 
clonal dilution method of purifying the cardiomyocytes 
the isolated cells arc seeded at a low density, e.g., 
50- 100 cells per go-mm-diameter culture dish. With low 
density seeding pure cardiomyocyte and pure fibroblast 
colonies can grow separately. By 7-14 days individual 
cardiomyocyte colonies or fibroblast colonies are formed. 
A single pure cardiomyocyte colony can be transferred 
using a Pasteur pipette to another culture dish. Some 
researchers (20, 21) use cytosine arabinosidc in their 
cardiomyocyte cultures to inhibit noncardiomyocyte cell 
growth. These drugs also inhibit cardiomyocytc division. 
We found cytosine arabinoside to be toxic to the cultured 
cardiomyocytcs. The use of the dilutional cloning method 

makes use of toxic chemicals unnecessary and the 
culturing of pure cardiomyocyte cultures possible. WC 
have found Iscove’s modified Dulbccco’s medium to be 
superior to Dulbccco’s modified Eagle’s medium, me- 
dium 199, and minimum essential medium (x-medium. 
With fetal bovine serum and the other media the 
cardiomyocytes brew poorly with rapid loss of cell 
morphology; the cardiomyocytcs became spider shaped 
by 3-4 days of culture. Cultured cardiomyocytes un- 
doubtedly undergo phenotypic modulation compared 
with their in vivo counterparts (15). There was a 
progressive disorganization and loss of sarcomcres with 
time of culture (Figs. 3 and 4). The myofibrillar changes 
of the passaged human cardiomyocytcs arc similar to 
the myofibrillar changes with time in unpassagcd adult 
rat cardiomyocytes reported by Moses and Claycomb 
(20) and Nag and Lee (21). The quantity of contractile 
proteins changed with time in culture. The intensity of 
the immunofluorcsccnt stain for human ventricular 
myosin light chain 1 in 3-mo-old cells was less intense 
than in I-mo-old cells but much stronger than in 
6-mo-old cells (15 ). 

POT had a minimal erect on the cellular fatty acid 
composition and quantity in the cardiomyocytes cul- 
tured at both high and low PO, Icvcls. Although the in 
vivo profile of the effect of PO, on myocardial fatty acids 
is incomplete (results not shown), biopsies from 10 
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Fig. 3. 1 
myofibril 

‘ransmlsslon electron mlcrqqaph of’ passage 1 tetralo&T of’ Fallot cardiomyocyte showng drsorganizcd 
s (ml wth sarcomcrcs. N, nucleus. Scale bar, 1.0 Km. 

Fig. 4. Transmission electron micrograph of’ incrckngly disorganized myofilaments Im) with irregular % lines in 
pzsage 4 trtralogy of Fallot cardiomyocytes. Scale bar, 1.0 Km. 
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Fig. 5. Cardiomyocyte ATP levels in nmol/mg protein presented as 
means + SD of 10 determinations. The cardiomyocytes were exposed 
to the hypoxanthine/xanthine oxidase system for 10 min. The reaction 
was stopped at 0.1, 3.5, 7.0, and 10.0 min by liquid nitrogen. ATP 
levels were analyzed as described in MATERIALS AND METHODS. *P < 
0 . 05 9 **P < 0 . 01 . 

cyanotic and noncyanotic TOF patients did not show 
significant differences in the total saturated and unsat- 
urated fatty acids of the phospholipid fractions. Our in 
vitro and in vivo results are consistent with nearly 
physiological Po2 levels having a minimal effect on 
cellular phospholipid composition. PO, had no effect on 
the cultured cardiomyocyte cx-tocopherol levels. The 
cultured cellular levels of cx-tocopherol were equivalent 
to the myocardial levels found in a patient taking 100 mg 
of oc-tocopherol daily (19). The antioxidant enzyme 

Table 1. Fatty acid content of phospholipid fractions 
from human ventricular cardiomyocytes cultured at 
high and low PO, 

Phospholipid Fatty 
Acids Control FRI 

Total sat. 
Total unsat. 
182 (n-6) 
183 (n-3) 
20:4 (n-6) 
22:6 (n-3) 

Total sat. 149.2 2 22.1 159.3 + 22.1 
Total unsat. 125.5 + 16.Ot 69.9 + 12.1 
182 (n-6) 13.12 2.2t 4.8 + 1.2 
183 (n-3) 12.0 t 2.o”r 4.0 k 2.3 
20:4 (n-6) 19.7 + 2.6t 12.6 f 1.2 
22:6 (n-3) 11.6 2 2.lt 3.12 0.7 

PO2 = 150 mmHg 

152.0 2 18.1 
137.5 Zk 22.0 

12.3 f 1.1 
10.3 2 3.5 
30.12 8.0* 
10.4 t 2.3 

PO2 = 40 mmHg 

145.4 + 14.7 
149.4 + 23.7 

12.5 + 3.0 
10.5 f 4.4 
28.7 + 3.4 
10.1 t 2.1 

Data are means ,+ SD of 10 determinations, expressed in nmol/mg 
protein. Sat, saturated; unsat. unsaturated. Cardiomyocytes were 
exposed to the hypoxanthine/xanthine oxidase system for 10 min [free 
radical injury (FRI)]. Control cells were incubated in phosphate- 
buffered saline (PBS) for 10 min. Lipids were extracted, phospholipid 
lipid fractions were isolated, and fatty acid content was determined as 
described MATERIALS AND METHODS. Fatty acids are shown as carbon 
number: no. of unsaturated bonds and n-3 and n-6 represent the 
carbon number of the 1st double bond from the methyl end of the fatty 
acid chain. *P < 0.05 compares control results of 20:4 (n-6) at POT of 
150 and 40 mmHg. tP < 0.01 in results between control and FRI. 

Table 2. Antioxidant enzyme activity, cx-tocopherol, and 
phospholipid conjugated diene levels of human 
cardiomyocytes cultured at high and low PO, 

Time, min 

0.10 5 10 

PO2 = 150 mmHg 

SOD 9.5 &0.5* 7.8+0.3* 8.320.2" 
Catalase 6.0t0.7*t 3.7 t l.O$ 3.0& 0.5 
GPx 114 + 31*t 28 + 15”t 1.0 If: 0.3 
Vitamin E 0.7kO.29 0.4kO.l 0.420.1 
Dienes 1.7 Ir 0.5 2.2*0.4*-t 3.0+0.4$ 

PO2 = 40 mmHg 

SOD 4.2kO.5 4.120.3 3.820.3 
Catalase 3.4t0.5-f 2.620.3 2.9kO.5 
GPx 37t 11t 3.722.99 0.61kO.5 
Vitamin E 0.6t0.29 0.4tO.l 0.420.1 
Dienes 1.7 + 0.8t 2.9 t 0.3t 3.620.3 

Data are means t SD of 6 determinations for antioxidant enzyme 
activity data (in U/mg protein) and <r-tocopherol levels (in nmol/mg 
protein). Phospholipid conjugated diene data (in nmol/nmol lipid 
phosphate) are expressed as means 2 SD of 10 determinations. 
Cardiomyocytes were exposed to the hypoxanthine/xanthine oxidase 
system for 0.1,5, and 10 min. Enzymes, cr-tocopherol, and conjugated 
dienes were measured as described in MATERIALS AND METHODS. SOD, 
superoxide dismutase; GPx, glutathione peroxidase. Statistical differ- 
ences: *P < 0.01 between comparable results at 40 and 150 mmHg; 
tP < 0.01 in results between 0.10 and 5 min and between 5 and 10 
min; $P < 0.05 between comparable results at 40 and 150 mmHg; and 
OP < 0.05 in results between 0.10 and 5 min and between 5 and 10 
min. 

activities in cardiomyocytes cultured at the high PO, 
were similar to the myocardial antioxidant enzyme 
activities of noncyanotic adult patients, whereas the 
antioxidant enzyme activities of the cardiomyocytes 
cultured at the low PO, were similar to the myocardial 
enzyme activities of the cyanotic TOF patient (27). As 
reported previously (13), the antioxidant enzyme activi- 
ties of the cells cultured at the high PO, were signifi- 
cantly higher than those of the cells cultured at the low 

Table 3. Efficacy of GPx in preventing 
oxyradical-derived fatty phospholipid fraction 
breakdown in human ventricular cardiomyocytes 
cultured at a PO, of 40 mmHg 

Fatty Acid Control FRI GSH GSH-GPx 

Total sat. 163.5 t 18.5 151.6 2 13.7 152.0 t 11.3 157.1 t 13.2 
Total unsat. 131.6 2 14.8* 77.1 k 10.4 88.9 t 10.4 96.8 + 7.0$ 
18:2 (n-6) 15.1 t 2.5” 4.1t0.8t 6.OeO.9"r 7.4+1.5$ 
18:3 (n-3) 13.6 2 3.1* 4.720.7" 5.2*0.6* 7.8+0.6$ 
20:4 (n-6) 22.7+4.7* 11.82 1.7 14.1+2.1* 18.62 1.5$ 
22.6 (n-3) 13.6 k 2.6” 3.720.9 4.62 1.5* 7.4+1.8$ 

Data are means + SD of 6 determinations for phospholipids (in nmol 
fatty acid per mg protein). Cardiomyocytes were exposed to the 
hypoxanthine/xanthine oxidase system for 10 min [free radical injury 
(FRI)], in the presence of 2 mM reduced glutathione (GSH), and 2 mM 
GSH + 5,000 IU/l GPx. Control cells were incubated in PBS for 10 
min. Lipids were extracted, phospholipid fractions were isolated, and 
fatty acid content was determined as described in MATERIALS AND 
METHODS. Fatty acids are shown as carbon number: no. of unsaturated 
bonds and n-3 and n-6 represent the carbon number of the 1st 
double bond from the methyl end of the fatty acid chain. *P < 0.01, 
tP < 0.05, and $P < 0.05 vs. FRI. 
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CONTROL F.R.I. GSH GPX+ GSH SOD + CAT 
Fig. 6. Cardiomyocytes, cultured at a POT of 40 mmHg (control), were 
exposed to superoxide radicals generated by the hypoxanthine/ 
xanthine oxidase reaction for 10 min [free radical injury (FRI)]. 
Antioxidants, 2 mM reduced glutathione (GSH), 5,000 U/l glutathione 
peroxidase (GPx) + 2 mM GSH, and 1 x lo6 U/l superoxide dismutase 
(SOD) + 1 x lo6 U/l catalase (CAT) were added immediately before 
initiating the oxidase reaction. Cellular phospholipid conjugated diene 
levels were quantitated at 10 min with [14C]tetracyanoethylene as 
descri bedin MATERLALS AND METHODS. Results are expressed as means t 
SD (n = 6)."P < 0.01 vs. FRI and SOD + CAT. bP < 0.01 vs . control. 

PO,. Because we are studying only oxyradical-mediated 
antioxidant and lipid membrane changes, the use of 
cultured human TOF ventricular cardiomyocytes should 
be clinically relevant. In vivo animal myocardial studies 
are required to confirm the in vitro cell culture results. 
If both the in vitro cultured human cardiomyocyte 
results and the in vivo animal myocardial results are 
similar, there is a strong likelihood that the results 
apply clinically. 

The low ATP levels at 0.1 min after initiation of the 
free radical-generation system reflect the absence of 
glucose in the PBS (28), which washed the cells, and in 
the hypoxanthine/xanthine oxidase solution. Whereas 
the oxyradical-induced loss of ATP and phospholipid 
fatty acids and formation of phospholipid conjugated 
dienes were greater in the cells cultured at the low PO,, 
the decrease in a-tocopherol levels was the same in both 
groups of cells. Because the generation of superoxide 
radicals occurred at a constant rate and because cx-tocoph- 
erol traps radicals, the decrease in ar-tocopherol levels 
would, of course, be expected to be the same in both the 
high- and low-POT cell groups. When exposed to the 
superoxide-generating system for 10 min, SOD activities 
were unaffected, and catalase activities decreased by as 
much as 40% in the first 5 min and then remained 
unchanged. GPx activity was completely inhibited. Us- 
ing the Mn-catalase obtained from Lactobacillus planta- 
rum, Kono and Fridovich (11) showed as much as 50% 
inhibition of catalase activity by superoxide radicals and 
the reversibility of this inhibition by SOD. The inhibi- 
tion of catalase activity in the cardiomyocytes may be 

consistent with separate “compartmentalization” of the 
two antioxidant enzymes. Because catalase is located in 
the peroxisomes, its inhibition cannot be readily re- 
versed by SOD, which is found in the cytosol and 
mitochondria. Blum and Fridovich (2) also showed that 
purified erythrocyte GPx activity is rapidly inhibited by 
superoxide radicals. Because SOD did not prevent this 
inhibition in the cardiomyocytes, the superoxide radi- 
cals generated by the hypoxanthine/xanthine oxidase 
reaction may have inactivated the GPx directly. Al- 
though after 5 min of oxyradical injury the phospholipid 
conjugated diene levels in the low-POD cells had in- 
creased significantly, this was not the situation with the 
high-PO, cells. This difference may reflect the residual 
GPx activity of 28 t 15 U/mg protein still present in the 
high-PO, cells. When the membrane polyunsaturated 
fatty acids are oxidized by oxyradicals, the resultant 
lipid hydroperoxides must be rapidly reduced by GPx. If 
the lipid hydroperoxides are not efficiently reduced by 
GPx, they can react with the ferrous or ferric ions to 
form lipid alkoxyl or peroxyl radicals, which are capable 
of abstracting hydrogen from adjacent lipid molecules 
and propagating the lipid peroxidation reaction. This 
would result in continuation of the oxidant injury in 
myocardial membranes despite the presence of vitamin 
E. The addition of extracellular GPx with GSH, but not 
SOD with catalase, significantly prevented phospholipid 
oxidant damage by decreasing membrane lipid hydroper- 
oxide levels. Membrane protection would have been 
more significant if the extracellular GPx activity were 
not being inactivated by the superoxide radicals gener- 
ated by the hypoxanthine/xanthine oxidase reaction. 
The explanation for why SOD with catalase did not 
protect the cardiomyocyte lipid membranes is unknown. 
Similar activities of SOD and catalase prevented phos- 
pholipid conjugated diene formation in cultured human 
myocardial fibroblasts and saphenous vein endothelial 
cells exposed to the hypoxanthine/xanthine oxidase 
reaction (16-B). The phenomenon of extracellular wa- 
ter-soluble antioxidants not protecting all cell types has 
been shown by Wu et al. (31) and Kaneko et al. (10). The 
cellular specificity of some water-soluble antioxidants 
may reflect their capacity to bind to cellular membranes. 

Our phospholipid results imply that peroxidized lipids 
are more readily attacked by endogenous phospholi- 
pases and/or that they are indirectly affected by antioxi- 
dant activities. That is, the cardiomyocytes with lower 
antioxidant enzyme activities had more oxyradical mem- 
brane damage than the cells with higher antioxidant 
enzyme activities. If membrane damage activates the 
phospholipases, the cells with more membrane damage 
will have greater phospholipase activities and greater 
loss of fatty acid. Consistent with this idea is the fact 
that other research groups (4, 30) have reported free 
radical-mediated activation of phospholipases. Our re- 
sults also suggest that a combination therapy of an 
antioxidant with a phospholipase inhibitor would be 
effective in minimizing oxyradical injury to myocardial 
lipid membranes. 

In summary, the decreased myocardial antioxidant 
enzyme activities, especially GPx, of the cyanotic patient 
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may explain the increased susceptibility of the myocar- 
dium to oxyradical injury during and after corrective 

16. 

cardiac surgery. Incre&ing the rkyocardial GPx activi- 
ties before surgery should minimize this susceptibility. 

17 
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