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We studied the effect of hypoxia on activation and stimulation of apoptosis in cultured
endothelial cells. The effect of hypoxia was compared to that of apoptosis-inducing
agents (tumor necrosis factor and bacterial lipopolysaccharide). Incubation of endothelial
cells for 24 h under hypoxic conditions (2% O2, 5% CO2, and 93% N2) increased secre-
tion of von Willebrand factor, but had no effect on the expression of cell adhesion
molecule ICAM-1. Tumor necrosis factor and lipopolysaccharide did not stimulate se-
cretion of von Willebrand factor, but significantly increased the expression of ICAM-1.
These data attest to significant differences in the mechanisms of endothelium activation
under hypoxic conditions and during treatment with tumor necrosis factor or lipo-
polysaccharide. Hypoxia stimulated apoptosis in endothelial cells, which was seen from
the increase in the number of annexin V-binding cells and activation of caspase-3.
Similar changes were revealed in the presence of tumor necrosis factor and lipo-
polysaccharide. Hence, damage to endothelial cells caused by hypoxia and these com-
pounds is mediated by similar mechanisms.
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Tissue hypoxia due to thrombotic occlusion of blood
vessels in infarction, stroke, and other disorders is
followed by significant changes in the state of cells,
including endothelial cells (EC) of the vascular
wall. The exposure of EC to hypoxia can lead to
not only activation of these cells [5,7], but also
their damage and apoptosis [4,6]. Secretion from
intracellular granules and variations in protein ex-
pression on the cell surface are the major signs of
endothelium activation, the process leading to
changes in thrombotic and inflammatory properties
of the vascular wall. D. J. Pinsky et al. [7] showed
that incubation of EC under hypoxic conditions
increases secretion of von Willebrand factor (plate-

let adhesion protein) from granules, i.e. stimulates
one of the key reactions in endothelium activation.
Increased expression of cell adhesion molecules
and receptors involved in the interaction of EC with
leukocytes also serves as the major sign of acti-
vation of these cells. However, C. F. Maurus et al.
[6] failed to reveal changes in the amount of these
proteins on the surface of EC during hypoxia. It
should be emphasized that these reactions were not
studied simultaneously during hypoxia. Moreover,
much attention was paid to the reactions charac-
teriziny endothelial activation, while markers of
endothelial damage and apoptosis were poorly stu-
died [6,7]. C. N. Lee et al. [4] reported that hypoxia
stimulates apoptosis in EC, which is mediated by
the general mechanism and results in damage to
mitochondria and DNA. The signs of EC activation
were not evaluated in this study. Hence, the re-
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lationship between EC activation and apoptosis du-
ring hypoxia remains unknown. It is unclear whe-
ther these processes can be activated simultane-
ously.

Here we studied the effect of hypoxia on acti-
vation and stimulation of apoptosis in EC. The
effect of hypoxia was compared with that of apo-
ptosis-inducing agents, tumor necrosis factor (TNF)
and bacterial lipopolysaccharide (LPS).

MATERIALS AND METHODS

The culture of EC was obtained from human umbi-
lical vein as described elsewhere [2]. Experiments
were carried out on confluent culture of passages
1-3. The cells were cultured in DMEM supplemen-
ted with 10% fetal calf serum, 200 μg/ml endo-
thelial growth factor, 50 U/ml penicillin, 50 μg/ml
streptomycin, and 5 U/ml heparin. The medium,
serum, and additives were from Gibco. Culturing
under hypoxic conditions was performed in a Hera-
eus incubator with simultaneous delivery of CO2

and N2. O2 content in the gas mixture was moni-
tored by an oxygen sensor. Incubation under hypo-
xic conditions was performed for 24 h using gas
mixture containing 2% O2, 5% CO2, and 93% N2.
Under conditions of normoxia (21% O2, 5% CO2,
and 74% N2), the cells were incubated in the ab-
sence or presence of TNF (100 U/ml, Sigma) and
LPS (100 μg/ml, Sigma).

After the end of incubation, the medium was
sampled for von Willebrand factor assay by en-
zyme immunoassay [1].

Expression of ICAM-1 and binding of annexin
V and propidium iodide (PI) to EC were studied by
the method of flow cytofluorometry. The study was
performed on a FACS Calibur cytofluorometer (Bec-
ton Dickinson). The suspension of EC was prepared
with trypsin/EDTA (0.02 and 0.05%, respectively)
and placed on ice to study ICAM-1 expression. The
cells were prefixed with 0.02% solution of para-
formaldehyde for 1-2 min, pelleted, resuspended in
a solution containing 10 μg/ml biotinylated mono-
clonal 10F3B2 antibodies against ICAM-1 [8], and
incubated for 30 min. These cells were washed and
incubated with phycoerythrin-labeled streptavidin
(PE, Caltag) for 30 min. The dilution was selected
according to manufacturer�s recommendations.
Fluorescence of cells and ICAM-1 expression were
evaluated from the medians of cell distribution histo-
grams. Fluorescence of cells incubated in the ab-
sence of TNF and LPS under normoxic conditions
was taken as 100%.

Binding of FITC-labeled annexin V and PI to
EC was studied using Annexin V-FITC commercial

kit (Immunotech Inc.). The suspension of EC was
prepared with trypsin/EDTA (0.02 and 0.05%, re-
spectively), placed on ice, and stained with annexin
V-FITC and PI according to the manufacturer�s
recommendations. The level of fluorescence due to
binding of annexin V-FITC and PI to cells was
measured by means of flow cytofluorometry. The
results were expressed as the percent of stained
cells (relative to total cell number).

The suspension of EC was prepared using try-
psin/EDTA (0.02 and 0.05%, respectively) and pla-
ced on ice to estimate caspase-3 activity. Each
study involved standard number of cells (0.5-1×106

in various experiments). The cells were treated with
lysing buffer. Caspase-3 activity was measured
using Caspase-3 Colorimetric Assay kit (R&D Sys-
tems). DEVD-pNA served as the substrate. Cas-
pase-3 activity in cells incubated in the absence of
TNF and LPS under normoxic conditions was taken
as a unit of enzyme activity.

The results were analyzed by Student�s t test.

RESULTS

Hypoxia significantly stimulated secretion of von
Willebrand factor (Table 1). The concentration of
von Willebrand factor in the medium after cell incu-
bation under hypoxic conditions was 4-fold higher
than after normoxic incubation. However, TNF and
LPS had little effect on this parameter (Table 1).
Expression of cell adhesion molecule ICAM-1 on
the cell surface remained unchanged during hypo-
xia, but significantly increased under the influence
of TNF and LPS (more than by 14 and 5 times,
respectively; Table 1).

For evaluation of the level of stimulation of EC
apoptosis, activity of caspase-3, key proteolytic
enzyme activated during apoptosis [3], and the
number of cells stained with annexin V were deter-
mined. Annexin V binds to negatively charged
phospholipids. The increase in the amount of these

TABLE 1. Activation of EC during Exposure to Hypoxia, TNF,
and LPS: Expression of ICAM-1 and Secretion of von
Willebrand Factor (% of Normoxia Level, M±m, n=7-11)

Normoxia 100 100

Hypoxia 102±6 436±43***

TNF 1441±362*** 174±44++

LPS 505±156+ 180±31++

Note. Here and in Table 2: *p<0.05, **p<0.01, and ***p<0.001
compared to normoxia; +p<0.05 and ++p<0.01 compared to hypoxia.

Conditions
Secretion of von
Willebrand factor

ICAM�1 expression
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compounds on the outer cell surface is a early ma-
nifestation of apoptosis [9]. Caspase-3 activity in-
creased by more than 3 times after incubation of
cells under conditions of hypoxia (compared to
culturing of control cells under normoxic condi-
tions, Table 2). The increase in caspase-3 activity
in the presence of TNF and LPS was less pronoun-
ced compared to that observed during hypoxia (by
2-2.5 times). The number of cells stained with an-
nexin V�FITC significantly increased during hyp-
oxia and under the influence of TNF and LPS. The
percent of annexin V-positive (annexin V+) cells
after incubation under hypoxic conditions was slig-
htly higher compared to that observed after addi-
tion of TNF and LPS (12, 5, and 7%, respectively).
This percent is consistent with the results of stu-
dying apoptosis by the measurement of caspase-3
activity. Enzyme activity was also highest under
hypoxic conditions. The ratio of cells in which nu-
cleic acids were stained with PI (marker of mem-
brane integrity and cell necrosis) corresponded to
70-85% of annexin V+ cells under various con-
ditions of incubation. The presence of these cells

was probably associated with transition from apo-
ptosis to necrosis during culturing. Moreover, cell
and preparation of samples could also be accom-
panied by damage to these cells.

The exposure of EC to hypoxia was followed
by activation of these cells and stimulation of apo-
ptosis. Activation of EC under hypoxic conditions
differed from that induced by TNF and LPS. Hypo-
xia was followed by an increase in secretion of von
Willebrand factor, but had no effect on the con-
centration of cell adhesion molecule ICAM-1 on the
cell surface. Activation induced by TNF and LPS
increased expression of ICAM-1, but did not sti-
mulate secretion of von Willebrand factor.
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TABLE 2. Stimulation of EC Apoptosis during Exposure to
Hypoxia, TNF, and LPS: Binding of Annexin V and Activation
of Caspase-3 (M±m, n=6-8)

Normoxia 1.5±1.5 100

Hypoxia 11.7±3.9** 316±81

TNF 4.6±0.98+* 233±52*

LPS 7.3±0.8*** 217±39*

Conditions
Caspase�3 activity,

% of normoxia
level

Annexin V+ cells,
% of total

cell number
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