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Abstract

Background

Cellular senescence is associated with cellular dysfunction and has been shown to occur in vivo in
age-related cardiovascular diseases such as atherosclerosis. Atherogenesis is accompanied by
intimal accumulation of LDL and increased extravasation of monocytes towards accumulated and
oxidized LDL, suggesting an affected barrier function of vascular endothelial cells. Our objective
was to study the effect of cellular senescence on the barrier function of non-senescent endothelial
cells.

Methods

Human umbilical vein endothelial cells were cultured until senescence. Senescent cells were
compared with non-senescent cells and with co-cultures of non-senescent and senescent cells.
Adherens junctions and tight junctions were studied. To assess the barrier function of various
monolayers, assays to measure permeability for Lucifer Yellow (LY) and horseradish peroxidase
(PO) were performed.

Results

The barrier function of monolayers comprising of senescent cells was compromised and coincided
with a change in the distribution of junction proteins and a down-regulation of occludin and
claudin-5 expression. Furthermore, a decreased expression of occludin and claudin-5 was observed
in co-cultures of non-senescent and senescent cells, not only between senescent cells but also
along the entire periphery of non-senescent cells lining a senescent cell.

Conclusions

Our findings show that the presence of senescent endothelial cells in a non-senescent monolayer
disrupts tight junction morphology of surrounding young cells and increases the permeability of
the monolayer for LY and PO.

Krouwer Vincent J D Hekking Liesbeth H P Langelaar-Makkinje Miriam
Regan-Klapisz Elsa Post Jan Andries@

+ @



Keywords

Senescence - Atherosclerosis - Endothelial junctions - Endothelial permeability - cPLAα

Introduction
Cellular senescence -also called replicative senescence- is defined as an irreversible growth arrest
occurring in cultured cells after many population doublings, even though nutrients, growth factors
and sufficient space are available for cells to divide. Senescent cells are metabolically active and
they undergo profound changes in morphology and function. Cellular senescence is associated
with alterations in gene- and protein expression [ 1– 8]. Growing evidence indicates that cellular
senescence also occurs in vivo , although the detection of senescent cells in tissues is based on
markers that are not exclusive for the senescent state [ 3, 9]. The concept that cellular senescence
contributes to organismal ageing and to age-related pathologies is well-accepted, but still rather
speculative [ 9]. This concept is supported by the increased occurrence of senescent cells with age,
and by the presence of senescent cells specifically at sites of age-related pathologies, such as
atherosclerosis [ 10, 11].

Endothelial cells form the monolayer lining the luminal surface of the entire vascular system. One
of their main functions is to provide a semi-permeable barrier between the blood and the
underlying tissues. Two pathways regulate endothelial permeability, namely the transcellular
pathway, by which blood components pass through the cell, and the paracellular pathway, by
which the components cross the endothelial barrier through intercellular cell-cell junctions.
Endothelial adherens junctions comprise the endothelial-specific transmembrane protein Vascular
Endothelial (VE)-cadherin, whereas the transmembrane proteins occludin and endothelial-specific
claudin-5 are part of the tight junctions [ 12]. The integrity of endothelial cell-cell junctions is
crucial for the maintenance of vascular homeostasis, including the maintenance of the endothelial
barrier function. Loss of junctional integrity, leading to increased vascular permeability, is
associated with many pathological disorders [ 13]. Endothelial cells, among many other cell types,
can undergo replicative senescence in vitro . Several genomics and proteomics studies on
endothelial cell senescence reported changes in gene and protein expression [ 1, 2, 7, 14]. Some of
these changes, such as decreased eNOS activity and decreased NO production [ 11, 15], reduction
in mitochondrial membrane potential [ 5] and increase of ICAM-1 levels [ 11, 16], directly
correlate with endothelial dysfunction. Although in general in vivo endothelial turnover is low [
17], in atherosclerotic-prone areas [ 18, 19] -at bifurcations or other areas of vascular transition-
the endothelial cell turnover is expected to be increased because of chronic injury due to changes
in shear. Senescent endothelial cells have been identified in vivo [ 20], specifically at sites of
atherosclerotic lesions [ 10, 11]. Senescent endothelial cells present at the surface of those lesions
express lower levels of eNOS. It has been proposed that senescence of endothelial cells contributes
to the onset and/or the progression of atherosclerosis [ 11, 20, 21], although a causal relationship
has not been proven.

The accumulation of LDL in the intima of the vessel wall is one of the initial steps of
atherosclerosis [ 18, 19], this suggests that the endothelium undergoes changes that compromise
its barrier function. Endothelial permeability is affected and regulated by many factors. One of the
key elements in controlling endothelial permeability is the junctional complex between adjacent
endothelial cells. Little is known about the consequences of the presence of senescent endothelial
cells on the barrier function of the endothelial monolayer. Recently, a down-regulation in junction
protein expression was reported upon inhibition of telomerase activity [ 22] and notch-induced
senescence [ 23]. In addition, a genomics study indicated a slight down-regulation of claudin-5 in
senescent cells [ 24]. We hypothesize that the presence of replicative senescent cells in an
endothelial monolayer affects cell-cell interactions and thereby endothelial permeability.
Therefore, in the present work, we set out to determine the integrity of adherens and tight junctions
in non-senescent, senescent and in co-cultures of non-senescent and senescent primary human



endothelial cells. Furthermore, we examined whether the presence of senescent endothelial cells is
associated with increased endothelial permeability.

We recently showed that cytosolic phospholipase A α (cPLA α) is a critical protein regarding the
formation and maintenance of tight junctions [ 25]. Because senescence is accompanied by altered
gene expression and cPLA α plays a key role in tight junction regulation, we specifically
investigated the expression of this protein in relation to senescence.

Methods
All data presented in this paper were the result of at least three independent cell isolations and
experiments.

Endothelial cell isolations and cultures

Umbilical cords were obtained from the Department of Obstetrics and Gynecology, Diakonessen
Hospital, Utrecht, The Netherlands, with the informed consent of the parents. Human umbilical
vein endothelial cells (HUVECs) were isolated and cultured as previous described [ 1, 26, 27]. For
non-senescent cells, passages 1 to 4 were used; cells were seeded at a density of 10 000 cells/cm
and grown for 7 days, after which they formed a confluent monolayer. Senescent HUVECs were

obtained by repetitive culturing of the cells, as described in [ 1]. Senescent cells were used when
cells showed the following senescent characteristics: they seized to proliferate for 3 weeks in
complete culture medium and 60%–70% of the cells were positive for SA-β-Gal and γH2AX.
These characteristics showed between passage 21 and 28, depending on the HUVEC isolation.
Senescent cell cultures were seeded at a density of 70.000 cells/cm ; a density more than
sufficient to form a confluent monolayer, after which they were maintained in culture for 7 days in
order to allow ample time for the formation of adherens and tight junctions.
For all co-culture experiments, non-senescent cells were co-cultured with senescent cells of the
same isolation in a ratio of 2:1. To be able to use HUVECs of the same isolation, one part of the
HUVECs were directly frozen after isolation, whereas the other part was cultured until senescence.
Prior to the experiments, frozen HUVECs were thawed and cultured. The co-culture was allowed
to form a confluent layer for 7 days. During these 7 days only the non-senescent cells divide,
altering the ratio of non-senescent:senescent cells. Frozen and thawed cells behaved identical to
non-frozen cells.

Antibodies

Mouse anti-VE-cadherin clone TEA 1/31 (1:100 dilution for IF and 1:1000 for WB) was
purchased from Immunotech (Marseille, France; Cat. No. 1597). Rabbit anti-occludin (1:100 for IF
and 1:1000 for WB, Cat. No. 71-1500) and Mouse anti-claudin-5 (1:200 for IF and 1:1000 for WB,
clone 4C3C2, Cat. No. 35-2500) were purchased from Zymed Laboratories (South San Francisco,
CA). Mouse anti-cPLA α (1:100 for WB, Cat. No. sc-454) and goat anti-cPLA α (1:30 for IF,
Cat. No. sc-1724) were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Alexa Fluor
488-labeled donkey anti-goat, goat anti-mouse, goat anti-rabbit and Alexa Fluor 555-labeled goat
anti-mouse antibodies were purchased from Molecular Probes (Eugene, OR) and all used in 1:500
dilution for IF. Peroxidase-conjugated donkey anti-mouse and donkey anti-rabbit antibodies were
purchased from Jackson Immuno Research and used in 1:5000 dilution for WB.

Immunofluorescence microscopy

Processing of HUVEC samples for immunofluorescence and fluorescent imaging was performed as
follows. Cells were fixed for 15 min at RT in 4% PFA diluted in PBS, washed 3 × 5 min, incubated
in 0.1% Triton X-100 (diluted in PBS) for 10 min at RT, washed 3 × 2 min and then incubated in 50
mM Glycine in PBS for 10 min at RT. After washing 3 × 5 min, the 12 mm coverslips were
incubated on 30 ul drops of primary antibody solution (containing 1% BSA in PBS) for 1 hour at
RT. Samples where then washed 3 × 10 min, after which secondary antibodies were incubated in
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the same manner. After antibody incubation, coverslips where washed for 3 × 10 min, incubated for
5 mins in PBS containing 2 ug/ml DAPI, washed 2 × 5 min in PBS and 1× quickly in H O, and
mounted on 4 ul drops of ProLong Gold antifade mounting reagent (Invitrogen, P36930). Samples
were allowed to cure at RT for at least 16 hours before microscopical analysis.
The fluorescence intensity of claudin-5 labeling was determined at the cell-cell contacts between
1) a non-senescent and senescent endothelial cell; 2) two non-senescent cells lining a senescent
cell; 3) a non-senescent cell lining a senescent cell with a non-senescent cell not directly
neighboring a senescent cell and 4) two non-senescent cells not directly neighboring a non-
senescent cell. Five images were analyzed using ImageJ software v1.41. In each image, at various
locations, 40 lines of 7 μm were drawn perpendicular to the cell-cell contacts. A plot profile was
made of the claudin-5 intensity along each line and an area of 2.5 μm around the maximal intensity
at the cell-cell contacts was analyzed to determine the fluorescent intensity at the cell-cell contacts.
Statistical analysis was performed using ANOVA followed by Tukey’s multiple comparison test.

Western blot analysis

Seven day confluent non-senescent and senescent HUVECs were washed once with HBSS (PAA
Laboratories, Linz, Austria) and incubated on ice for 5 minutes with lysis buffer (25 mM Tris HCl,
pH 8, 1% TX100, 100 mM NaCl, 10 mM EDTA, 1x Complete EDTA-free protease inhibitor
cocktail (Roche, 11873580001), and 1 mM Na3VO4). Cells were scraped and centrifuged for 10
min at 13,000 rpm at 4°C. Supernatants were collected and protein determination was performed
using a BCA protein assay kit (Pierce, Rockford, IL).
Western blot analysis was performed as described previously [ 28]. Lysate containing 5 μg of total
protein was loaded on 12% SDS-PAGE for the detection of claudin-5, and 15 μg total protein on
8% SDS-PAGE for the detection of other proteins. For immuno-detection of cPLA α, the mAb
(sc-454) was used.
For quantification, regions of interest of a fixed surface area of at least 3 independent experiments
were selected and signal intensities were measured using ImageJ software v1.41. A region of
interest right above or below the band of interest was used as background and subtracted from the
signal intensity of the band of interest. Bands of interest were normalized by dividing the signal
intensity of the band of interest by the signal intensity of the corresponding tubulin band, which
was used as a loading control. Signal intensities from different independent experiments were then
normalized to each other by expressing the signal fractions of senescent samples as a percentage of
non-senescent cells. Statistical significance was determined using paired t-tests.

Permeability measurements

HUVECs were cultured for 7 days on 0.4 μm pore size PET track-etched membrane transwell
filters (BD Biosciences cat. No. 353180) coated with a 1:100 dilution of Matrigel™ (BD
Biosciences), see [ 27] for details. Lucifer Yellow (LY, 20 μg/ml) and peroxidase (PO, 1.2 μg/ml)
were added to the upper chamber of the transwells. Samples were taken from the bottom chamber
at 1, 2, 3, 4.5, 6 and 24 hours and assayed for fluorescence (LY) or chemoluminescence (PO) using
a BMG Fluostar Optima. Data were normalized to the signal obtained for the non-senescent
monolayer and statistical analysis was performed using unequal variance ANOVA.

Results

HUVECs cultured to passage 28 display characteristics of senescence

We used senescent cells to examine the potential effects of endothelial cell senescence on the
integrity of endothelial adherens and tight junctions. The major criterion for cellular senescence
was that cells seized to proliferate for 3 weeks in the presence of complete culture medium. About
60%–70% of the cells were positive for senescence-associated β-galactosidase (SA-β-Gal) and
γH2AX (Figure 1a & b). None of the senescent cells showed incorporation of 5-ethynyl-2 -
deoxyuridine (EdU, to monitor DNA replication and thus cell proliferation; data not shown). In
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addition, senescent cells exhibited a strong increase in expression of classical senescent markers
such as p21 and cyclin D1 as determined by Western Blot analysis (Figure 1c).

Figure 1





Characteristics of replicative senescent HUVECs.( a) Senescent-associated β-galactosidase
(SA-β-gal) activity staining of non-senescent and senescent HUVECs (bar 250 μm). ( b)
Immunofluorescent labeling of γH2AX with below the corresponding DAPI images to
visualize the nuclei of all HUVECs (bar 25 μm). ( c) Western blot analysis of Cyclin D1 and
p21 expression levels in cell lysates of non-senescent and senescent HUVECs. Cyclin D1 and
p21 are typical senescence markers. Tubulin was used as a loading control.

Adherens and tight junctions are disrupted in replicative senescent HUVECs

To determine the integrity of junctons in non-senescent and senescent HUVEC cultures, we
examined the sub-cellular localization of the adherens junction protein VE-cadherin, and of the
tight junction proteins ZO-1, occludin and claudin-5. Since senescent cells have lost the capacity
to divide, they need to be seeded at high density to be able to form a confluent monolayer with
established cell-cell contacts. Therefore, senescent cells were seeded at a higher density than non-
senescent cells. Non-senescent or senescent HUVECs were cultured for 7 days, after which the
non-senescent HUVECs had formed a confluent monolayer displaying well developed adherens
and tight junctions as monitored by immunofluorescence of endogenous VE-cadherin, ZO-1,
occludin and claudin-5 (Figure 2a, non-senescent cells). In senescent cells, VE-cadherin was
clearly expressed; indicating that the senescent HUVECs indeed establish cell-cell contacts and
retain an essential characteristic of the endothelial phenotype. However, the distribution pattern of
VE-cadherin labeling at the cell-cell contacts was different and the adherens junctions appeared
swollen en disorganized (Figure 2a, senescent cells). Of the tight junction proteins, ZO-1 was
clearly detectable in senescent cells but the distribution of the labeling was different: at cell-cell
contacts the distribution was very faint. Instead, ZO-1 appeared to be located more to the cytosol
compared to non-senescent cells. Western Blot analysis confirmed normal expression levels of VE-
cadherin and ZO-1 in senescent cells (Figure 2b & c).

Figure 2



Junctions are disrupted in replicative senescent HUVECs.( a) Immunofluorescent labeling of
junction proteins in senescent and non-senescent HUVECs. The corresponding DAPI staining
of senescent HUVECs labeled for occludin and claudin-5 are shown (bar 25 μm). ( b) Western
blot analysis of junction protein expression levels in non-senescent and senescent HUVECs.



Tubulin was used as a loading control. ( c) Quantitative analysis of Western Blots of three
independent experiments as performed in ( b).

In contrast to the relatively small differences in VE-cadherin and ZO-1 distribution and expression,
huge differences were observed for tight junction proteins occludin and claudin-5: whereas in non-
senescent HUVECs occludin and claudin-5 were expressed and located at cell-cell contacts, very
little labeling was observed in senescent cells (Figure 2a). Western-blot analysis indeed showed
strong down-regulation in expression levels of occludin and claudin-5 in senescent HUVECs
(Figure 2b & c).

Adherens and tight junctions are disrupted between replicative senescent
HUVECs and young HUVECs

When endothelial cells become senescent in vivo [ 10, 11, 20], they are most likely in contact with
neighboring non-senescent endothelial cells. To mimic this situation, we decided to co-culture non-
senescent and senescent HUVECs originating from the same umbilical cord (Figure 3 ).

Figure 3



Co-culture of young and senescent HUVECs.( a) Representative photograph of toluidine blue
staining of a co-culture (bar 100 μm). ( b) Immunofluorescent labeling of γH2AX. Only the
senescent HUVEC displays positive labeling for γH2AX. Right image shows the corresponding
DAPI staining (bar 25 μm).

Normal distributions of adherens junctions and tight junctions were observed in regions with non-
senescent HUVECs (Figure 4a). However, at the cell-cell contacts between senescent cells and
non-senescent cells the labeling pattern of VE-cadherin was less regular. In agreement with the
distribution of claudin-5 at cell-cell contacts of senescent cells shown in Figure 2 , no expression
of claudin-5 was observed between senescent cells.

Figure 4



Cell-cell contacts between young and senescent HUVECs are disrupted in co-cultures.( a)
Immunofluorescent labeling of VE-cadherin and claudin-5 in co-cultures of senescent and non-
senescent HUVECs (bar 25 μm). Bottom row shows the corresponding DAPI labeling. The



white arrows in the upper row indicate lipofuscin autofluorescence; the white stars in the lower
row indicate the nucleus of senescent cells. ( b) Fluorescence intensity of claudin-5 at cell-cell
contacts, normalized against the mean intensity at position 4. Numbers at the x-axis correspond
to the positions indicated in the schematic representation (inset) showing the senescent cell in
white and the non-senescent cells in gray.

Tight junctions are disrupted between young HUVECs that are in the vicinity
of a senescent HUVEC

Intriguingly, non-senescent HUVECs lining a senescent HUVEC displayed reduced expression of
claudin-5 along its entire periphery, even at cell-cell contacts with neighboring non-senescent
cells. This was confirmed by quantification of the labeling intensity of claudin-5 at the cell-cell
contacts between 1) a non-senescent and senescent cell; 2) two non-senescent cells lining a
senescent cell; 3) a non-senescent cell lining a senescent cell with a non-senescent cell not directly
neighboring a senescent cell and 4) two non-senescent cells not directly next to a non-senescent
cell (Figure 4b). Significant lower fluorescence intensity was found at the cell-cell contacts
between a senescent cell and a non-senescent cell compared to the intensity found between two
non-senescent cells.

Co-cultures of young and senescent HUVECs display increased permeability
for PO and LY

The observed alterations in distribution and expression of junction proteins at cell-cell contacts in
non-senescent vs. senescent HUVECs and in co-cultures might affect the barrier function of the
aged endothelial monolayer. By using the transwell system we studied over time the permeability
for lucifer yellow (LY; mw = 450 Da) and horseradish peroxidase (PO; mw = 44000 Da) across the
various types of monolayers. The earliest time-point was 1 hour after the addition of the tracer
molecules; later samples were taken at 2, 3, 4.5, 6 and 24 hours. Microscopical analysis of the
filters clearly showed that confluent cell-layers were present at the time of the permeability assay
(Figure 5A).

Figure 5



Senescence is associated with increased endothelial permeability.( A) Representative light
microscopy images of non-senescent, co-cultured and senescent HUVECs on transwell filters
(bar 100 μm). The cells were fixed after the permeability assay was performed and stained with
toluidine blue. ( B) Normalized values of transport through cultured non-senescent, co-culture
or senescent HUVECs one hour after addition of LY or 24 hours after addition of PO. The
values are normalized against the mean value of the non-senescent cultures. p < 0.01 in all
cases.

Already one hour after the start of the assay, 2.5 times more LY had passed through the senescent
monolayer compared to the non-senescent monolayer (Figure 5B, Lucifer Yellow). In the co-
cultures, the amount of LY that had passed through the monolayer was 1.5× higher compared to
non-senescent cell cultures.
For the high molecular weight tracer, PO, the senescent cell cultures also displayed highest
permeability. Differences in the passage of PO over the different cultures were most pronounced at
the later time-points 6 and 24 hours; 24 hours after the addition of the marker, PO activity was
found to be 18× higher in the lower compartments of the transwells seeded with senescent
HUVECs compared to the non-senescent HUVECs (Figure 5b, Peroxidase). In comparison, at the
same time-point the lower compartments of the co-cultures displayed a 3.5× higher PO activity
compared to non-senescent HUVECs.

cPLA α expression is down-regulated upon senescence2



In a recent study, we showed that cPLA α is a key player in the formation and maintenance of
endothelial cell-cell junctions [ 25]. Silencing of cPLA α or inhibition of cPLA α activity
resulted in an altered distribution of adherens junctions and reduced presence of tight junction
proteins at the cell-cell contacts of cultured HUVECs [ 25]. Since we observe a similar effect on
adherens and tight junctions upon senescence of cultured HUVECs, we decided to study the
expression of cPLA α in these cells.
In confluent, non-senescent HUVECs, cPLA α was clearly present and located at the Golgi as
previously described [ 25] (Figure 6a). In senescent HUVECs however, a much weaker labeling
pattern of cPLA α was observed. Western blot analysis shows that this is at least partly caused by
reduced expression of cPLA α (Figure 6b).

Figure 6
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cPLA α is down-regulated in senescent HUVECs.( a) Immunofluorescent labeling of cPLA
α in non-senescent and senescent HUVECs (bar 25 μm). ( b) Western blot analysis to detect

cPLA α in lysates of non-senescent and senescent HUVECs. Tubulin was used as a loading
control.
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Discussion
In this study we provide evidence that replicative senescence causes disrupted cell-cell contacts
between endothelial cells (HUVECs). These disrupted cell-cell contacts are a result of alterations
in the distribution of adherens junction proteins and decreased expression of tight junction
proteins. These alterations are not only observed between senescent cells, but also at cell-cell
contacts between non-senescent and senescent cells and along the entire periphery of non-
senescent cells lining a senescent cell. The alterations in distribution and expression of junction
proteins coincides with increased permeability for small (450 Da) and large (44 kDa) tracer
molecules, indicating that the barrier function is compromised. Monolayers of co-cultures of non-
senescent and senescent HUVECs also showed increased permeability for both tracer molecules.
In addition, the expression of cPLA α, that has been shown to play a role in the maintenance of
the integrity of the endothelial barrier [ 25], was severely down-regulated in senescent cells. This
down-regulation of cPLA α might play a role in the decreased barrier function of senescent
monolayers.

Senescent endothelial cells have been identified at sites of atherosclerotic lesions [ 10, 11] and
have been proposed to contribute to the onset and/or the progression of atherosclerosis [ 11, 20,
21]. However, a causal relationship between senescence and the development of atherosclerosis
has not yet been proven and, to our knowledge, the effect of replicative senescence on endothelial
cell-cell contacts has not been studied before. Using non-replicative senescence models (either
over-expression or silencing of specific proteins) did indicate altered barrier function of an
endothelial monolayer [ 22, 23]. Venkatesh et al . [ 23] observed that the activation of the notch
signaling pathway in endothelial cells results in a senescence-like phenotype and is associated with
increased permeability of the monolayer caused by altered VE-cadherin and beta-catenin
expression and localization. Huang et al. [ 22] showed that in human brain endothelial cells,
silencing of TERT or inhibition of TERT activity, leads to senescent features and affects the
junctional complexes, which is accompanied by reduced expression of tight junction proteins,
including ZO-1. However, no functional measurements were done is this study. In the present
study we did not observe down-regulation of ZO-1, but we did observe an alteration in distribution
of ZO-1.

We have recently shown that Golgi-localized cPLA α is involved in Golgi-to-plasma membrane
trafficking of junction proteins [ 25]. The down-regulation of cPLA α in senescent cells, as
described in this paper, could therefore disrupt the trafficking of junction proteins to the plasma
membrane and thereby altering the distribution and expression of these proteins. Taddei et al. [ 29]
reported that in endothelial cells clustering of VE-cadherin at the cell-cell junctions is necessary to
induce transcription of claudin-5. We hypothesize that disrupted trafficking of VE-cadherin to the
plasma membrane of senescent cells, at least partly due to the decreased expression of cPLA α,
causes a decrease in VE-cadherin signaling in surrounding young cells. This subsequently leads to
decreased expression of claudin-5 in these young cells.

Senescent cells are known to secrete factors that can affect the structure and function of
neighboring cells [ 30]. However, the fact that the effect of senescent cells on junction morphology
is only observed in cells that are in contact with senescent cells suggests that, in our setup, secreted
factors do not play a role. This is supported by our finding that pre-conditioned medium from
senescent cells did not effect on the distribution pattern of claudin-5 and VE-cadherin in non-
senescent cells (data not shown).

We hypothesize that, in vivo, the presence of senescent endothelial cells exerts the same effect on
endothelial barrier function as in the current in vitro model. Accumulation of low density
lipoprotein (LDL) in the intima can be, at least partially, attributed to disrupted endothelial
junctions [ 31] and is seen as one of the initial steps in atherogenesis [ 18, 19], especially at
bifurcations where blood flow is disturbed. Since disturbed flow increases endothelial cell turnover
in vivo [ 32, 33], it is to be expected that endothelial cells at these locations senesce faster. Indeed,
senescent cells have been identified in vivo in atherosclerotic tissue [ 10, 11]. Once the
atherosclerotic process starts, the extensive oxidation of LDL in the intima could lead to

2

2

2
2

2



mitochondrial damage and ROS production in endothelial cells [ 34], further promoting cellular
senescence directly or indirectly by an increased cell death and thus increased cell turnover.
Mathematical modeling of the dynamics of endothelial cell damage, repair and telomere
shortening suggests that in humans, at an age of 65 years, approximately 2-5% of the vascular
endothelial cells are senescent [ 17].

The presence of senescent endothelial cells might affect the atherosclerotic process in several
ways. First of all, the compromised junctional complexes and the subsequent increase in vascular
permeability due to the presence of senescent cells in vivo might increase the transport of LDL
over the endothelium, as described above. Moreover, endothelial cell senescence is accompanied
by an increase in adhesive properties towards macrophages [ 7, 16]. This, in combination with the
described decrease in tight junction protein expression upon senescence, might aid infiltration of
the macrophages into the vessel wall, especially since claudin-5 is thought to be one of the most
important junction proteins in permeability control [ 29].

Conclusion
In this study we provide evidence for the detrimental effect of the presence of senescent
endothelial cells in a non-senescent endothelial monolayer. Replicative senescence affects the
adherens junctions and, even more strongly, tight junctions, and compromises the integrity of the
endothelial barrier. Endothelial cell senescence is accompanied by a down-regulation of cPLA α
and this down-regulation might be involved in the described alterations in cellular junctions. It is
tempting to speculate that in vivo the presence of senescent endothelial cells also results in
decreased endothelial barrier function and thereby plays an important role in the initiation and
propagation of atherosclerosis. This clearly needs further validation.
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VE:
Vascular endothelial
ZO-1:

2



Zonula occludens 1.

Declarations

Acknowledgements

We thank B. Klok and F. Kunst for practical contributions and Prof. J. Boonstra, Dr. G.P. van
Nieuw Amerongen and R. Szulcek for critical reading of the manuscript.

Authors’ original submitted files for images

Below are the links to the authors’ original submitted files for images.
Authors’ original file for figure 1
Authors’ original file for figure 2
Authors’ original file for figure 3
Authors’ original file for figure 4
Authors’ original file for figure 5
Authors’ original file for figure 6

Competing interests

The authors declare that they have no competing interests.

Authors’ contributions

VK, LH, MLM, and ER performed the experiments. VK, ER and JAP designed the experiments,
VK, LH and ER wrote the manuscript and JAP supervised the project. All authors read and
approved the final manuscript.

References
1. Eman MR, Regan-Klapisz E, Pinkse MW, Koop IM, Haverkamp J, Heck AJ, Verkleij AJ,

Post JA. Protein expression dynamics during replicative senescence of endothelial
cells studied by 2-D difference in-gel electrophoresis. Electrophoresis. 2006;27:1669-
1682.
View Article  Google Scholar

2. Hampel B, Fortschegger K, Ressler S, Chang MW, Unterluggauer H, Breitwieser A,
Sommergruber W, Fitzky B, Lepperdinger G, Jansen-Durr P, Voglauer R, Grillari J.
Increased expression of extracellular proteins as a hallmark of human endothelial
cell in vitro senescence. Exp Gerontol. 2006;41:474-481.
View Article  Google Scholar

3. Campisi J, d’Adda di Fagagna F. Cellular senescence: when bad things happen to good
cells. Nat Rev Mol Cell Biol. 2007;8:729-740.
View Article  Google Scholar

4. Collado M, Blasco MA, Serrano M. Cellular senescence in cancer and aging. Cell.
2007;130:223-233.
View Article  Google Scholar



5. Unterluggauer H, Hutter E, Voglauer R, Grillari J, Voth M, Bereiter-Hahn J, Jansen-Durr P,
Jendrach M. Identification of cultivation-independent markers of human endothelial
cell senescence in vitro. Biogerontology. 2007;8:383-397.
View Article  Google Scholar

6. Coppe JP Desprez PY Krtolica A Campisi J The senescence-associated secretory
phenotype: the dark side of tumor suppression Annu. Rev. Pathol 2010 5 99
1184166495 10.1146/annurev-pathol-121808-102144

7. Mun GI, Boo YC. Identification of CD44 as a senescence-induced cell adhesion gene
responsible for the enhanced monocyte recruitment to senescent endothelial cells.
Am J Physiol Heart Circ Physiol. 2010;298:H2102-H2111.
View Article  Google Scholar

8. Erusalimsky JD Vascular endothelial senescence: from mechanisms to
pathophysiology J Appl Physiol 2009 106 326 3322636933
10.1152/japplphysiol.91353.2008

9. Boisen L, Drasbek KR, Pedersen AS, Kristensen P. Evaluation of endothelial cell culture
as a model system of vascular ageing. Exp Gerontol. 2010;45:779-787.
View Article  Google Scholar

10. Vasile E, Tomita Y, Brown LF, Kocher O, Dvorak HF. Differential expression of
thymosin beta-10 by early passage and senescent vascular endothelium is modulated
by VPF/VEGF: evidence for senescent endothelial cells in vivo at sites of
atherosclerosis. FASEB J. 2001;15:458-466.
View Article  Google Scholar

11. Minamino T, Miyauchi H, Yoshida T, Ishida Y, Yoshida H, Komuro I. Endothelial cell
senescence in human atherosclerosis: role of telomere in endothelial dysfunction.
Circulation. 2002;105:1541-1544.
View Article  Google Scholar

12. Bazzoni G, Dejana E. Endothelial cell-to-cell junctions: molecular organization and
role in vascular homeostasis. Physiol Rev. 2004;84:869-901.
View Article  Google Scholar

13. van Hinsbergh VW, van Nieuw Amerongen GP. Endothelial hyperpermeability in
vascular leakage. Vascul Pharmacol. 2002;39:171-172.
View Article  Google Scholar

14. Kim TW, Kim HJ, Lee C, Kim HY, Baek SH, Kim JH, Kwon KS, Kim JR. Identification of
replicative senescence-associated genes in human umbilical vein endothelial cells by
an annealing control primer system. Exp Gerontol. 2008;43:286-295.
View Article  Google Scholar

15. Collins C Tzima E Hemodynamic forces in endothelial dysfu8nction and vascular
ageing Exp Gerontol 2011 46 2–3 185 1883026900 10.1016/j.exger.2010.09.010

16. Maier JA, Statuto M, Ragnotti G. Senescence stimulates U937-endothelial cell
interactions. Exp. Cell Res. 1993;208:270-274.



View Article  Google Scholar

17. Op den Buijs J, Musters M, Verrips T, Post JA, Braam B, van Riel N. Mathematical
modeling of vascular endothelial layer maintenance: the role of endothelial cell
division, progenitor cell homing, and telomere shortening. Am J Physiol Heart Circ
Physiol. 2004;287:H2651-H2658.
View Article  Google Scholar

18. Libby P. Inflammation in atherosclerosis. Nature. 2002;420:868-874.
View Article  Google Scholar

19. Lusis AJ Atherosclerosis Nature 2000 407 233 2412826222 10.1038/35025203

20. Fenton M, Barker S, Kurz DJ, Erusalimsky JD. Cellular senescence after single and
repeated balloon catheter denudations of rabbit carotid arteries. Arterioscler Thromb
Vasc Biol. 2001;21:220-226.
View Article  Google Scholar

21. Ogami M, Ikura Y, Ohsawa M, Matsuo T, Kayo S, Yoshimi N, Hai E, Shirai N, Ehara S,
Komatsu R, Naruko T, Ueda M. Telomere shortening in human coronary artery
diseases. Arterioscler Thromb Vasc Biol. 2004;24:546-550.
View Article  Google Scholar

22. Huang W Rha GB Chen L Seelbach MJ Zhang B Andras IE Bruemmer D Hennig B
Toborek M Inhibition of telomerase activity alters tight junction protein expression
and induces transendothelial migration of HIV-1-infected cells Am J Physiol Heart
Circ Physiol 2010 298 H1136 H11452853419 10.1152/ajpheart.01126.2009

23. Venkatesh D Fredette N Rostama B Tang Y Vary CP Liaw L Urs S RhoA-mediated
signaling in Notch-induced senescence-like growth arrest and endothelial barrier
dysfunction Arterioscler Thromb Vasc Biol 2011 31 876 8823252819
10.1161/ATVBAHA.110.221945

24. Lee MY, Wang Y, Vanhoutte PM. Senescence of cultured porcine coronary arterial
endothelial cells is associated with accelerated oxidative stress and activation of
NFkB. J Vasc Res. 2010;47:287-298.
View Article  Google Scholar

25. Regan-Klapisz E Krouwer V Langelaar-Makkinje M Nallan L Gelb M Gerritsen H
Verkleij AJ Post JA Golgi-associated cPLA2alpha regulates endothelial cell-cell
junction integrity by controlling the trafficking of transmembrane junction proteins
Mol. Biol. Cell 2009 20 4225 42342754936 10.1091/mbc.E08-02-0210

26. Jiménez N, Vocking K, van Donselaar EG, Humbel BM, Post JA, Verkleij AJ. Tannic acid-
mediated osmium impregnation after freeze-substitution: a strategy to enhance
membrane contrast for electron tomography. J Struct Biol. 2009;166:103-106.
View Article  Google Scholar

27. Jiménez N, Post JA. A novel approach for intracellular 3D immuno-labeling for
electron-tomography. Traffic. 2012;:-.
View Article  Google Scholar



28. Klapisz E, Sorokina I, Lemeer S, Pijnenburg M, Verkleij AJ, van Bergen en
Henegouwen PM. A ubiquitin-interacting motif (UIM) is essential for Eps15 and
Eps15R ubiquitination. J Biol Chem. 2002;277:30746-30753.
View Article  Google Scholar

29. Taddei A, Giampietro C, Conti A, Orsenigo F, Breviario F, Pirazzoli V, Potente M, Daly C,
Dimmeler S, Dejana E. Endothelial adherens junctions control tight junctions by VE-
cadherin-mediated upregulation of claudin-5. Nat. Cell Biol. 2008;10:923-934.
View Article  Google Scholar

30. Campisi J. Senescent cells, tumor suppression, and organismal aging: good citizens,
bad neighbors. Cell. 2005;120:513-522.
View Article  Google Scholar

31. Cancel LM Tarbell JM The role of apoptosis in LDL transport through cultured
endothelial cell monolayers Atherosclerosis 2010 208 335 3412814958
10.1016/j.atherosclerosis.2009.07.051

32. Chiu JJ, Usami S, Chien S. Vascular endothelial responses to altered shear stress:
pathologic implications for atherosclerosis. Ann. Med. 2009;41:19-28.
View Article  Google Scholar

33. Chen Z Peng IC Cui X Li YS Chien S Shyy JY Shear stress, SIRT1, and vascular
homeostasis Proc Natl Acad Sci U S A 2010 107 10268 102732890429
10.1073/pnas.1003833107

34. Roy Chowdhury SK, Sangle GV, Xie X, Stelmack GL, Halayko AJ, Shen GX. Effects of
extensively oxidized low-density lipoprotein on mitochondrial function and reactive
oxygen species in porcine aortic endothelial cells. Am J Physiol Endocrinol Metab.
2010;298:E89-E98.
View Article  Google Scholar


