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The protection of human diploid fibroblasts against high oxygen tension was investigated using various 
combinations of the three major antioxidant enzymes: superoxide dismutase, catalase and gluthathione 
peroxidase. a-Tocopherol, a well-known hydrophobic antioxidant, was also tested in combination with the 
different enzymes. Microinjection of solutions containing different combinations of the three enzymes was 
compared with the injection of each single enzyme. We observed that the protections given by catalase or 
superoxide dismutase on the one hand, and by glutathione peroxidase on the other hand, were additive. 
Surprisingly, the combinations of catalase and superoxide dismutase were less effective than catalase alone 
and was even toxic at low SOD concentrations. Addition of a-tocopherol following the injection of any of 
the three enzymes was highly beneficial, but the strongest synergistic effect was obtained with glutathione 
peroxidase. These results stress the importance of membrane protection by a-tocopherol and indirectly by 
glutathione peroxidase. They also showed that any injection leading to the decrease in the 0;- or H,O, 
concentration combined with one of these two protectors is very beneficial for the cells probably by 
decreasing the OH' concentration. This is also proven by the very good protective effect obtained with 
desferrioxamine. 

KEY WORDS: Hyperoxia, superoxide dismutase, catalase, glutathione peroxidase, a-tocopherol, mi- 
croinjection. 

INTRODUCTION 

One condition for the survival of organisms in the presence of oxygen is their ability 
to keep at a low stationary phase the levels of oxygen free radicals through an 
equilibrium between their formation and inactivation.',' These reactive molecules are 
produced in the cells by numerous processes such as autooxidation of some molecules, 
electron transfer, enzymatic reactions or metabolism of xenobiotics (for a review, 
see3). Their production leads to cellular damages including oxidation of thiols and 
inactivation of enzymes," alterations of nucleic acids' and especially peroxidation of 
polyunsaturated 

Protection against these reactive oxygen species is provided by enzymatic systems 
such as catalase, superoxide dismutase (SOD) and glutathione peroxidase (GSH 
peroxidase)'-'' and by antioxidant molecules like a-tocopherol and ascorbic 

Many studies have demonstrated the protective effects of these defence systems in 
different models of free radical-induced toxicity (for a review, ~ e e ' ~ ' ' ~ ) .  However, since 
the concentrations of various free radical species are difficult to measure in the cells, 
it is difficult to know the exact role of these defence systems. 
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One approach to study the relative importance of these antioxidants is to use a 
microinjection technique in order to introduce increasing concentrations of each of 
the three above mentioned enzymes into cells and to observe their protective capacity 
on cells cultivated under high oxygen pre~sure.”.’~ It was effectively shown that 
catalase, superoxide dismutase and especially glutathione peroxidase were able to 
protect cells against the degeneration induced by hyperoxia. 

In these previous investigations, the protection was observed with the injection of 
one enzyme at a time. However, in situ, the three enzymes are active but they are 
located in various cellular compartments and they act on different reactive oxygen 
species. The general consensus is that they are complementary to each other. It is this 
aspect of enzymatic cooperation that we wanted to test. For this purpose, we studied 
different combinations of the enzymes as well as the combination of a-tocopherol with 
each of the enzymes. These various combinations were compared for their protective 
ability on fibroblasts exposed to high oxygen tension. 

METHODS 

Chemicals 

Enzymes and enzyme substrates came from Sigma Chemical Co. (St. Louis, MO, 
USA). The source of other chemicals was Merck A.G. (Darmstadt, Germany). 
Desferrioxamine came from Ciba Geigy (Grand Bigard, Belgium). Purified bovine 
erythrocyte CuZn superoxide dismutase (EC. 1.15.1.1 .), bovine liver catalase 
(EC. 1.1 1.1.6.), and bovine erythrocyte glutathione peroxidase (EC. 1.1 1.1.9.) were 
used for the microinjection. Injection of 6.10’ U/ml SOD, 55 U/ml catalase or 6 U/ml 
GSH peroxidase corresponds to an increase respectively of 170 fold, 2.1 fold or 1 /9 
of the native content of these cells. The injected volume was 10-loml/cell. These 
enzymes injected at the same concentrations as used in this work did not affect the 
growth rate of human fibroblasts under n0rm0xia.l~ a-Tocopherol. (Sigma, St. Louis, 
MO) was dissolved at 0.2M in 100% ethanol and then diluted at 5 x 10-4M in 
medium containing 10% fetal calf serum. 

Cell culture and microinjection 

The human diploid cell strain WI-38 was purchased from the “American Type 
Culture Collection” and serially cultivated as described by Hayflick.” 

One day before microinjection, cells between population doubling levels 30 and 40 
were subcultivated in squared Petri Dishes (Falcon Plastics, CA, USA) at a density 
of 100 cells per cm2 in Eagle’s basal medium supplemented with 10% fetal calf serum 
(Eurobio, Paris, France) and incubated at 37°C under normal atmosphere. Microin- 
jection was performed as described by Ansorge” according to the method developed 
by Graessmann et al.’” Just after microinjection, cells were exposed to 2 atm of 95% 
0, and 5% CO, in the same medium. Injected and non-injected cells still attached to 
the flask were counted individually every day and considered as surviving cells. 30 to 
40 cells were considered in each group. The low density of cell culture was needed in 
order to follow individually the injected cells. 

The results are expressed as “percentage of protection”: it is the ratio between the 
integration of the survival curve of enzyme injected cells and the integration of buffer 
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injected cells at days 1,2 and 3 after injection. The protection brought by the enzymes 
was maximum during these three days: indeed, during the first day, a few cells die due 
to the stress of the microinjection and after 4 days, the protection diminished prob- 
ably because of degradation of the injected enzymes. The estimated half-lives of SOD 
and catalase are respectively 80 and 186 hours.2’ These half-lives were estimated for 
natural enzymes in human cells but the degradation rate of proteins seems to be 
dependent only on the enzyme properties and not on the cell species.” However, these 
data are not yet known for GSH peroxidase. Other controls like non-injected cells or 
cells injected with heat-inactivated enzymes were also performed. More details on the 
technique were also given in a previous article.16 

Statistical analysis 

The results are presented as mean + 1 SD (standard deviation) and data were an- 
alysed by a Student’s test. 

RESULTS 

Microinjection of two enzymes 

Previous studies showed that the protection achieved by microinjection of catalase, 
superoxide dismutatse or glutathione peroxidase was concentration dependent and 
that GSH peroxidase was the most efficient enzyme.16 In this work, we first inves- 
tigated the possibility of enzymatic cooperation by injecting various combinations of 
these three enzymes. 

An example of such an experiment is given in Figure 1A which illustrates the effect 
of combination of catalase and GSH peroxidase on the survival of injected cells. The 
survival curves for cells injected with a solution containing 55 U/ml catalase alone or 
a solution of 3 U/ml GSH peroxidase alone were slightly higher than for buffer-inject- 
ed cells. However, the survival curve for cells injected with a solution containing 
catalase and GSH peroxidase was markedly higher than the two others. It shows that 
the protection afforded by the combination of the two enzymes is greater than with 
one of the two enzymes injected alone indicating an addition of the protective effects. 
Controls with heat-inactivated catalase were also performed (Figure 1 B). The cells 
injected with a catalase solution containing 55 U/ml showed a higher survival than 
control cells injected with buffer. On the contrary, survival curve of cells injected with 
heat-inactivated catalase showed a similar evolution than the one of buffer-injected 
cells indicating that the protection was due to the presence of active enzyme and not 
the result of the injection of proteins. 

In Figure 2A, different concentrations of SOD were injected with a constant 
concentration of GSH peroxidase (3 U/ml) which alone gave 20% protection. At 
concentrations lower than 0.45. 106 U/ml, SOD alone was uneffective in protecting 
these cells and its association with GSH peroxidase was nearly equal to the GSH 
peroxidase (18%). At higher concentrations, the protection was evident both for the 
enzyme alone and for the enzyme associated with GSH peroxidase, reaching 35% at 
0.6. 106U/ml SOD. 

The same experiment was performed using different concentrations of catalase 
combined with a constant concentration of GSH peroxidase (3 U/ml) (Figure 2B). 
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FIGURE 1 (A) Survival curves offibroblasts exposed under 2 atm of oxygen and injected with buffer (A), 
a solution containing 55 U/ml catalase (B), with a solution of 3 U/ml GSH peroxidase (A) or a solution 
containing 55 U/ml catalase + 3 U/ml GSH peroxidase (0). The results are expressed as percentage of 
surviving cells related to the number of cells considered at day 0 ( f. 40 cells). (B) Survival curves of 
fibroblasts exposed under 2 atm of oxygen and injected with buffer (A), 55 U/ml catalase (B) or 55  U/ml 
heat-inactivated catalase (1 h 30 at 85°C) (0). The results are expressed as percentage of surviving cells 
related to the number of cells considered at day 0 (+ 40 cells) 

The protection curve obtained with both enzymes was parallel to the curve of catalase 
alone but shifted by 30% to higher values. The effect of both enzymes appears to be 
synergistic. These two data showed that cells submitted to oxidative stress react rather 
positively to combinations of, at the one hand, SOD or catalase and, on the other 
hand, GSH peroxidase. 
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The third association was obtained with increasing SOD concentrations added to 
a constant concentration of catalase (27.5 U/ml) which gives alone 20% protection 
(Figure 2C). Surprisingly, the presence of small amounts of SOD decreased the 
catalase protection and even speeded up the degeneration of the cells. The mortality 
of cells injected with combinations of 27.5U/ml of catalase with 0.1. lo6 or 0.01 
106U/ml of SOD was much higher than the mortality of cells injected with buffer. 
Only at the highest concentration of SOD, was it possible to obtain a positive effect 
of this enzyme. This experiment was repeated and the same conclusions were ob- 
tained. 

Association of enzymes and cr-tocopherol 

In the experimental conditions described in Materials and Methods, cr-tocopherol 
added at 5 x 10p4M to the culture medium gave a 20% protection to human 
fibroblasts cultivated under high oxygen pressure when compared to its vehicle 
(ethanol 0.25%). In order to determinate if a synergistic effect could exist between 
vitamin E and each of the three antioxidant enzymes, the latter were injected separate- 
ly in cells and the culture medium was supplemented with 5 x 10-4cr-tocopherol. 

Figure 3A shows the protection produced by catalase with or without a-tocopherol. 
The catalase injection alone gave respectively 11.5 and 24.5% protection at 27.5 and 
55 U/ml but the protection raised to 30.5 and 60.5% when a-tocopherol was added 
in the medium. The combination of both antioxidants seems to be additive or even 
slightly synergistic. 

A similar but more marked protective effect could be observed with SOD (Figure 
3B) but the most synergistic effect was observed with GSH peroxidase (Figure 3C): 
the protection was indeed much higher than the sum of the protections given by each 
of the antioxidant systems. For example, at 6 U/ml of GSH peroxidase, the protection 
of the enzyme alone was 25.5% when it reached 115.5% in the presence of a-tocoph- 
erol. Similarly, at 0.6 x 106U/ml of SOD, the protection was 17% for the enzyme 
alone but 62.5% when a-tocopherol was also present in the culture medium. The 
statistical analysis shows that a highly significant difference is obtained in the com- 
parison of fibroblasts injected with each enzyme concentration with or without 
u-tocopherol: the addition of a-tocopherol gave thus a significant increase of protec- 
tion. a-tocopherol is seen as an effective complement to the protection given by each 
of the three enzymes. 

Desferrioxamine protection 

Since the observed toxic effect under oxygen could be mediated through hydroxyl 

FIGURE 2 (A) Protection of fibroblasts incubated under 2 atm of oxygen by microinjection of increasing 
concentrations of SOD with (+) or without (0) GSH peroxidase at a constant concentration (3 U/ml). The 
horizontal line represents the 20% protection obtained by the injection of GSH peroxidase alone. The 
protection is expressed as the ratio between the integration of the survival curve of cells injected with the 
active enzyme and cells injected with buffer. Protection is given as a function of the enzyme concentrations 
in microinjection solutions. (B) Protection against 2 atm of oxygen after microinjection of increasing 
concentrations of catalase with (+) or without (0) GSH peroxidase at a constant concentration (3 U/ml). 
The horizontal line represents the 20% protection obtained by the irjection of GSH peroxidase alone. (C) 
Protection against 2 atm of oxygen after microinjection of increasing concentrations of SOD with (+) or 
without (0) catalase at a constant concentration (27.5 U/ml). The horizontal line represents the 20% 
protection obtained by the injection of catalase alone. 
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FIGURE 3 Protection of fibroblasts incubated under 2atm of oxygen by microinjection of catalase (A), 
SOD (B) or GSH peroxidase (C). The cells were incubated in medium containing (+) or not (0) 
a-tocopherol at a constant concentration (5 M). The continuous horizontal line represents the 20% 
protection obtained by the addition of a-tocopherol alone. The protection is the ratio between the 
integration of the survival curve of enzyme-injected cells in the presence of a-tocopherol and the curve of 
cells buffer-injected and cultivated without a-tocopherol in the medium. Results are expressed as means of 
two experiments 5 1 SD. *significantly different from the corresponding enzyme-injected cells cultivated 
without a-tocopherol (a = 0.05) "significantly different from the corresponding enzyme-injected cells 
cultivated without a-tocopherol (a = 0.10) 
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FIGURE 4 Protection of fibroblasts incubated under 2 atm of oxygen by desferrioxamine added in the 
culture medium. The protection is expressed as the ratio between the integration of the survival curve of 
cells incubated with desferrioxamine and control cells incubated without it. Results are expressed as means 
of two experiments 1 SD. *significantly different from fibroblasts incubated under 2atm of oxygen 
without desferrioxamine (a = 0.05) 

radical production, we tested the protective effect of desferrioxamine. It is a well 
known chelator of iron preventing its further reaction with H202.23 When added in 
the culture medium, desferrioxamine very markedly protected fibroblasts against 
hyperoxia toxicity (Figure 4): 32% protection was obtained at IO-’M and 8% at 

M. All these protections were significant (Student’s test, P > 0.95). 

DISCUSSION 

Cultivated cells are widely used for basic research on oxidative stress because of the 
facilities given by the experimental  condition^.^'-^' For instance, microinjection of 
individual cells with antioxidant enzymes allowed a quantitative comparison of the 
efficiency of each of the three antioxidant enzymes and it was found that GSH 
peroxidase was far and away the most efficient In this work, the same 
powerful technique was used in order to investigate the complementarity and coop- 
eration existing between these antioxidant enzymes and a-tocopherol, which has also 
been shown to be protective under high oxygen tension. Controls performed with 
heat-inactivated enzymes did not show any protection; so it is indeed the enzymatic 
activity which is responsible for the protective effect.16 

Cooperation between catalase and superoxide dismutase has been described by 
Freeman et ~ 1 . ~ ’  They observed a significant increase in the protection of endothelial 
cells against oxygen via liposomes loaded with both enzymes in comparison with 
liposomes containing one enzyme. However, Bagley et u I . ~ ~  did not observe any 
protecting effect when they introduced catalase and SOD, by using the “scrape-load- 
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ing” method, into Chinese Hamster ovary cells challenged with paraquat. Moreover, 
Finazzi-Agro et investigating erythrocyte hemolysis, showed that the addition of 
SOD to liposomes loaded with catalase, decreased the protection observed with 
catalase alone. In this paper, we observed that for the combination of SOD and 
catalase, the effect was very much concentration dependent with a negative and even 
toxic effect at low SOD concentrations but a protection at very high SOD concentra- 
tions. As an example, the highest concentration which gave 16% protection, repre- 
sents an injection of 170 fold the native content while the lowest one which gave 7% 
toxic effect compared to the buffer-injected cells, represents 1/3.5 of the native 
content. 

One explanation for this strong concentration dependency could be that addition 
of low SOD concentrations sufficiently increases the production of H,O, as to 
promote the Haber Weiss reaction which is responsible for the formation of highly 
toxic OH. radicals. Allen et effectively found an increase of H,02 when the 
intracellular SOD activity of slime mold cells is increased via liposomes. The possibil- 
ity of OH. involvement in the oxygen toxicity was well demonstrated by the protective 
effect of desferrioxamine. Desferrioxamine prevents by chelation the interaction of 
iron with H,O, thus preventing OH. formation (Figure 4). If this is true, the inter- 
pretation of the results could be that when either the SOD or/and the catalase 
concentrations are high enough, the Haber Weiss reaction is inhibited since at least 
one of the reagents is missing and a protection can then be observed. If it is not the 
case, H202  and 0;- can react together with iron to generate OH. which is highly toxic 
and can explain the observed toxicity. We propose that some contradictory results of 
the literature could be probably explained by the differences in the relative concentra- 
tions of both enzymes used in the experiments. 

The importance of catalase and superoxide dismutase in protecting cells against 
oxygen species has been recognized for a long time and they are even used as 
therapeutic medicine.32 But more and more researches are performed on glutathione 
peroxidase given its crucial role. GSH peroxidase is an essential enzyme for the 
destruction of H, 0, acting even better than catalase under physiological con- 
d i t i o n ~ . ~ ~ . ~  Therefore, if GSH peroxidase detoxifies H,O, efficiently at low concentra- 
tions, it is not surprising to observe a better complementarity of SOD with GSH 
peroxidase (Figure 2A) than with catalase (Figure 2B). 

The importance of H,O, rather than 0;- for cell death has already been stressed by 
different  author^.^'"^ Glutathione peroxidase reduces H, O2 and organic hyperoxides, 
protecting cytosol and cellular membranes by preventing lipid per~xida t ion .~~ On the 
other hand, catalase and superoxide dismutase principally act in hydrophilic regions 
of the cell. Consequently, the protections of the hydrophilic and hydrophobic levels 
are complementary to keep the cellular integrity against the oxygen free radical 
attacks. An experimental argument for this principle is the additive protection ob- 
tained when catalase or SOD are combined with GSH peroxidase. 

The combination of a-tocopherol with the three enzymes was also very effective 
especially with GSH peroxidase since, in this case, the resulting protection was higher 
than the sum of the protections of the individual systems. Vitamin E gets into the 
hydrophobic core of biomembranes where it terminates the peroxidative chain reac- 
tion. On the other side McCay et ~ 1 . ~ ~  showed that GSH peroxidase protected 
membranes from peroxidation by preventing initiation of such a reaction by destroy- 
ing H, 0, and by removing hydroperoxides released by the phospholipase A? .38 
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Therefore, the combination of GSH peroxidase and a-tocopherol should be a very 
efficient system for the protection against any free radical attack on the membranes. 

Addition of catalase or SOD with a-tocopherol also improved the protection of the 
cells: the initiation of polyunsaturated fatty acids peroxidation involves the genera- 
tion of hydroxyl radicals resulting from the interaction of H , 0 2  and 0;- catalyzed by 
iron or another transition If any of these two molecules is removed by one 
of the enzymes, the production of OH. will be lowered and the lipids of the cell 
membranes protected. The additive protecting effects when combining either SOD or 
catalase with a-tocopherol therefore favour the hypothesis of the important role of 
lipid peroxidation in cell damage. The importance of OH. was confirmed by the 
marked protection obtained when desferrioxamine was added in the culture medium. 

In conclusion, various antioxidant protecting systems were combined. These com- 
binations in general improved the protection of cells under oxidative stress. However, 
according to the combinations tested, the protecting effects were either slightly 
increased or additive or even synergistic, as observed with a-tocopherol associated 
with GSH peroxidase. Unexpectedly, when various concentrations of SOD were 
combined with catalase, the protecting effect due to catalase alone was decreased by 
SOD at least at the lower concentrations of the latter enzyme. 
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