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The cytotoxic effect of  low-density lipoproteins on cultured human umbilical vein 
endothelial cells increases with their concentration, degree of  oxidation, and incubation 
time, being more p ronounced  in ischemia or isehemia+reperfusion than in aerobic 
conditions. Synergism of  the cytotoxie effect of  lipoproteins with the damaging effect of  
ischemia and reperfusion promotes the development of  atherosclerotic lesions of  the 
vascular wall at sites predisposed to the damage by the ischemia/reperfusion. 
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High blood level of  low-density lipoproteins (LDL) 
is a risk factor of  atherosclerosis. The key role is 
played by oxidized LDL (oxLDL) which were de- 
tected in the blood of  humans  or  animals with 
hypercholesterolemia [5,6]. Oxidized LDL exert a 
potent  cytotoxic effect on endothelial cells (EC), 
activate monocytes  and tissue macrophages to a 
greater extent than LDL, are taken up by them via 
the scavenger receptors, and are better degraded in 
these cells, which leads to accumulation of  chole- 
sterol and formation o f  foam cells [10,12]. The 
cytotoxicity o f  oxLDL causes EC damage, thus 
increasing the permeability of  vascular wall for LDL 
[1] and facilitating migration of  circulating mono-  
cytes into it [41. 

EC are often exposed to ischemia/reperfusion 
damage, which develops in hypoxia, anemia, hyper- 
tension, stress, and locally at sites o f  vascular spasm 
[3,11]. Hypertension, cardio-, cerebrovascular, and 
limb spasms often anticipate the development of  
atherosclerosis in these vessels [7,9]. 
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We have verified the hypothesis that ischemic 
and reperfused EC are more sensitive to the cyto- 
toxic effect of  oxLDL than intact EC, which may 
explain the mechanism of  selective deposition of  
atherosclerotic plaques at vascular sites more often 
subjected to ischemia/reperfusion. 

MATERIALS AND METHODS 

Experiments were carded out on confluent cultures 
of  human umbilical vein EC of  the second and third 
passages. EC were isolated from the vein of  a fresh 
human umbilical cord using 0.1% collagenase solu- 
tion (Sigma), incubated, and after the second and 
third passages reincubated for 7 days at 37~ in a 
CO 2 incubator (Assab) in the growth medium, pH 
7.4, based on dry RPMI-1640 (Flow) containing 
(per 100 ml): Na bicarbonate (7.5 g), HEPES (15 
ml), Na pyruvate (100 mM, 1 ml), L-glutamine (200 
mM, 1 ml, Sigma), EC growth factor (1.5 rag), fetal 
calf serum (10 ml, Gamaleya Institute o f  Epide- 
miology and Microbiology), and gentamicin (30,000 
U, Pharmachim). Disposable 24-well plates (Costar) 
were used. For experimental incubation (6 or 24 h), 
the growth medium was replaced by incubation 
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medium (RPMI- 1640, half volume+sodium bicarbo- 
nate without substrate additives, EC growth factor, 
and fetal calf serum). Aerobic incubation was car- 
ded out in a CO s incubator (Assab) at 95% air+5% 
CO2; incubation under conditions of ischemia was 
carried out in a chamber filled with gas mixture 95% 
N~+5% CO 2 (O 2 content <0.001%), which together 
with a decreased content of  substrate-deficient pro- 
tein-free medium simulated a stop-flow model of in 
rive ischemia [2]. Reperfusion was carried out by 
transferring the plate with ischemic EC into aerobic 
environment for 1 h. After incubation the medium 
was collected and centrifuged at 1500 rpm. EC were 
washed by phosphate saline buffer (Sigma), de- 
tached with 0.1% trypsin+0.02% EDTA (Sigma), 
and together with the precipitate left after centri- 
fugation of  the medium reinoeulated into growth 
medium for further 24-h reincubation under aerobic 
conditions. The viability of EC in experimental wells 
was estimated from the number of cells newly at- 
tached to the bottom in the percentage of cells in 
control wells (Plating Efficiency Index) [6]. 

LDL (d=1.019-1.065 g/cm 3) were isolated from 
donor plasma by preparative ultracentrifugation in 
the presence of 0.01% EDTA (Sigma) and stored 
at 2-4~ One day before the experiment LDL were 
dialyzed for 18 h at 4"C against 6000 volumes of 10 
mM phosphate buffer (pH 7.4), sterilized through 
0.45 rt filters (Serva), and protein was measured by 
the Lowry method. Oxidized LDL were prepared by 
24-h incubation of LDL at 37~ with CuSO4, 5 rtM 
CuSO 4 per 0.2 mg protein/ml. Oxidized modifica- 
tion of LDL was estimated from the content of  
products reacting with 2-thiobarbituric acid (TBA) 
[15] which were measured in a Beckman DU-7 
spectrophotometer and its content was expressed as 
an equivalent content of malonic dialdehyde (MDA). 
LDL and oxLDL were added into wells with EC in 
concentrations 100-300 rtg protein/ml, each con- 
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Fig. 1. Cytotoxic effect of nonoxidized and oxidized low-density lipo- 
proteins (LDL and oxLDL) in human umbilical vein endotheliocytes 
incubated under aerobic condYdons 0ight bars) and ischemia (dark bars) 
for 6 h (M+__m). The content of TBA-reactive products in LDL and oxLDL 
before incubation was 4.5+0.9 and 27+0.3 nmol MDA/mg protein, 
respectively. Five sedes of experiments were carried out. Here and in 
Figs. 2 and 3: Ordinate: percent of viable endothelial cells. K~ is the 
number of viable cells after aerobic incubation without LDL and K 2 is 
the number of viable ceils after incubation under conditions of ischernia 
without LDL All data are presented in percent of I~ (100%). *,o<0.01, 
�9 *p<0.01 vs. respective" controls; *p<O.05, **p<0.01 vs. incubation under 
aerobic conditions. 

centration was tested in 3-4 wells, and the data were 
averaged. Results were processed using Student's 
test for small samples. 

RESULTS 

LDL and oxLDL had a pronounced dose-depen- 
dent cytotoxic effect on intact human umbilical vein 
EC (Fig. 1). In experiments with LDL this effect 
could be explained by slight oxidation of LDL (Fig. 
1), since it increased after double and triple increase 
of LDL concentration by protein, which led to an 
increase in the content of  TBA-reactive products in 
LDL. The cytotoxic effect of oxLDL with initially 
6 times higher degree of oxidation was stronger, and 

TABLE 1. Cytotoxic Effect of LDL and oxLDL on EC during 6 or 24-h Incubation under Aerobic Conditions and Ischemia (M• 

LDL dose, mg protein/ml medium 

No LDL 

LDL 

oxLDL 

100 (0.45, 0.4) 

200 (0.9, 0.8) 

300 (1.35, 1.2) 

100 (2.7, 3.3) 

Conditions and duration of incubation, h 

aerobic ischemia 

6 24 6 24 

100• 

85~2.0" 

70• 

59• 

48:1:0.5"* 

100• 

70• 

57+1.0"** 

54• 

50• 

78• 

64• 

52• 

40• 

36+6.0** 

64• 

45• **+ 

45• 

44"]'3.0** 

41:t:2.0"* 

Note. *p<0.05, **p<0.01 vs. incubation under the same conditions without LDL, *p<0.05 vs. 6-h incubation. In brackets: nmol MDA/ml medium 
for 6- and 24-h incubation, respectively. 
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Fig. 2. Cytotoxio effect of nonoxidized and oxidized low-density 
lipoproteins (LDL and oxLDL) on endothelial cells of human umbilical 
vein incubated under aerobic conditions (light bars) and under 
conditions of ischemia (dark bars) for 24 h (M+Jn). The content of TBA- 
reactive products in LDL and oxLDL before incubation was 4i-0.1 and 
33+0.9 nmol MDA/mg protein, respectively. Five series of experiments 
were carded out. 

at the highest concentration of oxLDL (300 txg 
protein/ml medium) the number of viable cells was 
only 20% of the aerobic control. During incubation 
of EC under conditions of isehemia, the eytotoxie 
effect of LDL and oxLDL was dose-dependent and 
significantly higher (and the number of viable cells 
significantly lower) than after incubation of intact 
EC with LDL and oxLDL in the same concentra- 
tions (p<0.05-0.01) and in control tests with ischemia 
(p<0.05-0.01). These data indicate that the effect of  
ischemia and LDL of different degrees of oxidation 
on EC is synergic. 

The low content of  TBA-reactive products in 
native LDL is probably be due to autooxidation of 
LDL during dialysis, because the addition of anti- 
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Fig. 3. Oytotoxie effect of nonoxidized low-density lipoproteins on human 
umbilical vein endotheliocytes incubated for 24 h under aerobic 
conditions (I), ischemia (2), and ischemia followed by reperfusion (3) 
(M+m). K~ is the number of viable cells after 24-h incubation under 
conditions of ischemia+reperfusion (1 h) without LDL. *p<0.05, ~176 
vs. incubation under conditions of ischemia. The content of TBA- 
reactive products in LDL before incubation was 4+0.1 nmol MDA/mg 
protein. Four series of experiments were carried out. 

oxidants to the dialysate (EDTA, glutathione, ionoi, 
vitamin E, superoxide dismutase, catalase) prevented 
the oxidation of LDL and their cytotoxic effect on 
EC [8]. The content of  TBA-reactive products in 
LDL before incubation with EC in our experhnents 
agrees with a previous report [10] as well as the data 
for oxLDL [10,14]. 

A 24-h incubation with LDL and oxLDL had 
a pronounced cytotoxic effect on intact and ische- 
mic EC, but it was less dependent on the concen- 
tration of LDL in experiments with aerobic incuba- 
tion than after 6-h incubation, while in incubation 
under conditions of isehemia it did not depend on 
the dose (Fig. 2). The number of live cells in experi- 
ments with LDL or oxLDL under conditions of 
isehemia was lower than in ischemie control at all 
concentrations (p<0.01), while with LDL concen- 
trations of 100 and 200 rtg protein/ml medium (0.4- 
0.8 nmol MDA/ml), the count of  live cells was 
lower than at the same LDL concentrations in aero- 
bic incubation (p<0.01). This indicates a synergic 
cytotoxie effect of ischemia and LDL on EC during 
6 and 24 h incubation. 

In control experiments on ischemia, prolonga- 
tion of incubation decreased cell viability (p<0.05, 
Table 1). In experiments with LDL and oxLDL am- 
plification of the cytotoxic effect due to prolonga- 
tion of incubation under aerobic conditions was 
observed only with LDL containing no more than 
0.8 nmol MDA/ml medium TBA-reactive products, 
while in incubation under conditions of ischemia the 
content of these products was no higher than 0.4 
nmol MDA/ml medium. Thus, prolongation of EC 
incubation from 6 to 24 h abolished the dose- and 
time-dependent effects of all LDL except those with 
low or moderate content of  TBA-reactive products. 
The cytotoxic effects of  LDL with a high content 
of  protein or high degree of oxidation (oxLDL) 
reached the maximum earlier (within the first 6 h 
of incubation). The cytotoxic effect of  ischemia and 
LDL/oxLDL on EC was synergic up to 24 h. The 
prolonged cytotoxic effect of  slightly oxidized LDL 
is of special interest because it may be due to their 
on-going oxidation under  the effect of  EC. EC 
modify LDL during prolonged co-incubation in vitro 
[13], but the ability of  ischemic EC to oxidize LDL 
is unknown and will become the object of our further 
investigation. 

Comparison of the cytotoxic effect of  LDL on 
EC during a 24-h incubation under conditions of 
ischemia and ischemia followed by reperfusion 
showed that the number of viable EC in ische- 
mia+repeffusion was smaller in the control and in 
experiments with LDL than after ischemia without 
reperfusion (p<0.05-0.01), and in experiments with 
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L D L  it was significantly smaller than in the control  
(/7<0.05-0.01). These data indicate that EC reperfu- 
sion after ischemia, as well as reperfusion o f  the 
whole organ,  augments  the ischemic injury and 
amplifies the cytotoxic effect o f  LDL. Prolongation 
o f  aerobic incubation o f  intact EC for 1 h, a period 
as long as the durat ion o f  reperfusion of  ischemic 
EC, had no effect on  the viability o f  EC (data not  
shown). 

From our  results it can be concluded that L D L  
o f  different degree o f  oxidation exert a cytotoxie 
effect on intact EC. During the fLrst 6 h o f  incuba- 
tion this effect is dose-dependent  and depends on 
the content  o f  TBA-reaet ive products in LDL.  At 
moderate  concentrat ions o f  L D L  or their moderate  
oxidation this effect is t ime-dependent :  it increases 
with prolongat ion o f  incubat ion from 6 to 24 h. 
Incubat ion  o f  EC unde r  condi t ions  o f  ischemia 
decreased the percentage o f  viable cells to 78+0.7 
and 64+1% after incubat ion for 6 and 24 h, re- 
spectively. L D L  of  different  degrees o f  oxidation 
and ischemia exert  a synergic cytotoxic effect  on 
EC, which is more p ronounced  than that o f  ische- 
mia or  L D L  alone. Reperfusion o f  EC subjected to 
long ischemia leads to a greater  decrease in the 
percentage o f  viable cells than after ischemia with- 
out  reperfusion, and the cytotoxic effect o f  L D L  of  
different degree o f  oxidation on EC subjected to 
ischemia+ reperfusion is more pronounced than the 
effect o f  reperfusion or L D L  alone or LDL+ische-  
mia. In o ther  words,  reperfus ion aggravates the 
injury to ischemic EC and potentiates the damaging 
effect o f  LDL on EC. 

Thus, reperfusion potent iates  the detr imental  
effect o f  LD L on vascular endothelium, which under  

condit ions o f  hypercholes terolemia  is an a thero-  
sclerosis risk factor. 
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