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R. -K. LI, N. SHAIKH, R. WEISEL, L. TUMIATI, T.-W. WV, AND D. MICKLE. Cultured Vascular Endothelial 
Cell Susceptibility To Extracellularly Generated Oxidant Injury. Journal ofMolccukzr rind Cellular Cardidq~ (1992) 
24, 595-604. To understand better the effect of oxidant injury on vascular endothelial cells, human saphenous 
vein endothelial cells were cultured at atmospheric (~0, of 150mmHg) or low (p0, of 4OmmHg) oxygen 
tensions. The cellular rates of growth, antioxidant enzyme activities (superoxide dismutase, catalase, and 
glutathione peroxidase), phospholipid fatty acids and cellular susceptibility to extracelhdarly generated oxidants 
(hypoxanthine-xanthine oxidase) were measured. The antioxidant enzyme activities were regulated by oxygen 
tension and significantly differed by day 14. The cells cultured at the low oxygen tension had significantly 
(P<O.Ol) lower antioxidant activities than the cells cultured at the high oxygen tension. The cells cultured at an 
oxygen tension of 150 mmHg were more resistant to shrinkage and lipid peroxidation fmm the oxidants than the 
cells cultured at a p0, of 40 mmHg by day 14. Since arterial and venous endothelial cells are perfused with blood 
at a p02 of 100 and 40mmHg, respectively, the postcapillary venous endothelial cells should have lower 
antioxidant enzyme activities than the precapillary arterial endothelial cells. 
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Introduction 

In the myocardium reversibly injured by 15 
min of ischaemia, oedema formation can be 
detected within 30 s of the onset of reperfusion 
[I]. Dauber et al. [2] have shown that myocar- 
dial ischaemia of similar duration followed by 
reperfusion can result in increased microvas- 
cular permeability and impaired endothelium- 
dependent vasodilation. In both these studies, 
ultrastructural damage to the capillary endo- 
thelium and adherence of granulocytes to the 
endothelium were not seen. The site of 
increased vascular permeability in skeletal 
muscle ischaemia-reperfusion injury has been 
shown to be the postcapillary venules [3]. 

Although a number of different biological 
mechanisms act to damage the myocardium in 
ischaemia/reperfusion injury, oxyradical 

injury has been implicated as an important 
component [ 4-61. The physiological oxygen 
tension of the precapillary arteriolar blood 
decreases from 100mmHg to 4OmmHg in 
the postcapillary venules. If  the oxygen 
tension regulates the antioxidant enzyme 
activities in the vascular endothelial cells 
(ECs) and their susceptibility to oxidant 
injury as was shown in vitro [ 7] and in vivo [8] 
for ventricular cardiomyocytes, the postcapil- 
lary venous ECs should be more susceptible to 
oxidant damage than the precapillary and the 
capillary ECs. This differential susceptibility 
of the vascular endothelium to oxyradicals 
could explain the increased vascular permea- 
bility of the postcapillary venules in myocar- 
dial ischaemia-reperfusion injury. 

The present study was designed to 
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investigate the effects of oxygen tension on the 
antioxidant enzyme activities of cultured 
vascular ECs. The susceptibility of the ECs to 
an extracellularly generated oxidant injury 
was also investigated. 

N2 and 5 % CO? was used to obtain the lowest 
oxygen tension possible on a reliable long 
term basis in the incubator. This gas mixture 
gave in the culture medium an oxygen tension 
of 40 mmHg which is the physiological oxygen 
tension of venous blood, 

Material and Methods Effect of oxygen tension on cell division 

Cell culture techniques 

Vascular ECs were obtained from the saph- 
enous vein removed from patients having car- 
diopulmonary bypass for aortocoronary 
bypass surgery. The method of Ratych et al. 
[9] with minor modifications was used. The 
vein was washed with phosphate-buffered 
saline (PBS) (136.9mmol/l NaCl, 2.7 mmol/l 
KCl, 8.1 mmol/l Na2HP04, I .5 mmol/l 
KHZP04) to remove blood and then the 
luminal surface was scraped gently with a 
scalpel blade. The scrapings were cultured at 
37’C in 5% CO2 and 95 % air with 199 
medium containing 20% fetal bovine serum 
(Gibco Labs, Life Technologies Inc., Grand 
Island, NY, USA), 100 units/ml penicillin 
and lOOpg/ml streptomycin. EC colonies were 
detached by gentle scraping with a Pasteur 
pipette and transferred by suction into the 
pipette. The isolated colonies were sub- 
cultured in 5 % CO, and 95% air at 37OC 
until confluence was reached. To detach the 
ECs for subculturing, 1 ml 0.05% trypsin in 
PBS containing 0.5 mmol/l EDTA and 0.02% 
glucose was added to the cells for 2 to 3 min. 
The trypsin was inactivated by the addition of 
20 ml of culture medium. Aliquots of cell sus- 
pension containing the detached cells were 
added to culture dishes and made up to 10ml 
with culture medium. The cells were cultured 
at 37OC in 5% CO2 and 95% air. Purity of 
the EC culture was assessed by light micro- 
scopy and by staining for factor VIII. 

To determine the effect of oxygen tension on 
cell growth, the rate of EC division was mea- 
sured every 12 h. Cells initially cultured at an 
oxygen tension of 150mmHg were divided 
into two groups. The first group was cultured 
at a ~02 of 150 mmHg. The second group was 
cultured at a ~02 of 40 mmHg for 8 days and 
then switched back to a pOrr of 150mmHg. At 
every 12 h the cells were detached with 0.05% 
trypsin. After appropriate dilution with iso- 
tonic saline, the cell count was done using an 
electronic counter (Coulter Electronic Inc., 
Fl). 

Effect of oxygen tension on the rate of protein 
synthesis and antioxidant enzyme activities with EC 

ConfEuence 

Practical considerations dictated the culture 
medium oxygen tensions of 150 and 40 mmHg 
used in this study. Although a culture medium 
oxygen tension of 100mmHg would have 
been closer to the oxygen tension in arterial 
blood, regulation of air and CO:, gas flows to 
obtain this oxygen tension for 8 weeks on a de- 
pendable basis was not thought to be feasible. 
A gas mixture of 95% air and 5% COZ was 
used and gave a ~01 of 150 mmHg in the cul- 
ture medium. Similarly, a gas mixture of 95 % 

Since oxygen tension was shown to affect the 
rate of EC division, EC cultured at a p02 of 
150mmHg will have a higher rate of protein 
synthesis than the EC cultured at a ~0, of 
40 mmHg. To show that oxygen tension regu- 
lation of EC antioxidant enzyme activities is 
independent of cell division and basal rate of 
protein synthesis, the cells were cultured until 
confluent at a pO* of 150 mmHg. Minimal cell 
division occurred with confluence of the cul- 
tured ECs. These culture dishes were split 
into two equal groups and then cultured for a 
further 15 days at p02 of 150 or 40mmHg 
when antioxidant enzyme activities, total 
protein and rates of protein synthesis were 
measured. The EC content was determined 
by the Bio-Rad protein assay (Bio-Rad, 32nd 
Griffin Ave., Richmond, CA 94804). The 
method of Dagenais et al. [IO] with minor 
modifications was used to measure rates of 
protein synthesis. The culture medium was 
poured off and the cells washed three times 
with PBS. Methionine-free Dulbecco’s 
Modified Eagles Medium (Gibco Labs, Life 
Technologies Inc., Grand Island, NY 14072) 
was added containing 15&i/ml of 35S-meth- 
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ionine and the ECs were cultured as described 
above. At 1, 2 and 6 h, the cells were washed 
three times with PBS and collected into a tube 
using a rubber policeman. After centrifuga- 
tion at 600g for 5 min, the supernatant was 
discarded and the cells washed three times 
with PBS, with 10% trichloroacetic acid 
(TCA) and finally with 70% ethanol to 
remove the TCA, and then with 100% 
ethanol. After lyophilizing the samples at 
4“C, the samples were dissolved in 2 mol/l 
Tris hydrochloride buffer (pH 7.8). Part of the 
sample was counted in a LKB 1219 beta-scin- 
tillation counter and the other part assayed for 
total protein. 

tions of 1 .O pmol/l and 0.5 mmol/l, respective- 
ly. To measure SOD activity with a Cobas 
Fara discrete chemistry analyser (Hoffman-La 
Roche), 5 ~1 of sample was added to 250 ~1 of 
reaction reagent and the reaction was initiated 
by adding 10~1 of 15 mU/l xanthine oxidase. 
The increase in cytochrome c reduction was 
monitored at 415nm. The SOD standards 
were 15, 7.5, 5.0, 3.75,2.50, 1.88, 1.25,0.94, 
0.63 and 0.47 unit/ml. One unit of SOD 
activity was defined as the amount of enzyme 
which inhibited cytochrome c reduction by 
50%. 

Effect of oxygen tension on antioxidant enzyme 
activities and cellular susceptibility to oxyradicals 

The EC cultures were established at a PO:, of 
150mmHg at 37% before being cultured at 
~0~s of 150 and 40mmHg for 21 days. On 
day 21, the cells cultured at a pOz of 
40mmHg were changed to a ~02 of 
150mm Hg. On days 3, 7, 14, 21, 28 and 35 
the cells were analyzed for their antioxidant 
enzyme activities. The ECs were washed three 
times with 4’C PBS, harvested with a rubber 
policeman and collected in a 50ml tube. The 
culture dishes were washed with 4% PBS 
three times and the solution transferred to the 
50ml tube. The samples were centrifuged at 
600g for 5 min. For the enzyme assays, the 
cell pellets were resuspended in their appro- 
priate solutions as described in the antioxidant 
enzyme assays. 

Catalase was analyzed by the method of 
Cohen et al. [I,?]. All sample preparations 
were done in a cold room or on ice. The cell 
pellets were resuspended in 0.5ml isotonic 
buffer (138.6mmoM NaCl and 7.7mmoM 
Na2HP0,.H20) and sonicated for 10s. The 
cells were centrifuged at 12 000 g for 12 min at 
4%. The supernatant was carefully transfer- 
red off. After 5~1 of absolute ethanol was 
added to the supernatant, the samples were 
mixed and kept at 4% for 30min before the 
addition of 50~1 10% Triton-100. The super- 
natant was then analyzed for catalase activity 
at 20% and for total protein concentration. A 
solution of hydrogen peroxide was prepared 
which contained three times as much hydro- 
gen peroxide as was necessary to obtain an 
absorbance of 0.5 at 240nm. The catalase 
reaction at 20°C was initiated by adding 
0.33 ml hydrogen peroxide reagent to 0.66 ml 
of sample solution. The reaction was followed 
at 240 nm. A sample blank was done using iso- 
tonic buffer in place of the sample solution. A 
unit of catalase was the amount of enzyme 
that converted 1 amol hydrogen peroxide per 
minute. Antioxidant enzyme anabses 

Cu, Zn superoxide dismutase (SOD) was Total glutathione peroxidase activity (GPx) 
analyzed as described by L’Abbe et al. [II]. was measured by the modified method of 
All sample preparations were done in a cold Doroshow et al. [ 131. All sample preparations 
room or on ice. The cells were lysed by sonica- were done in a cold room or on ice. The cell 
tion for 10s in water. The enzyme was ex- pellet was resuspended in 0.5 ml of sucrose- 
tracted by adding 0.4 ml of cold 3 parts chloro- EDTA (0.25 mol/l sucrose and 0.001 mol/l 
form/5 parts ethanol. The solutions were well EDTA) and sonicated for 10s. After centrifu- 
mixed before centrifuging at 12 OOOg for 7 gation at 12 000 g for 60 min at 4*C, the 
min and the upper aqueous phase retained for supernatants were saved for determination of 
SOD activity and total protein assays. To GPx activity and total protein concentration. 
prepare the reaction solution, ferricytochrome The GPx assay was performed on the Cobas- 
c and xanthine were dissolved in 0.02 mol/l Fara analyzer at 37%. One ml of reaction 
sodium carbonate buffer (pH 10.0) containing reagent contained 132 pmol phosphate buffer 
0.1 mmol/l EDTA to obtain final concentra- (pH 7.0), 13.2kmol EDTA, 11.25pmol 
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sodium azide, 15pmol GSH, 0.8pmol 
NADPH and 1 .O U glutathione reductase. 
After 75 ~1 of sample were added to 100~1 of 
reaction reagent, the GPx reaction was initi- 
ated by the addition of 50~1 of 220 nmol/l 
hydrogen peroxide. The sample blank con- 
tained 75 ~1 of sucrose-EDTA solution instead 
of sample. The GPx activity was expressed as 
units per mg protein. 

Oxidant generation system 

The oxidant injury studies were done in a 
total of 6.0ml of PBS (pH 7.4) containing 
xanthine oxidase (100 IV/l) and hypoxanthine 
(1 mmol/l). The addition of hypoxanthine 
(N = 10) or xanthine oxidase (N = 10) alone did 
not produce any morphological changes at 
15min. The oxidant generation reaction was 
initiated by the addition of xanthine oxidase 
(final concentration of 102IU/l) and the 
cellular changes followed microscopically. The 
time when all the cells became shrivelled from 
the oxidant injury was described as the time of 
final damage [ 141. After the final damage time 
was reached, the total cell count was done by 
detaching the cells still attached to the bottom 
of the 80 mm diameter culture dish using tryp- 
sin into the supernatant containing free 
floating cells. The solution was mixed and 
10~1 added to a haemacytometer. The cells 
were counted under a microscope. The time 
when all the cells became shrivelled divided by 
the cell count expressed in terms of 100,000 
cells was used to compare cellular susceptibili- 
ties to free radical injury. In these studies, the 
EC counts were always between 4.5 to 6.0 
x 105. 

With the initiation of the hypoxanthine- 
xanthine oxidase system, the rate of super- 
oxide production as measured by ferricyto- 
chrome c [15] was monitored at 37’C for 10 
min and the change in oxygen tension was 
measured by an IL 1312 blood gas analyzer. 

To assess the effect of EC number on the 
time to shrivel all the ECs by the oxidant gen- 
eration system, the cells cultured at an oxygen 
tension of 150mmHg were used. After the 
cells were exposed to the oxidant generation 
system and final damage times recorded, the 
cell numbers were counted and plotted against 
the final damage times. 

Endothelial cell susceptibility to oxidant injury 

The cells were cultured at oxygen tensions of 
150 and 40mm Hg. On days 3, 7, 14, and 21, 
the ECs were exposed to the oxidant genera- 
tion system at 37OC. The final damage times 
and cell counts were measured. 

Fat9 acid analysis 

ECs cultured at a pOZ of 150mmHg were 
divided and cultured a further 14 days at ~0,s 
of 150 and 40 mmHg. The cells at each oxygen 
tension were divided into two groups and then 
exposed to the oxidant generation system for 
10 min. The control cells for each group were 
incubated with PBS in place of the oxidant 
generation system. The control and oxidant 
damaged cells were washed with PBS, collec- 
ted in glass tubes, and centrifuged at 200 g for 
5min at 4%. To prepare the lipid extracts, 
each 5- 10 mg cell pellet was resuspended in 
1 ml of cold methanol and 2 ml of chloroform 
containing 2,3-diheptadecanoyl-sn-glycer- 
ol- 1 -phosphorylycholine as an internal 
standard. The pellets were homogenized. 
After addition of 0.75ml saline, the tubes 
were vortexed and centrifuged to produce a 
biphasic mixture. The lower organic phase 
containing the lipids was removed by the 
double Pasteur pipette method [16], passed 
through a sodium sulphate column and collec- 
ted in round bottom flasks. The upper 
aqneous phase was re-extracted twice with 85 
parts chloroform: 14 parts methanol: 1 part 
0.9 % saline, the lower phase removed and 
collected in flasks as described above. The 
lipid extracts were dried under vacuum and 
reconstituted in 1 ml chloroform. They were 
chromatographed over Florosil columns into 
neutral lipid and phospholipid fractions by 
elution with chloroform followed by 
methanol, respectively. After drying the 
phospholipid fraction under nitrogen, fatty 
acid methyl esters (FAME) were prepared by 
refluxing at 80°C in sealed tubes with 0.5ml 
6% H2S04 in methanol for 4 h. FAME were 
extracted with hexane and subjected to gas 
liquid chromatography (HP 5880A) using a 
fused silica capillary column and temperature 
programming from 80-24O’C as described 
earlier [17]. Appropriate corrections for 
recovery of individual fatty acids were made 
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by use of pre-calibrated standards. Results 
were expressed as nmol fatty acid/mg cell 
protein. 

Statistical analysis 

Analysis of variance (ANOVA) was used to 
compare the antioxidant enzyme activities 
when the EC were cultured at high and low 
oxygen tensions for 35 days as shown in Figs 
5, 6 and 7. All other statistical comparisons 
were done with the unpaired t-test. 

Results 

The purity and identity of the saphenous vein 
ECs cultured from the adult patients having 
aortocoronary bypass surgery were confirmed 
by appearance and with antibodies to factor 
VIII. 

The ECs cultured at atmospheric and low 
oxygen tensions showed two different growth 
patterns (Fig. 1). The cells cultured at the p02 
of 150mmHg grew much more rapidly than 
those cultured at a ~0, of 40mmHg which 
had minimal growth. On day 8 when the cells 

30 

0 2 4 6 8 IO I 

DOY 

FIGURE 1. Cell counts of the saphenous vein ECs continuously cultured at ~0, of 150 (. ) in = 6) and 40 (-) 
(n = 6) mm Hg and the p0, 40 mm Hg cells (R = 3) switched on day 8 to a p0, of 150 mm Hg (’ .). Results are 
expressed as mean +/- lS.D. 

cultured at a ~0, of 40mmHg were switched 
to a pOz of 150 mm Hg, there was a significant 
(P<O.OOOl) decrease in mean +/- 1 S.D. cell 
count per 50mm diameter culture dish from 
10.87 + I - 0.70 x lo5 (n=6) to 7.67+/ 
- 0.09 x lo5 (n = 6). By the ninth day the rate 

of cell growth began to accelerate similarly to 
that seen in those cells continually cultured at 
a p02 of 150mmHg. 

After culturing the cells to confluence at a 
~0, of 150mmHg for 14 days, the cells were 
cultured for an additional 15 days at either a 
~0, of 150 or 40mmHg. The rates of protein 
synthesis were similar for both oxygen 

tensions on day 15 (Fig. 2). The total protein 
of the confluent cells for the SOD, catalase 
and GPx analysis at the high and low oxygen 
tensions did not also significantly differ. 
Despite similar rates of protein synthesis and 
total protein, SOD, catalase and GPx activ- 
ities were significantly (WO.001) lower for the 
cells cultured at a pOz of 40 mmHg compared 
to the cells cultured at a pO* of 150mmHg. 
(Table 1). As seen in Figs 3, 4, and 5, the 
SOD, catalase and GPx activities were 
significantly different by days 14 and 21 of 
growth with the activities being higher in the 
cells cultured at a p02 of 150 mmHg. The EC 
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Time (h) Days 

FIGURE 2. Rates of incorporation of 35S-methionine 
into protein of confluent saphenous vein endothelial cells 
cultured for an additional 15 days at either a ~0, of 150 
( q ) (a = 6) or 40 ( 4 ) (a - 6) mmHg. Results in count per 
minute per mg protein are expressed as mean +/- 1 S.D., 

*=4. 
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FIGURE 4. Change in catalase activity with time in 
saphenous vein ECs cultured at pOls of 150 (-) and 40 
(- - -) mmHg. The ~0, 40 mm Hg cells were switched on 
day 21 to a p02 of 150 mmHg (-). Results in units per 
mg of EC protein are expressed as mean + / - 1 SE., n = 6. 
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FIGURE 3. Change in SOD activity with time in 
saphenous vein endothelial cells cultured at ~0,s of 150 
(-) and 40 (- - -) mmHg. The ~0, 40 mmHg cells were 
switched on day 21 to a ~0, of 150 mmHg (-). Results in 
units per mg EC protein are expressed as 
mean+/- 1 S.E., n=6. 
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FIGURE 5. Change in GPx activity with time in saph- 
enous vein ECs cultured at ~0~s of 15C (-) and 40 (- - -) 
mmHg. The ~0~40 mmHg cells were switched on day 21 
to a ~02 of 150 mmHg (-). Results in nmol 
NADPHlminlmg EC protein are expressed as 
mean+/- 1 SE., n=6. 

TABLE 1. Antioxidant enzyme activities of cultured human vascular endothelial cells 

Enzymes (U/mg protein) 

O2 Tension 

(mm%9 SOD CAT GPX 
-~~ ~~ ~~~ 
150 17+/- 1.8 (n=9) 11 +/- 1.4 (a=9) 11 +/-3.3 (72=9) 

l * *t ** 

40 lO+/- 1.0 (n=9) 4.9+/-1.4(n=9) 5.3+/- 1.4 (n=9) 

Endothelial cells from saphenous vein cultured to conIluence at an oxygen tension of 150 mmHg were then cultured a 
further 15 days at oxygen tensions of 150 and 46 mmHg. The antiodixant enzyme activities were measured as described 
in Materials and Methods. The enzyme activities are presented as mean +I- 1 SD of n determinations, l * P<O.OOl. 
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TABLE 2. Fatty acid content of phospholipid fraction from human endothelial cells cultured at high and 
low oxygen tensions 

Fatty Acids 

total sat. 
total unsat. 
18:2(n - 6) 
20:4(n - 6) 
22:6(n-3) 

PO:, 150 mmHg 

Control 10 min 

172+1-20 175 +/- 14 
194+/-26 179+/-13 
15+/- 1 15+/- 1 

38+/- 6 ** 29+/- 5 
ll+/- 3 9+l- 2 

~0~40 mmHg 

Control 10 min 

195 +/- 28 190+/-32 
187+/-25 ** 125+/b26 
15+/- 2 ** lO+/- 2 

54+1- 8 +* 30+/L 3 
lO+/- 1 ** 6+/- 2 

Data in nmol/mg protein are presented as mean +/ - 1 S.D. of 10 determinations. The endothelial cells were exposed 

to the hypoxanthinekanthine oxidase system for 10 min. Lipids were extracted, the phospholipid fraction isolated and 
the fatty acid content determined as described in Materials and Methods. The fatty acids are shown as carbon number: 
number of unsaturated bonds and n - 3 and n - 6 represent the carbon number of the first double bond from the methyl 
end of the fatty acid chain. **P-=0.01. 

18 
16 

14 

12 

IO 

8 

6 

4 

: 
9. 

2 

18 

16- 

14- 

l2- 
l ,_ ’ 

IO- / : _, 
8- ,,,’ 

6- /‘. 
4- 

.* l c 
A,’ . 1 

2- 

Cell number (x 100 000) 

FIGURE 6. The relationship between final damage 
time in minutes and numbers of endothelial cells in 
80 mm diameter culture dishes. 

SOD, catalase and GPx activities increased 
significantly (P<O.OOl, 0.05, 0.001, respect- 
ively) by day 35 after the cells previously 
cultured at a pO* of 40mmHg were changed 
to a ~02 of 150 mmHg on day 21. GPx activ- 
ities of the cells cultured at a pO* of 
150 mmHg increased significantly (WO.01) 
over the 21 days. SOD and catalase activities 
did not change when the ECs were cultured at 
a pOg of 150 mmHg for 21 days. 

In the oxidant generation system study, the 
superoxide production as measured by ferri- 
cytochrome c was completed by 1 min. The 
oxygen tension decreased in the first 1 min 
after the addition of xanthine oxidase from 
150 mmHg to 77 mmHg. The cells were never 
hypoxic as the lowest oxygen tension reached 
was a pO1 of 54mmHg. 

i2 
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FIGURE 7. Oxidant injury susceptibilities of saph- 
enous vein ECs cultured at two oxygen tensions with 
time. Solid and open bars are the results 
(mean +/- 1 S.D., n = 4) for the cells cultured at p02s of 
150 and 40 mmHg, respectively. * P<O.O5. l * P<O.Ol. 

The correlation between the final damage 
times for EC counts between 3.3 to 8.7 x lo5 
was 0.95 (Fig. 6). For EC counts less than 
3.3 x 105, cell number had a minimal effect on 
the final damage times. 

The final damage time within-run precision 
study for controls was 1.13 + / - 0.03 min/105 
cells (mean +/- 1 SD., R = 6). At the final 
damage time of 1.13 + / - 0.03 min/lO” cells, 
70% of the cells were necrosed and 30% 
reversibly injured. Less than 10% of the ECs 
were still attached to the bottom of the culture 
dish. The ECs cultured for 14 or more days at 
a ~0~ of 40mmHg were significantly 
(P-=0.05) more susceptible than those cells 
cultured at a ~0, of 150 mmHg to an oxygen- 
mediated free radical injury (Fig. 7). The 
resistance to oxyradical injury increased 
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significantly only in the cells cultured at a ~0s 
of 150mmHg and increased (P<O.Ol) from 
final damage time (mean +/- 1 S.D.) of 
1.1 +/- 0.1 min/105 cells on days 3 to 
1.9 +/- 0.01 min/105 cells on day 21. 

After 10 min of exposure to the oxidant 
generation system, the mass and percent 
composition of the total saturated and un- 
saturated phospholipids were minimally 
changed in the ECs cultured at a pOz of 
150mmHg (Table 2). The unsaturated fatty 
acids decreased from 194 +I- 26 nmol/mg 
protein to 179 +/- 13 nmol/mg protein 
(a = lo), but th is change was not statistically 
significant. Only the 20:4 (a - 6) fatty acid 
decreased significantly (P-=0.01) from a 
control level of 38 + / - 6 nmol/mg protein to 
29 +/- 5 nmol/mg protein after 10 min of 
exposure to the oxidant injury. In contrast, 
the ECs cultured at a pO1 of 40mmHg 
showed statistically significant (PcO.05) 
decreases in total unsaturated phospholipid 
fatty acids after the oxidant injury. Control 
total unsaturated phospholipid unsaturated 
fatty acids decreased from levels of 187 + / - 25 
nmol/mg protein to 125 +/ - 26 nmol/mg 
protein. This decrease was significant 
(P<O.Ol) in the 18:2 (a - 6), and 20:4 (tz - 6), 
and 22:6 (a - 3) fatty acids. 

Discussion 

Zweier et al. [6] and Bolli et al. [4] have 
demonstrated a burst of oxygen free radical 
generation in the early moments of myo- 
cardial reperfusion. We have shown that the 
initial reperfusion damage occurs within the 
first 10min after the end of ischaemia [5]. In 
our study the hypoxanthine-xanthine oxidase 
system generated a lmin burst of hydrogen 
peroxide, superoxide radicals and hydroxyl 
radicals [15, 18, 191. This burst was intended 
to simulate oxyradical production which 
occurs with the onset of reperfusion of an is- 
chaemic myocardium. To assess EC oxidant 
damage, the time to shrivel all the ECs was 
used and called the final damage time. At this 
time all the cells have been injured by the 
oxidants and less than 5% of the cells are still 
attached to the bottom of the culture dish. 
This time was divided by the cell count 
(expressed per 100000) because of the linear 
relationship between final damage time and 

cell counts between 3.3 to 8.7 x 10J in 80 mm 
culture dishes. Since the final damage time 
was minimally affected by cell counts less than 
3.3 x 105, cell counts between 4.8 to 6.0 x lo5 
per 80mm diameter culture dish were used. 
With this pharmacological injury, the final 
damage time is a precise measurement with a 
standard deviation of less than 5 % for within- 
run studies. A practical disadvantage of LDsc 
measurements of oxidant injury is the number 
of culture dishes required for each curve 
which represents one measurement. To do the 
oxidant injury susceptibility study at high and 
low oxygen tensions, 1152 plates of cultured 
ECs would have been required. Other 
researchers [18, 20, 211 have used the hypo- 
xanthine-xanthine oxidase system with ECs 
and measured 5LCr release with time. The 51Cr 
leakage assay may be a less sensitive assay of 
oxidant injury as significant cellular damage 
must occur. Sublethal oxidant injury can be 
underestimated [22]. 

The percent composition of the saturated 
and unsaturated phospholipid of the ECs 
cultured at ~0~s of 150 and 40mmHg for 14 
days was similar with the human umbilical 
vein EC results of Lagarde et 01. [23]. The 
percent composition of 22:6 was higher in our 
cultured cells than reported by Lagarde. This 
difference may be due to the different cultur- 
ing conditions and to the sources of EC. The 
explanation is unknown for the increase in 
arachidonic acid in the saphenous vein EC 
cultured at an oxygen tension of 40mmHg 
compared to the same cells cultured at an 
oxygen tension of 150mmHg. 

Although both groups were damaged by 
10min of exposure to the oxidant injury, the 
ECs cultured at an oxygen tension of 
150mmHg showed minimal changes in un- 
saturated phospholipids compared to the cells 
cultured at a ~02 of 40mmHg. The mem- 
brane composition of phospholipid unsatur- 
ated fatty acids was unlikely to account for the 
different susceptibilities of the cells cultured at 
high and low oxygen tension to oxidant 
injury. 

When the non-confluent cells were cultured 
for 21 days at high and low oxygen tensions, 
the activities of SOD, catalase and GPx levels 
were higher in the cells cultured at the high 
oxygen tension than in the cells cultured at the 
low oxygen tension. The EC antioxidant 
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enzyme activities increased when the cells 
cultured at low oxygen tension were switched 
to the high oxygen tension. To minimize the 
effect of oxygen tension on EC proliferation, 
the cells were cultured at a ~02 of 150mmHg 
to confluence. At confluence, further cellular 
growth was minimal. These confluent cells 
were then cultured for an additional 15 days at 
~0~s of 150 and 40mmHg and protein syn- 
thesis and antioxidant enzyme activities 
measured. Although the rates of protein syn- 
thesis and total protein were similar for the 
high and low oxygen tension groups, the anti- 
oxidant enzyme activities were significantly 
different and similar to the activities of the 
non-confluent cells. Since the confluent and 
non-confluent cells had similar antioxidant 
enzyme activities, oxygen tension regulation 
of these activities was independent of EC pro- 
liferation. Our recent molecular biology 
research has shown that the site of oxygen 
tension regulation of GPx in cultured cardio- 
myocytes is at the transcriptional level [24]. 

Only GPx activities increased in the ECs 
established at the high oxygen tension and 
then cultured at this oxygen tension for a 
further 21 days. This increase in GPx activity 
in the ECs cultured at an oxygen tension of 
150mmHg was associated with increased 
resistance to oxidant injury. These results are 
in agreement with those of Maiorino et al. 
[25]. For effective scavenging of membrane 
hydroperoxyl radicals by alpha-tocopherol the 
resultant lipid hydroperoxides must be rapidly 
reduced by GPx. When the lipid hydro- 
peroxides are not efficiently reduced by GPx, 
they can react with the ferrous or ferric ion to 
form lipid alkoxyl or lipid peroxyl radicals. 
Propagation of the oxidant injury will 
continue. The increased susceptibility of the 
ECs cultured at a ~0~ of 40 mmHg compared 
to the cells cultured at a pOY of 150 mmHg to 
the hypoxanthine-xanthine oxidase oxidant 
injury is consistent with the toxic effect of 
changing the non-confluent ECs cultured for 8 
days at an oxygen tension of 40mmHg to an 

oxygen tension of 150mmHg. Thirty percent 
of the ECs necrosed. The surviving cells 
began proliferating by 12 h of the change in 
oxygen tension, with a growth rate similar to 
those cells continuously cultured at an oxygen 
tension of 150mmHg. The toxic effect of 
oxygen tension on ECs is comprehensively 
reviewed by Block [26]. 

Since arterial and venous ECs are perfused 
with blood at a pOZ of 100 and 40mmHg, 
respectively, the venous ECs should have 
lower antioxidant enzyme activities than the 
arterial ECs. Consistent with this hypothesis is 
the work of Mezzetti et al. [271 who have 
shown in vivo that GPx activity is higher in the 
internal mammary artery than the saphenous 
vein. If  our in vitro data is applicable to the in 
viuo situation, the ECs of the postcapillary 
venules would be predicted to be more 
susceptible to oxidant injury than the ECs of 
the precapillary arterioles. The reperfused is- 
chaemic ECs damaged by the oxidants will 
shrink and permit abnormal extravasation of 
plasma proteins through gaps formed between 
the ECs. This may contribute to the rapid 
onset of myocardial oedema which occurs with 
reflow after irreversible myocardial ischaemia 
[28]. Dauber et al. [2] have shown in an in vivo 
canine myocardial ischaemia-reperfusion 
model that “even brief ischaemia and reper- 
fusion cause functional vascular injury as 
evident as increased microvascular perme- 
ability’ ’ . Increased susceptibility of the post- 
capillary venule to oxidant injury after 
ischaemia-reperfusion injury may also be a 
factor in determining the site of accumulation 
and migration of activated leukocytes [15, 29, 
301. 

In summary, we have shown in vitro regulat- 
ion of human saphenous vein EC proliferation 
and the antioxidant enzyme activities of SOD, 
catalase and GPx by the oxygen tension. The 
ECs cultured at a low oxygen tension were 
more susceptible to oxidant injury than ECs 
cultured at a higher oxygen tension. 
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