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D. A. G. MICKLE, R.-K. Lx, R. D. WEISEL, L. C. TUMIATI AND T.-W. WV. Water-soluble Antioxidant Specificity 
Against Free Radical Injury Using Cultured Human Ventricular Myocytes and Fibroblasts and Saphenous 
Vein Endothelial Cells. journal of Molecular and Cellular Cardiology (1990) 22, 1297- 1304. To better understand the 
protective effect ofwater-soluble antioxidants against free radical injury to the reperfused ischemic myocardium, 
we studied the antioxidant effectiveness of superoxide dismutase (SOD), catalase, ascorbic acid, and Trolox, a 
water-soluble analogue of alpha-tocopherol, in protecting cultured adult human ventricular myocytes and 
fibroblasts and saphenous vein endothelial cells from hypoxanthine-xanthine oxidase generated free radicals. 
The cells were cultured at oxygen tension to 150 and 40 mmHg. Passage P2 to P4 cells were injured hy a 
hypoxanthine-xanthine oxidase free radical generation system. The time when all the cells became shriveled 
divided by the cell count expressed in terms of 100000 cells was used to compare cellular susceptibilities to free 
radical injury and the relative effectiveness of the antioxidants. Fibroblasts were more resistant to free radical 
injury than myocytes which were more resistant than endothelial cells, when all three cell types were cultured at 
the same oxygen tension. Trolox and ascorbic acid were effective antioxidants for myocytes while SOD and 
catalase were ineffective. SOD and catalase were more effective than ascorbic acid as antioxidants for endothelial 
cells and fibroblasts, while Trolox was ineffective. In summary, we have shown that each cultured cell type has a 
different susceptibility to free radical damage and that antioxidants are not effective for all cell types. 
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Introduction 

Experimental evidence has accumulated 
demonstrating that oxygen-mediated free 
radical injury contribute to myocardial ische- 
mia-reperfusion injury. Zweier et al. [ 141 have 
directly measured a burst of free radicals with 
reperfusion of ischemic myocardium and we 
have [I I] quantitated myocardial phospholi- 
pid hydroxyconjugated dienes with the levels 
peaking between 5 to 10 min of reperfusion 
after 45 min of global ischemia. Since conflict- 
ing results [I, 4, 6, 93 have been obtained with 
the use of antioxidants in the prevention of an 
in viuo myocardial ischemia-reperfusion injury, 
we decided to study the effectiveness of 
selected antioxidants in preventing an in vitro 

generated free radical injury to cultured adult 
human saphenous vein endothelial cells and 
ventricular fibroblasts and myocytes. 

Methods and Materials 

Cell culture techniques 

Ventricular myocytes (Fig. 1) were cultured 
as described earlier [IO] from 5 to 10 mg left 
ventricular biopsies from patients undergoing 
elective coronary artery bypass surgery for 
stable angina. The identity of the myocytes 
(Fig. 1) was confirmed by morphological 
appearance and by fluorescent antibodies to 
both actin and to human ventricular myosin 
heavy chain and light chain 1, and by electron 

Supported by the Medical Research Council of Canada (MT-10392) and Sterling Drug Inc. 
Please address all correspondence to: D. A. G. Mickle, Toronto General Toronto, Dept. of Clinical Biochemistry, 

ES 3-404. 200 Elizabeth St., Toronto, Ontario M5G 2C4, Canada. 

0022-2828/90/l 11297 + 08 $03.00/O c 1990 Academic Press Limitrd 



1298 D. A. G. Mickle et al. 

(4 

FIGURE 1. (a) Human ventricular myocytes ( x 200) and (b) floating in the supernatant after being necrose 
free radicals. 

microscopy. Vascular endothelial cells were 
obtained from the saphenous vein removed 
during coronary artery bypass surgery. The 
segment of vein was coated with 0.1 o/o collage- 
nase. After 30 min of incubation at room 
temperature, the cells were washed out and 
cultured in 199 medium (Gibco Laboratories, 
Grand Island, NY 14072). To identify the 
endothelial cells other than by morphological 
appearance (Fig. 2), the cells were washed 
with phosphate-buffered saline (PBS) three 
times. The cells were fixed with - 20°C meth- 
anol and then washed with PBS. Antibodies to 
factor 8 were incubated with the cells for 30 
min at 37°C and then the cells were washed 
with PBS before the addition of a fluorescein 
isothiocynate coated antibody to anti-factor 8. 
After washing the cells with PBS, the endothe- 
lial cells fluoresced under ultraviolet light. 
Myocardial fibroblasts (Fig. 3) were cultured 
in DMEM medium after being separated from 
the myocytes. After 4 to 5 h in the primary 
culture, the fibroblasts tended to attach to the 
Petri dish while the myocytes remained free 
floating and could be readily removed for 
culture. 

6) 
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Characterization of the free radical generation 
system 

The free radical studies were performed by 
removing the cell culture medium and by 
adding 6.0 ml of PBS (pH 7.4, 37°C) contain- 
ing hypoxanthine (1 .O mM). The addition of 
1 mM hypoxanthine (n = 10) or 102 IU/l 
xanthine oxidase alone (n = 10) did not pro- 
duce any morphological changes by 30 min. 
The free radical generation reaction was 
initiated by the addition of xanthine oxidase 
(final concentration of 102 IU/l) and the 
cellular changes followed microscopically. 
The time when all the cells became shriveled 
was described as the time of final damage. At 
this time the majority (greater than 90%) ofthe 
cells were detached from the bottom of the 
Petri dish and floating freely in the super- 
natant in a fragmented shriveled state. To 
assess the LDse for the myocytes and endothe- 
lial cells, cells cultured at 37°C and at a ~0s of 
150 mmHg were exposed to the free radical 
generation system. At 2, 4, 6, 8 and 10 min of 
exposure to free radicals, the damage was 
stopped with culture medium at twice its 
normal concentration which we have shown 
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FIGURE 2. (a) Human aortic endothelial cells ( X 200) and (b) floating in the supernatant after being necrosei 

radicals. 
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FIGURE 3. (a) Human myocardial fihroblasts ( x 200) and (b) floating in the supernatant after being necrosed bv 

fret radicals. 
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to be an effective antioxidant. The cells were 
then incubated at 37°C and their morphology 
followed for 6 h. From our experience 6 h gives 
sufficient time for the viable cells floating in 
the supernatant to become firmly attached to 
the bottom of the Petri dish and the non- 
viable cells attached to the bottom of the Petri 
dish at the time of final damage to become free 
floating in the supernatant. At 6 h the super- 
natant was poured off and saved. The cells still 
adhering to the bottom of the Petri dish were 
washed with PBS three times to assure all non- 
viable cells were removed. The adhering cells 
were trypsinized (1 o/o in PBS) and suspended 
in the trypsin solution. The trypsinized solu- 
tion after appropriate dilution with isotonic 
saline was counted by an electronic cell 
counter (Coulter Electronics Inc., Fl) and is a 
measure of the number of cells surviving the 
oxyradical damage. The sum of the super- 
natant count and PBS wash counts is the 
number of cells necrosed by the free radicals. 

Cell susceptibility studies 

After the cultures were established at 37°C 
and at an oxygen tension of 150 mmHg, the 
myocytes and endothelial cells were cultured 
at a ~02 of 150 and 40 mmHg for 14 days and 
the fibroblasts were cultured at a ~0s of 150 
mmHg for 14 days. Myocytes, endothelial 
cells and fibroblasts from passages P2 to P4 
were studied. The free radical generation sys- 
tem described above was used. At the end of 
each experiment the total cell count was done 
by detaching the cells still attached to the 
bottom of the plate using trypsin into the 
supernatant containing free floating cells. The 
solution was mixed and 10 ~1 added to a 
hemacytometer. The cells were counted under 
a microscope. The time when all the cells 
became shriveled divided by the cell count 
expressed in terms of 100,080 cells were 
employed to compare cellular susceptibilities 
to free radical injury. 

In another susceptibility study, a piece of 
Petri dish coated with endothelial cells and 
another with myocytes were placed in the 
same reaction dish and exposed to the free 
radical generation solution. Both cell types 
had been cultured at a ~02 of 150 mmHg. 
The times for final damage were determined 
for each cell type after being damaged by the 

oxyradicals, cell counts were not done. Only 
times of final damage were recorded. 

Antioxidant studies 

The water-soluble antioxidants studied were 
6-hydroxy-2,5,7,8-tetramethyl chroman-2- 
carboxylic acid (Trolox), a water-soluble ana- 
logue of alpha-tocopherol (Aldrich Chemical 
Co., Milwaukee, Wi); ascorbic acid (Hoff- 
man-La Roche, Brampton, Ont); superoxide 
dismutase (SOD) (Sigma Chem. Co., St. 
Louis, MO) and catalase (Boehringer-Mann- 
heim, Montreal, PQ. The concentrations of 
Trolox and ascorbic acid studied in the cellu- 
lar specificity studies were 1.0 mM. SOD and 
catalase were tested in combination at activi- 
ties of 1.0 x lo6 and 10.0 x lo6 IU/l. The 
antioxidants were added to the PBS contain- 
ing hypoxanthine prior to the addition of 
xanthine oxidase to simulate the in vivo treat- 
ment of the myocardium during ischemia 
immediately before reperfusion. The time of 
final damage divided by the cell count 
expressed per 100000 cells was used to com- 
pare the relative effectiveness of the 
antioxidants. 

All results are expressed in terms of 
mean f 1 S.D. with a n = 6, except where 
noted. 

Results 

The LDso for the myocytes (Fig. 4) and 
endothelial cells were 5 and 2 min and indi- 
cate that the endothelial cells are more suscep- 
tible to free radical-mediated damage than 
the myocytes when both cell types are cult- 
ured at a ~0s of 150 mmHg. These results 
were confirmed by the final damage times 
shown in Figure 5. The myocardial fibroblasts 
(2.9 + 0.2 min/105 cells) were more resistant 
(P < 0.801) to free radical damage than either 
the myocytes (1.7 _+ 0.1 min/lO cells) or the 
endothelial cells (1 .l k 0.03 min/lO’ cells) 
when cultured at a ~0s of 150 mmHg. The 
endothelial cells were more susceptible 
(P < 0.001) to free radical damage than the 
myocytes. Although the endothelial cells cult- 
ured at a p0, of40 mmHg (1 .O + 0.1 min/ 10’ 
cells) were slightly, but not statistically, more 
susceptible to free radical damage than when 
cultured at a pOz of 150 mmHg, the myocytes 
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FIGURE 5. Effect of antioxidants in preventing free 
radical injury to cultured human myocytes and fibro- 
blasts and aortic endothelial cells cultured at a ~02 of 150 
mmHg. Free radical control, I mu ascorbic acid, 1 rnM 
Trolox and 1.0 x lo6 IU/l SOD plus 1.0 x IO6 IU/l 
catalase results (mean k 1 s.D.) are expressed in min to 
shrivel lo5 cells. * and ** refer to a P < 0.01 and a 
P < 0.001 between the free radical and antioxidant 
results. Alpha refers to a P < 0.001 between endothelial 
cell and myocyte free radical results and beta refers to a 
P < 0.001 between fibroblast and myocyte fire radical 

results. 

FIGURE 4. Myocyte LDso determination. Number of 
cells which survived (ordinate) 0 to 10 min of exposure to 
the hypoxanthine-xanthine oxidase free radical gene- 
ration system (abscissa). Results are expressed in 
mean + 1 S.D. with a n = 9 for each result. 

cultured at a pot of 40 mmHg were statisti- 
cally more susceptible (P < 0.001) at 
1 .O + 0.1 min/105 cells. The final damage 
times to injure the myocytes and endothelial 
cells, when both cell types were cultured at a 
pOz of 150 mmHg, in the same reaction dish 
were significantly (P < 0.01) different at 
5.6 + 1.1 minutes and 4.5 ) 1.0 minsutes, 
respectively. Some plates of myocytes con- 
taminated with fibroblasts were also studied 
and always showed that the myocytes were 
shriveled before any significant morphological 
changes occurred to the fibroblasts. 

None of the antioxidants at the concentra- 
tions studied caused any apparent damage to 
the cells for at least 30 min. With the myocytes 
cultured at a pOz of 150 mmHg, Trolox and 
ascorbic acid (3.4 _+ 0.2 and 3.6 + 0.2 min/ 
lo5 cells) were effective antioxidants, while 
SOD with catalase tested at activities of 
1 .O x lo6 IUjl each (1.6 + 0.04 min/105 cells) 
were ineffective. When SOD with catalase 
were tested at activities of 10.0 x lo6 II-J/l 
each, the final damage time for the myocytes 
cultured at a pOz of 150 mmHg was 
1.6 + 0.04 mins/ 10’ cells which is unchanged 
from the free radical control time. Similar 
antioxidant results were obtained when the 
myocytes were cultured at a ~02 of 40 mmHg 
with final damage times of 3.2 + 0.1, 
3.3 + 0.1, and 1.0 + 0.1 minIlO cell for 
ascorbic acid, Trolox, and SOD and catalase, 
respectively. In contrast to the myocyte 

results, SOD and catalase were effective 
(P < 0.001) antioxidants with the endothelial 
cells when cultured at ~02s of 150 and 40 
mmHg with final damage times of 2.3 _+ 0.2 
and 2.4 + 0.1 min/105 cells, respectively. 
Ascorbic acid was effective (P < 0.001) as an 
antioxidant with the endothelial cells with a 
final damage time of 1.4 & 0.1 min/105 cells, 
but less so with the endothelial cells than with 
the myocytes. Trolox was an ineffective 
antioxidant for the endothelial cells with simi- 
lar final damage times of 1.1 + 0.04 min/105 
cells for both oxygen tensions. The anti- 
oxidant profile for the fibroblasts was compar- 
able to that of the endothelial cells with final 
damage times of 2.6 + 0.1, 3.7 + 0.2 and 
4.6 + 0.1 min/105 cells for Trolox, ascorbic 
acid and SOD and catalase, respectively. 

Discussion 

Many recent studies into the mechanism and 
prevention of oxyradical damage in myocar- 
dial ischemia and reperfusion have employed 
whole organs. The physiological, metabolic 
and pathological results of these preparations 
reflect the mean contributions of all myocar- 
dial cell types and/or other organs affected by 
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the myocardial &hernia-reperfusion injury. 
Cell culture studies offer the advantage of 
describing the response of one cell type to 
oxyradical injury. The potential disadvantage 
of all cell culture research is the phenotypic 
modulation which invariably occurs with cult- 
uring. Although we have no absolute data 
that the antioxidant defenses of primary cult- 
ures of myocytes, fibroblasts and vascular 
endothelial cells are affected by culturing, we 
do not believe this to be the situation. For 
example, we have shown that antioxidant 
enzyme activities in cultured tetralogy of Fal- 
lot ventricular myocytes are regulated by oxy- 
gen tension [q. Because of the cell culture 
results, we recently measured SOD, catalase 
and glutathione peroxidase activities in ven- 
tricular biopsies obtained from cyanotic and 
non-cyanotic tetralogy of Fallot patients dur- 
ing cardiovascular surgery. The myocardial 
biopsy antioxidant enzyme activities were 
similar to the cell culture results and were 
regulated by the patient’s baseline arterial 
blood oxygen tension (paper in preparation). 

Our results support the concept that the 
physiological oxygen tension, to which the 
heart and vascular cells are exposed in uiuo, 
determines their susceptibility to free radical 
damage. For example, arterial endothelial 
cells exposed to a blood oxygen tension of 100 
mmHg will be less susceptible to free radicals 
than venous endothelial cells which are 
exposed to a blood oxygen tension of 40 
mmHg. The physiological oxygen tension to 
which ventricular myocytes are exposed in vivo 
is approximately 20 mmHg. Since the myo- 
cytes when cultured at a ~0s of 40 mmHg 
were equally susceptible to free radical 
damage as the endothelial cells cultured at the 
same oxygen tension, it is probable that the 
ventricular myocytes will be slightly more 
susceptible in vivo to ischemia-reperfusion or 
neutrophil-generated free radicals than the 
vascular endothelial cells. Models of regional 
&hernia and reperfusion have suggested that 
ventricular myocytes are more susceptible 
than the microvascular endothelium [S, 101. 
The different susceptibilities of the cultured 
cells to exogenously generated free radicals 
may be explained by differences in cell mem- 
brane composition, e.g. unsaturated fatty 
acids, alpha-tocopherol, etc. or in intracellu- 
lar antioxidant enzyme activities. We have 

shown that ventricular myocytes [8J and aor- 
tic endothelial cells (paper in preparation) 
cultured at an oxygen tension of 150 mmHg 
had increased antioxidant enzyme levels and 
were more resistant to exogenously generated 
free radicals than when cultured at an oxygen 
tension of 40 mmHg. Beckman et al. [.?I have 
shown that with an increase in intracellular 
content of SOD and catalase endothelial cells 
became more resistant to free radical damage. 
We can only speculate on the relationship 
between intracellular antioxidant enzyme 
concentration and cellular resistance to free 
radical damage. Possibly, the superoxide radi- 
cals are able to penetrate the cell membrane to 
cause intracellular damage which would be 
minimized by higher intracellular antioxidant 
enzyme levels. 

The free radical generation system used in 
this study appears to generate a comparable 
level of free radical damage in the cells as is 
found in myocardial ischemia-reperfusion 
injury. Our ischemia-reperfusion research 
shows that in vivo myocardial phospholipid 
diene levels of approximately 30 pmol/nmol 
phospholipid at 5 min of reperfusion are asso- 
ciated with myocardial necrosis. Although this 
in vivo myocardial diene level is only approxi- 
mate because of reperfusion washout and 
breakdown of the conjugated dienes, it is 
comparable to the in vitro cultured ventricular 
myocyte diene levels of about 94 pmol/nmol 
phospholipid when we cannot survive the cells 
(paper in preparation). 

Kuppusamy and Zweier [A showed that 
the hypoxanthine-xanthine oxidase system 
not only generates superoxide radicals, but 
also hydroxyl radicals. They also showed that 
catalase alone can significantly decrease, or 
SOD and catalase can prevent, the formation 
of the hydroxyl radicals in the hypoxanthine- 
xanthine oxidase system by scavenging all 
hydrogen peroxide formed. Consistent with 
Kuppusamy and Zweier’s work is the recent 
publication of Bernier et al. [3J who studied 
the effect of SOD and catalase on reperfusion 
arrhythmias in an isolated rat heart prep- 
aration. They showed that 80,000 IU/l of 
SOD was the optimal dose to reduce the 
incidence of ventricular fibrillation. With 
doses of SOD which were higher or lower, the 
incidence of ventricular fibrillation increased. 
With increasing doses of catalase alone there 



Water-soluble vs Free Radical Injury I303 

was a gradual decrease in the fibrillation 
incidence. The authors believe that high 
activities of SOD alone will increase the pro- 
duction of hydrogen peroxide and overwhelm 
the myocardial endogenous catalase activities 
so that hydroxyl radicals can be generated by 
the Haber-Weiss cycle. Their results support 
the concept that for maximal myocardial 
antioxidant protection “both SOD and cata- 
lase should be used simultaneously” [A. 

In this research study, SOD with catalase 
were ineffective antioxidants in protecting 
cultured adult human ventricular myocytes 
against oxyradical damage. Consistent with 
the human data are the results of a recent 
canine study [lo] using cultured adult left 
ventricular myocytes and the hypoxanthine- 
xanthine oxidase system. SOD (24200 IU/l) 
with catalase (92000 IU/l) did not protect the 
canine myocytes from free radical damage. 
Also, we have shown that SOD and catalase 
are effective antioxidants in preventing cellu- 
lar necrosis in endothelial cells and fibroblasts, 
but not with myocytes with the same free 
radical generation system. Trolox was ineffec- 
tive as an antioxidant with the fibroblasts and 
endothelial cells, and ascorbic acid was a more 
effective antioxidant with the myocytes than 
with the endothelial cells and fibroblasts. In a 
canine model of 2 h of regional ischemia 
followed by 4 h of reperfusion, a combination 
of Trolox and ascorbic acid effectively reduced 
the extent of myocardial necrosis [ 101. In a rat 
model consisting of 70 min global hepatic 
ischemia followed by 48 h of reperfusion, we 
[f3] found that Trolox reduced formation of 
phospholipid hydroxy conjugated dienes dur- 
ing reperfusion by 827, and also decreased 
hepatic necrosis by a similar percent. Trolox, a 
water-soluble analogue of alpha-tocopherol, is 
very lipid-soluble and will scavenge both hyd- 
roxyl and the lipid peroxyl radicals formed in 
the cell membranes. SOD and catalase are not 
hydroxyl and lipid peroxyl radical scavengers. 
i\lthough antioxidants, such as SOD and 
ratalasr, would he expected to provide antiox- 

idant protection to the microvascular endoth- 
elium from free radical damage, their value in 
protecting the endothelium during reperfu- 
sion with blood with its potent antioxidant 
properties [12] needs to be clarified. 

Our results establish the differential effec- 
tiveness of antioxidants for specific cell types. 
This selective cellular antioxidant efficacy was 
independent of whether the cells were cult- 
ured at oxygen tensions of 150 or 40 mmHg. 
The explanation for this antioxidant cellular 
specificity is unknown and necessitates further 
research, such as tracer studies for cellular 
distribution of the antioxidants. Antioxidants 
which are effective in cell culture studies may 
not be effective in uivo against free radical 
injury, but antioxidants which are ineffective 
in cell culture studies are unlikely to be effec- 
tive in vim. The finding of antioxidant cellular 
specificity may account for some of the vari- 
able results reported in experimental myocar- 
dial ischemia-reperfusion studies. It is reason- 
able to assume that with oxygen-derived free 
radical ischemia-reperfusion injury, all myo- 
cardial cell types are injured to some degree 
and will require some form of antioxidant 
therapy. Caution must be expressed about 
extrapolating the water-soluble antioxidant 
results to other organs. For example, the 
antioxidant efficacy of SOD and catalase with 
the endothelial cells will explain their potency 
in preventing tissue edema in intestinal ische- 
mia [.5l. However, the endothelial cells in this 
study were cultured from the saphenous vein 
and may not necessarily reflect the capillary 
endothelial cells of the intestine. 

In summary, we have shown that cultured 
cell types have different susceptibilities to free 
radical damage and that an antioxidant is not 
equally effective against free radical iri.jury to 
all cultured cell types. For optimal antioxi- 
dant efficacy against in vivo generated free 
radical injury to the reperfused ischemic myo- 
cardium, a combination of antioxidants may 
be needed to provide complete organ 
protection. 
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