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Experiments with bromodeoxyuridine showed that the count of nonproliferating cells in a
monolayer culture of aortic endothelial cells from adult humans rapidly increased during long-
term subculturing. Cytochemical assay showed that these cells contain neutral (3-galactosidase,
the marker of aging cells. Immunocytochemical assay demonstrated that most cells express
p53 protein and inhibitor of the cell cycle p21"74F.
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Age-related morphofunctional changes in human ves-
sels determine the course of pathological processes in
the vascular wall, including the development of athe-
rosclerotic damages (AD). Our previous studies sho-
wed accumulation of giant nonproliferating endothe-
lial cells (EC) in the endothelial layer of human aorta
in regions predisposed to AD during aging [10]. This
modification of EC observed in vivo during aging also
occurs in long-term cultures of human and animal EC
[6,9,13]. Accumulation of giant EC reflects the in-
tensity of replicative aging in cell populations in vivo
and in vitro. Replicative aging of human vascular EC
in regions predisposed to AD was confirmed by the
presence of the marker of replicative aging (length of
telomeric DNA region [5]) and marker of aging cells
(neutral (-galactosidase, senescence-associated [-ga-
lactosidase, SA-B-Gal). This was demonstrated in vivo
and in vitro for the endothelium covering AD [13] and
long-term EC cultures [6]. Aging cells retain their
viability for a long time. However, these cells are
characterized by considerable changes in gene expres-
sion and impairment of various systems [1]. These
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changes trigger functional activation of p53 gene. Bio-
logically, this gene blocks division of genetically ab-
normal cells and initiates their apoptosis [3]. Similarly
to transcription factor, p53 modulates expression of
genes, whose activation is responsible for inhibition of
the cell cycle. The major effector gene for p53 is p2 174
protein, which acts as a potent inhibitor of cyclin-
dependent kinases [7] and blocks cell division during
phase G, in response to overexpression of p53. Over-
expression of p2/ in human cells inhibits their growth
and determines the phenotype of aging. Previous stu-
dies showed that in cells composing AD, including
EC, accumulation of p53 correlates with increased
expression of p21. These data suggest that during athe-
rogenesis p53 negatively regulates proliferation through
transcriptional activation of wafl gene [8].

Here we evaluated the relationship between the
expression of p53 and inhibitor of cyclin-dependent
kinases p21 and accumulation of aged EC in human
aorta during experimental replicative aging in vitro.

MATERIALS AND METHODS

The experiments were performed on cultured EC iso-
lated from human aorta as described elsewhere (n=9,
autopsy specimens, 40-43 years) [4]. Long-term sub-

0007-4888/02/1341-081$27.00 © 2002 Plenum Publishing Corporation



82 Bulletin of Experimental Biology and Medicine, No. 1, 2002 BIOGERONTOLOGY

culturing of EC was used for modeling replicative
aging. Early (0-2), middle (8-10), and late passages
(18-21) were compared. The size of EC was measured
[10]. Proliferative activity of EC in subconfluent mono-
layer was estimated by incorporation of bromodeoxy-
uridine (BrDU). Immunocytochemical assay of p21,
p53, and BrDU was performed routinely using the avi-
din-biotin method. SA-B-Gal was detected as descri-
bed elsewhere [6]. For simultaneous studies of prolife-
rating and aging EC in preconfluent monolayer, the
cultures were incubated with 100 mM BrDU for 24 h.
SA-B-Gal was detected histochemically. Immunocyto-
chemical staining was performed with monoclonal
antibodies recognizing BrDU. Colocalization of p21
and p53 was determined by double immunocytoche-
mical staining. We calculated the percent of stained
EC per 1000 cells in randomly selected fields of view.

The results were analyzed by SigmaStat software.

RESULTS

Early passages of EC (0-2) were characterized by in-
significant morphological polymorphism and formed
regular confluent monolayers within 5-7 days. Long-
term subculturing was accompanied by an increase in
cell polymorphism and accumulation of giant EC, in-
cluding EC with a phenotype of aging cells (giant
mono- and multinuclear EC). Early passages contai-
ned primarily small and intermediate EC, while the
number of large and giant cells was low (Fig. 1). After
long-term subculturing (passages 8-10 and 18-21) the
count of large and giant cells increased. In late pas-
sages these EC constituted less than !/; of the total cell
population. However, these cells occupied more than
*/; of the monolayer area. The time of attaining con-
fluence progressively increased. After passages 21-22
EC did not proliferate, and confluence was never at-
tained.

The number of EC estimated by the presence of
SA-B-Gal marker in late passages 5-fold surpassed
that in early passages (Fig. 2). The count of prolife-
rating EC detected with BrDU decreased by 4 times.
Co-expression of aging marker SA-B-gal and prolife-
ration marker BrDU was not revealed in these cells.
Morphological, cytochemical, and immunocytochemi-
cal criteria for the state of cultures proved replicative
aging during subculturing of EC. Simiular results were
obtained in experiments with multiple passages of EC
from human umbilical vein [12] and calf cornea. A
correlation was found between the appearance of SA-
B-Gal-positive cells in the culture, morphological chan-
ges, and shortening of telomeric DNA regions typical
of aging [14].

Long-term subculturing was accompanied by ac-
cumulation of p2/-positive EC (Fig. 2). EC expressing
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Fig. 1. Relative content of human aortic endothelial cells with various
sizes in confluent cultures of early (0-2, 7), middle (8-10, 2), and
late passages (18-21, 3; Mtm, n=3). Light bars: small cells. Dark
bars: intermediate cells. Shaded bars: large and giant cells.
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p21 were primarily presented by intermediate and large
cells, while most small EC were p21-negative (Fig. 3).
In passages 8-10 and 18-21 the count of antigen-posi-
tive cells increased (Fig. 2). Similar heterogeneity of
the expression was observed for p53 acting as a regu-
lator of proliferation (Fig. 2). Intensive expression of
p21 and p53 was found in all multinuclear cells. Paral-
lel measurements of SA-B-Gal and p21 in passages 8-
10 and 18-21 showed that 69.2+5.9% cells carrying
the aging marker had p2/-positive nuclei. Moreover,
74.2+7.8% SA-B-Gal-positive cells had p2I-positive
nuclei. Hence, most aging EC express nuclear proteins
that negatively regulate the cell cycle. Simultaneous
studies of p21 and p53 in the same cultures from vari-
ous passages showed that 88.6+7.5% cells express
both proteins in the nucleus; 11.44+1.9% cells had only
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Fig. 2. Relative content of endothelial cells containing the marker
of aging cells SA-B-Gal (light bars), marker of proliferating cells
BrDU (slant shading), inhibitor of cyclin-dependent kinases p271 (dark
bars), and p53 protein (vertical shading; M+tm, n=3). Passages: 0-
2 (1), 8-10 (2), and 18-21 (3).
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Fig. 3. Ratio of small (dark portion), large, and giant p21 cells (light
portion, 7) and p53-positive cells (2).

1 antigen in the nucleus (p53). Our results indicate that
accumulation of cells expressing these proteins during
long-term subculturing was accompanied by colocali-
zed gene expression. Coexpression of p27 and p53
proteins confirms published data that p2] acts as a
potential mediator for p53 [7], and that these proteins
are involved in physiological aging of cells [11,14].
Experimental modeling of replicative aging in
human aortic EC in vitro revealed a correlation be-
tween expression of p2/ and p53 proteins regulating
transition of the cell into the rest state and the pre-
sence of aging marker SA-[3-Gal. Previous studies de-
monstrated accumulation of EC undergoing replicative
aging in regions predisposed to AD [5,10,13], coex-
pression of p21 and p53 in the endothelium covering
AD [8], and involvement of p2/ in the regulation of
genes responsible for the development of age-related
diseases [5]. Our results and published data explain
the relationship between aging of the endothelium and
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formation of AD. Aging EC intensively generate reac-
tive oxygen species. This process is associated with
disturbed protein repair and increased adhesive, pro-
thrombotic, and proatherogenic activities of leuko-
cytes [1,14]. These data suggest that the appearance of
aging EC in the aorta endothelium contributes to the
initiation of atherogenesis.
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