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Key Points

•Deletion of p53 in
endothelial cells prevents
venous thrombosis in
aged, but not in adult,
mice.

•Neutralization of
heparanase in aged
mice using TFPI2
peptides restores the
thrombotic phenotype
of adult mice.

Venous thromboembolism (VTE) is a leading cause of morbidity and mortality in elderly

people. Increased expression of tumor suppressor protein 53 (p53) has been implicated in

vascular senescence. Here, we examined the importance of endothelial p53 for venous

thrombosis and whether endothelial senescence and p53 overexpression are involved in the

exponential increase of VTE with age. Mice with conditional, endothelial-specific deletion

of p53 (End.p53-KO) and their wild-type littermates (End.p53-WT) underwent subtotal

inferior vena cava (IVC) ligation to induce venous thrombosis. IVC ligation in aged

(12-month-old) End.p53-WT mice resulted in higher rates of thrombus formation and

greater mean thrombus size vs adult (12-week-old) End.p53-WT mice, whereas aged

End.p53-KO mice were protected from vein thrombosis. Analysis of primary endothelial

cells from aged mice or human vein endothelial cells after induction of replicative

senescence revealed significantly increased early growth response gene-1 (Egr1) and

heparanase expression, and plasma factor Xa levels were elevated in aged End.p53-WT, but

not in End.p53-KO mice. Increased endothelial Egr1 and heparanase expression also was

observed after doxorubicin-induced p53 overexpression, whereas p53 inhibition using

pifithrin-a reduced tissue factor (TF) expression. Importantly, inhibition of heparanase

activity using TF pathway inhibitor-2 (TFPI2) peptides prevented the enhanced venous

thrombus formation in agedmice and restored it to the thrombotic phenotype of adult mice.

Our findings suggest that p53 accumulation and heparanase overexpression in senescent

endothelial cells are critically involved inmediating the increased risk of venous thrombosis

with age and that heparanase antagonization may be explored as strategy to ameliorate

the prothrombotic endothelial phenotype with age.

Introduction

Venous thromboembolism (VTE), manifested as deep vein thrombosis (DVT) or pulmonary embolism, is
the third most common cardiovascular syndrome and a primary cause of mortality and morbidity in
Europe, with an annual incidence of 2 to 3 cases per 1000 inhabitants per year.1,2 Predisposing factors
include altered blood flow, abnormal coagulation, and endothelial dysfunction.3 Clinical studies revealed
a strong, almost exponential increase of annual DVT incidence rates in the elderly,4 which cannot be
simply explained by an age-associated rise in known risk factors for VTE, such as immobilization, obesity,
or malignancies.5
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Cellular senescence has been proposed as a mechanism un-
derlying the age-associated structural and functional changes of
the vasculature, which occur in apparently healthy subjects, are
separate from atherosclerosis, and confer increased cardiovascular
risk. In the arterial system, changes include increases in vessel
diameter, thickness, and stiffness, and may be accompanied by
endothelial dysfunction.6,7 Increased levels of apoptotic endothelial
cells in the aorta and femoral arteries of old monkeys inversely
correlated with endothelial cell density and vascular function.8 Age-
dependent changes in the venous cross-sectional area were
recently reported also in the murine venous system.9

Previous studies have shown that aging is associated with elevated
levels of tumor suppressor protein 53 (p53), a key factor involved in the
regulation of cell cycle arrest and apoptosis.10 Mice with a trun-
cated p53 mutation resulting in p53 activation are protected against
tumor formation, but exhibit an early-onset phenotype consistent with
accelerated aging.11 Prolonged passaging (mimicking senescence) of
vein endothelial cells also is associated with p53 accumulation.12 In
addition to its role in DNA damage signaling, preliminary data in cells
suggest that p53 may exert prothrombotic effects. For example,
overexpression of p53 in endothelial cells was found to reduce the
expression of nitric oxide synthase and thrombomodulin, to increase
the expression of plasminogen activator inhibitor-1 (PAI-1) and to
enhance ex vivo blood coagulation on an endothelial monolayer.13

However, little is known about the role of p53 in thrombosis in vivo
and whether changes in endothelial p53 expression may underlie
the age-related increased risk of venous thrombosis.

In this study, we examined the hypothesis that p53 expressed in
endothelial cells plays a role in experimental DVT and that vascular
senescence and increased levels of endothelial p53 are causally
involved in the exponential increase of VTE with age.

Methods

A detailed description of all methods and material used is provided
as supplemental Methods.

Experimental animals

Mice with inducible endothelial cell-specific p53 deletion (End.p53-KO)
were generated, as described.14,15 Cre recombinase activity was
induced with tamoxifen-containing rodent chow (TD55125; Harlan
Teklad).16-18 Cre–wild-type (WT) 3 p53fl/fl mice fed tamoxifen were
used as controls (End.p53-WT). Age- and sex-matched littermates
were used throughout the study. All animal care and experimental
procedures had been approved by the institutional animal research
committee and the State Office for Consumer Protection and Food
Safety and complied with national guidelines for the care and use of
laboratory animals.

Mouse model of venous thrombosis

Venous thrombosis was induced in male mice by subtotal inferior
vena cava (IVC) ligation according to Brandt et al,19 von Brühl
et al,20 and Bonderman et al21 with minor modifications. Mice were
anesthetized by intraperitoneal injection of a mixture of midazolam
(5.0 mg/kg body weight [BW]), medetomidine (0.5 mg/kg BW), and
fentanyl (0.05 mg/kg BW). A midline laparotomy incision was made
and the IVC was exposed immediately below the renal veins. A 5-0
Prolene suture (Ethicon) was placed alongside the IVC as a
spaceholder. A stenosis was produced by tying a 6-0 silk suture
(Resorba) around the IVC. Subsequently, the spaceholder was

removed to allow blood to pass the vessel occlusion. Side or back
branches were not ligated. The abdominal wall was sutured using a
6-0 Ethilon suture (Ethicon). Sedation was reversed with atipame-
zole (0.05 mg/kg BW) and flumazenile (0.01 mg/kg BW). As
analgesic, buprenorphine hydrochloride was subcutaneously in-
jected at day 1 and day 2 postsurgery (0.075 mg/kg BW). In some
experiments, 12- or 52-week-old male C57BL/6J mice (Janvier
Laboratories) were subcutaneously injected with tissue factor
(TF) pathway inhibitor-2 (TFPI2) peptides (2 mg/g BW in sterile
phosphate-buffered saline [PBS]) or PBS alone 30 minutes
before and every 24 hours after subtotal IVC ligation, according
to previously described protocols.22

High-frequency ultrasound measurements

On days 1, 7, 14, and 21 after surgery, mice were anesthetized via
inhalation of 2.5% isoflurane, and anesthesia was maintained with a
face mask (0.5%-1.5% isoflurane). The extent of venous thrombosis
was determined using high-frequency ultrasound (Vevo770 system)
and a 40-MHz mouse scanhead (Visual Sonics). First, a long axis
view was taken using the pulse-wave Doppler mode to visualize the
blood flow in the aorta, followed by focusing on the IVC, ligation site,
and/or thrombus. An optimal freeze-frame image was obtained
(based on the careful assessment of real-time video sequences)
and the longitudinal cross-sectional area of the clot was traced
using the Vevo 770 software. Thrombus length and width were
measured in triplicate in each mouse on the site of maximum cross-
sectional extension of the thrombus applying B-mode and the
cross-sectional area was calculated (“thrombus size”).

Histology and immunohistochemistry

Two days or 3 weeks following surgery, venous tissue starting
immediately distal of the ligature until the iliac bifurcation was
removed together with its surrounding tissue and fixed in 4% zinc
formalin. Serial 5-mm-thick paraffin-embedded cross sections,
equally spaced through the thrombosed vein segment were cut
and stained with Masson trichrome (MTC) to visualize fibrin (red
signal), fibrosis (blue signal), and cell nuclei (black signal). Image
analysis software (Image Pro Plus; Media Cybernetics) was used to
quantify the amount of red/unresolved material (count-size function)
and the thrombus cross-sectional area (measure function). Per
mouse, 3 sections (;300 mm apart) were evaluated and the results
averaged. Carstairs stain was used to visualize platelets (gray-blue)
and erythrocytes (yellow). A schematic representation of the cutting
scheme is given in supplemental Figure 1.

Immunohistochemistry was performed using monoclonal rat anti-mouse
Mac2 antibodies (Biozol), rabbit anti-mouse CD3 antibodies (Abcam),
rat anti-mouse CD31 antibodies (Santa Cruz Biotechnology), rat anti-
mouse CD41 antibodies (EXBIO), and rat anti-mouse ELANE antibody
(Abcam). Sections were counterstained with Gill’s hematoxyline
(Sigma), mounted in ImmuMount (Thermo Scientific), and inspected at
an Olympus BX51 microscope. All morphometric analyses were
performed using image analysis software (Image ProPlus, version 7.0).
Terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL)-
positive apoptotic cells were detected using the In Situ Cell Death
Detection kit (Roche) and manually counted.

Confocal microscopy

Immunofluorescence staining was performed on 8-mm-thick
cryosections embedded in Tissue-Tek O.C.T. (Sakura). Sections
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were postfixed in acetone and permeabilized in 0.05% Triton X-100
(in PBS; Roth). Sections were incubated with antibodies against
CD31 (Santa Cruz Biotechnology), p53 (Abcam), heparanase-1
(Abcam), early growth response gene-1 (Egr1; Abcam), tissue
factor (TF; Abcam). Cell nuclei were visualized using 49,6-diamidine-
2-phenylindole (DAPI; Roth). Sections were mounted in fluores-
cence mounting medium (Dako) and photographed on a confocal
microscope (Leica SP8) using LAS X software. As negative control,
the first antibody was omitted (a representative example is shown in
supplemental Figure 2).

Tail-bleeding time

Male mice were anesthetized with 2% isoflurane, placed on a
heating pad, and subjected to tail-tip amputation (;2 mm) using
surgical scissors. Tails were immediately immersed in a 50-mL tube
containing 45 mL of prewarmed 0.9% NaCl solution and the time to
the first and the last bleeding stop (for at least 30 seconds)
recorded. At the end of the observation period of 10 minutes, the
optical density of the solution was determined at 560 nm to quantify
the total blood loss.

Blood cell count and plasma factor Xa activity assay

Blood was obtained from anesthetized female mice by cardiac
puncture into 3.8% sodium citrate. The complete blood cell count was
determined using an automated hematology analyzer (Sysmex KX21N;
Sysmex). The remaining blood was centrifuged at 3000 rpm for 10
minutes; the supernatant (plasma) was removed and stored at280°C
pending analysis. Plasma factor Xa activity was measured using the
Spectrozyme FXa chromogenic assay (Sekisui Diagnostics).

Cell culture studies

Human umbilical vein endothelial cells (HUVECs; PromoCell) were
cultured on plates coated with 0.2% gelatin (Sigma-Aldrich) in
endothelial cell growth medium (PromoCell). Cells were serially
passaged until permanent growth arrest. The number of population
doublings was determined according to the American Tissue Culture
Collection (ATCC).23 Cells were analyzed between passage 5 and
13. Senescent cells were visualized using the Senescence Detection
kit (Abcam).

Isolation of primary murine endothelial cells

Lungs were excised and diced into 1-mm-sized pieces. The tissue
was digested in 1.5 mg/mL collagenase A (Worthington) at 37°C
for 30 minutes, meshed through 70-mm Falcon cell strainers
(Corning) and neutralized with Dulbecco modified Eagle medium
(Gibco) containing 20% fetal bovine serum (Gibco). After a brief
centrifugation, the cell pellet was resuspended in 13 PBS
containing 0.5% fetal bovine serum and 2 mM EDTA. Non-
endothelial cells were depleted using CD45 followed by selection
of endothelial cells with CD31-conjugated magnetic MicroBeads
and magnetic separation LS columns (Miltenyi Biotec).

Western blot analysis

Cells were resuspended in radioimmunoprecipitation assay lysis
buffer (Santa Cruz Biotechnology). Equal amounts of protein were
fractionated by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis and transferred to nitrocellulose membranes (Protran;
Whatman). Membranes were blocked in 5% nonfat dry milk in Tris-
buffered saline (0.1% Tween 20) followed by overnight incubation
with antibodies against human or mouse CD31 (Dianova), Egr1

(Abcam), heparanase (ProSpec), p16INK4A (Abcam), p53 (Santa
Cruz Biotechnology), phospho-histone 2A.X (p-H2A.X; Ser139; Cell
Signaling Technology), phosphatase and tensin homolog (PTEN; Cell
Signaling Technology), PAI-1 (Abcam), TF (clone EPR8986; Abcam),
and transforming growth factor-b (TGFb; Novus Biologicals). Protein
bands were visualized using horseradish peroxidase–conjugated
secondary antibodies (GE Healthcare) followed by SuperSignal
West Pico chemiluminescent substrate (Thermo Scientific).
Protein bands were quantified by densitometry and normalized to
glyceraldehyde-3-phosphate dehydrogenase (GAPDH; HyTest Ltd).

Statistical analysis

Normal distribution was examined using the d’Agostino–Pearson
omnibus normality test. When 2 groups were compared, the
Student t test for unpaired means was used, if samples were
normally distributed, or Mann-Whitney U test, if not. When .2
groups were compared, 1-way analysis of variance (ANOVA)
followed by Bonferroni or Kruskall-Wallis followed by the Dunn
multiple comparisons test were used. Nonparametric variables
were examined using the Pearson x2 test. All analyses were
performed using GraphPad PRISM data analysis software (version
6.0; GraphPad Software).

Results

Aging in mice is associated with increased vein

endothelial apoptosis and p53 expression

Age is associated with endothelial dysfunction and an increased
risk to develop DVT. To examine the effects of age on endothelial
senescence in the venous system, uninjured IVC segments were
harvested from End.p53-WT mice aged 12 weeks (hereafter termed
“adult”) or 12 months (hereafter termed “aged”). Histological analysis
revealed no differences in total vein perimeter (Figure 1A;
representative images in Figure 1D top row), but significantly
lower numbers of cells were found lining the vein lumen in aged mice
(Figure 1B,D middle row). The proportion of apoptotic cells lining the
IVC lumen was significantly increased in aged compared with adult
mice (Figure 1C-D bottom row). Endothelial cells lining the vein lumen
of aged mice also exhibited a stronger p53 immunosignal (represen-
tative confocal microscopy images in Figure 1E). The age-dependent
increase in endothelial apoptosis (P 5 .462 vs adult mice; not
shown) and p53 expression (Figure 1E) was not observed in aged
End.p53-KO mice.

Aged mice exhibit increased venous thrombus

formation and delayed resolution

To examine the effects of age on venous thrombosis, male adult and
aged End.p53-WT mice were subjected to subtotal IVC ligation.
Ultrasound measurements on day 1 after surgery detected venous
thrombus formation in 12 of 26 (46%) adult and 17 of 22 (77%)
aged End.p53-WT mice (P , .05 as determined by x2 test;
Figure 2A). Mean thrombus size at day 1 in mice that formed a
venous thrombi was significantly larger in aged compared with adult
End.p53-WT mice (Figure 2B; representative ultrasound images
are shown in Figure 2C). Although significantly higher platelet
counts were observed in whole blood of aged mice (supplemental
Table 1), the amount of CD411 platelets in 2-day-old venous
thrombi did not differ between adult and aged mice (supplemental
Figure 3A-B). Similar numbers of ELANE1 neutrophils were
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detected in adult and aged End.p53-WT mouse thrombi (supple-
mental Figure 3C-D).

Weekly ultrasound examination of mice over 3 weeks revealed that
venous thrombus size started to decrease beyond day 7 after
subtotal IVC ligation in adult and, to a lesser extent, aged End.p53-WT
mice (Figure 2D). Thrombi were significantly larger in aged
compared with adult End.p53-WT mice at day 21. Quantita-
tive morphometric analysis of MTC and Carstairs-stained cross-
sections of 21-day-old thrombi confirmed the ultrasound findings
and demonstrated a significantly larger mean cross-sectional
thrombus area in aged compared with adult End.p53-WT mice
(Figure 2E, representative findings in Figure 2F) and larger relative
amounts of unresolved thrombotic material (red signal) lacking
signs of fibrotic organization (P , .05; supplemental Figure 4). The

number of Mac2-positive macrophages (Figure 3A-B) and CD3-
immunopositive (Figure 3C-D) lymphocytes within 21-day-old
venous thrombi was not affected by age. Similar findings were
observed using antibodies against F4/80 to detect tissue macro-
phages (P 5 .417; data not shown). Thrombi of aged End.p53-WT
mice exhibited a significantly lower CD31-immunopositive area
compared with adult End.p53-WT mice (Figure 3E-F), suggesting
that impaired thrombus vascularization may have contributed to
the delayed thrombus resolution in aged mice.

Deletion of p53 in endothelial cells protects agedmice

against vein thrombosis

To determine the importance of increased endothelial p53 expression
for the effects of age on venous thrombus formation, adult
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Figure 1. Analysis of vascular senescence. End.p53-WT

mice aged 12 weeks (adult) or 12 months (aged) were

histologically examined for signs of vascular aging, such as (A)

the total vein perimeter and the number of (B) total cell nuclei and

(C) TUNEL1, apoptotic cells lining the vein lumen. Graphs show

individual values as well as the mean 6 standard error of the

mean (SEM) per group. *P , .05. (D) Representative images

after staining with MTC (top and middle row; asterisks indicate

the IVC; arrows point to cell nuclei) or TUNEL (bottom row;

arrowheads point to apoptotic cells [pink signal]). Scale bars

represent 200 mm (top row) or 20 mm (middle and bottom row).

(E) Confocal microscopy images after dual immunofluorescence

staining of the IVC from End.p53-WT and End.p53-KO mice

12-week-old (adult) or 12-month-old (aged) for CD31 and p53.

Cell nuclei were visualized using DAPI. Scale bars represent 10 mm.
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or aged mice with inducible, endothelial-specific p53 deletion
(End.p53-KO mice) were examined. Of note, absence of p53 in
endothelial cells was not associated with differences in peripheral
blood cell counts (supplemental Table 1) or bleeding times
(supplemental Figure 5) excluding major effects of endothelial

p53 deletion on hematopoiesis and hemostasis, respectively. As
shown in Figure 2, absence of p53 in endothelial cells did not
affect thrombus formation and resolution in adult mice: IVC
thrombosis was observed by ultrasound in 13 of 21 End.p53-KO
mice (62%; P 5 .282 vs adult End.p53-WT; Figure 2A), and the
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mean thrombus size on day 1 also was similar (P5 .337 vs adult
End.p53-WT; Figure 2B-C). Venous thrombi resolved similarly in
adult End.p53-WT and End.p53-KO mice (Figure 2D), and no
differences in the thrombus cross-sectional area at day 21 after
surgery were observed (Figure 2E-F). Also, no differences in the
cellular composition were detected histologically between adult
End.p53-WT and End.p53-KO mice (Figure 3). On the other
hand, venous thrombi were not detected by ultrasound in
any of the examined aged End.p53-KO mice (0 of 16 mice;
Figure 2A-C), and organized thrombi were observed histolog-
ically in 2 mice at day 21 and found to be significantly smaller
(Figure 2E-F).

Increased endothelial heparanase expression and

plasma procoagulant activity in aged mice: effects

of endothelial p53

Analyses were performed to determine the mechanisms underlying
the effects of age on venous thrombus formation and the role of p53
therein. Aged End.p53-WT mice exhibited significantly higher
plasma factor Xa levels compared with their adult counterparts,
whereas a similar age-dependent increase was not observed in
End.p53-KO mice (Figure 4A). In line with the role of heparanase in
factor X activation, as previously shown by our group,24,25 western
blot analysis revealed significantly increased heparanase expres-
sion in primary endothelial cells isolated from lungs of aged
compared with adult WT mice (Figure 4B; representative western
blot findings in Figure 4E). Protein levels of Egr1, involved in the
transcriptional regulation of p5326 and heparanase,27,28 also were
higher in endothelial cells of aged mice (Figure 4C,E). Expression of
the endothelial cell marker CD31 did not differ between adult and
aged endothelial cells (Figure 4D-E). Confocal microscopy analysis
confirmed higher numbers of Egr11 cells (866 2.0 vs 56%6 2.5%
of total cells; P , .05) and increased expression of heparanase in
endothelium lining the IVC of aged End.p53-WT mice (Figure 4F).
Expression of TF was low in “resting” endothelium lining the
IVC lumen (supplemental Figure 6A), however, a pronounced TF
immunosignal was detected at the endothelium-thrombus interface
of 2-day-old venous thrombi of aged, and to a lesser extent in adult
End.p53-WT mice (supplemental Figure 6B). The relative number
of Egr11 endothelial cells lining the IVC lumen continued to be
elevated in aged End.p53-KO mice (Figure 4F), suggesting that it
is induced “upstream” of p53.29 In contrast, the age-dependent
increased expression of heparanase was not observed in the
absence of p53 (Figure 4G).

Human vein endothelial cell senescence results in

p53, Egr1, and heparanase overexpression

To further examine the mechanisms underlying our findings in aged
mice or murine endothelial cells, HUVECs were cultivated for
increasing population doublings to induce replicative senescence
(supplemental Figure 7A). Changes in cell number (ie, reduction)
and morphology (ie, enlargement) with repeated serial passaging
are depicted in supplemental Figure 7B, representative findings
after staining of senescence-associated b-galactosidase activity
are shown in supplemental Figure 7C. Western blot analysis
confirmed significantly increased protein expression of p53
(supplemental Figure 7D-E) and the senescence markers phospho-
H2A.X (supplemental Figure 7D,F) and p16INK4A (supplemental
Figure 7G-H) in cells at passage 13 (P13) compared with P5.

Direct comparison of HUVECs at P5 and P13 (n 5 6 independent
experiments) confirmed significantly increased protein expression
levels of p53 (Figure 5A) and heparanase (Figure 5B) in senescent
HUVECs. Similar to endothelial cells from aged mice, senescent
HUVECs exhibited elevated protein levels of Egr1 (Figure 5C), and
other factors regulated by Egr1, such as PAI-1 (Figure 5D), TGFb
(Figure 5E), and PTEN (Figure 5F), were also expressed at higher
levels. Representative western blot membranes are shown in
Figure 5G.

To further examine the role of p53 in endothelial heparanase
expression, HUVECs were treated with doxorubicin to induce p53
overexpression or pifithrin-a to pharmacologically inhibit p53
activity (Figure 6). Stimulation of HUVECs with doxorubicin
resulted in elevated p53 (Figure 6A), heparanase (Figure 6B),
and Egr1 (Figure 6C) protein levels, and significantly lower levels
were observed after pharmacological inhibition of p53 activity
using pifithrin-a (representative findings in Figure 6F). Moreover,
p53 inactivation significantly reduced the expression of PTEN
(Figure 6D,F) and its transcriptional target TF (Figure 6E-F) in
human endothelial cells. Reduced endothelial PTEN expression
was also observed in IVC segments of aged End.p53-KO mice
(supplemental Figure 8A) and murine endothelial cells lacking
p53 (supplemental Figure 8B).

Neutralization of heparanase in aged mice restores

the venous thrombosis phenotype of adult mice

Finally, and to examine the importance of increased endothelial
heparanase expression observed in senescent human and murine
endothelial cells and to determine its role in the prothrombotic
tendency observed in aged mice, subtotal IVC ligation was induced
in adult and aged C57BL/6J WT mice treated with TFPI2 peptides
to antagonize heparanase activity.22,30 Confirming our findings in
aged End.p53-WT mice, aged C57B/6J WT mice also developed
significantly larger venous thrombi (Figure 7A; representative
ultrasound findings in Figure 7B). Importantly, TFPI2 peptide
injection significantly reduced venous thrombus size in aged WT
mice, whereas thrombus size was not significantly altered in adult
WT mice. Thrombus weights on day 2 after subtotal IVC ligation are
shown in Figure 7C, images of freshly harvested venous thrombi
in Figure 7D. Taken together, these analyses strongly support a
causal role of increased endothelial heparanase expression in
the enhanced propensity of older mice to develop venous thrombi
and suggest that heparanase antagonization using TFPI2 peptides
could be a useful strategy to ameliorate the prothrombotic
endothelial phenotype with age.

Discussion

In this study, it was found that aging is associated with signs of
vascular senescence in the venous system and that aged mice
more frequently develop venous thrombosis when induced with the
IVC stenosis model. The phenomenon of increased incidence of
thrombosis with age is widely observed in the human population.
Thrombi in aged mice were larger and contained greater amounts of
unresolved thrombotic material (fibrin) and fewer endothelial cells.
Endothelial aging was associated with elevated levels of p53 as well
as increased expression of endothelium-derived factors involved
in coagulation and fibrinolysis resistance, such as heparanase or
PAI-1, and pharmacological modulation of p53 expression/activity
in endothelial cells also altered heparanase levels. Importantly, aged
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mice with endothelial p53 deletion were protected from venous
thrombosis, and increased thrombus formation in aged mice could
be prevented by perioperative TFPI2 peptide administration to
inactivate heparanase. Our findings suggest that age-associated
endothelial dysfunction, in particular p53 and heparanase over-
expression in senescent endothelium, critically contribute to venous
thrombus formation and the increased risk of thrombosis with age.

Age is an established cardiovascular risk factor and associated with
an increased risk to develop thrombosis, both in the arterial and the
venous system. With regard to VTE, the relative risk for DVT
significantly increases with age, rising from 1 in 10 000 at 20 years
of age to 1 in 1000 at 50 years of age and to 1 in 100 at 80 years

of age.2,4 Although age is a strong (and prevalent) risk factor
for venous thrombosis, the molecular mechanisms underlying this
association remain obscure. In addition to changes in vein anatomy or
vein valves with age,9 a higher frequency of immobility, surgery,
malignancies, or comorbidities are among the potential factors
contributing to the increased thrombosis risk in the elderly.31 Aging
is associated with alterations in the hemostatic system favoring
thrombosis: increased levels of factors involved in coagulation (eg,
fibrinogen, factor V, VII, VIII, IX, and X) and fibrinolysis (eg, PAI-1) have
been documented in the elderly population,32 and clinical studies
confirmed that increased levels of PAI-1 predispose to myocardial
infarction33 and venous thrombosis.34 In mice, aging was associated
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with increased expression of TF35 and PAI-1,36-39 andmice transgenic
for PAI-1 age-dependently developed spontaneous coronary artery
thrombosis37,40 and venous occlusions.41 Increased expression of
PAI-1, as reported in senescent endothelial cells in this and previous
studies (reviewed in Bochenek et al7) could also underlie the slower
venous thrombus resolution observed in aged mice. In addition to its
role in clot resolution,42 we and others have shown that fibrinolytic
factors are important for pericellular proteolysis and cell migration
into the fibrin matrix.43 In the present study, larger and less
organized venous thrombi were observed in aged mice containing
fewer endothelial cells.

The majority of experimental studies on the cardiovascular effects of
age have focused on the arterial system, whereas less attention has
been paid to the impact of vascular senescence on vein thrombosis.
A larger thrombus mass was reported in 11-month-old mice after IVC
ligation, and findings were attributed to differences in vein wall
inflammation and circulating factors, such as plasma PAI-1 and
procoagulant microparticles.44 In another study, larger thrombi in

18-month-old mice following electrolytic IVC endothelial injury were
associated with higher soluble P-selectin levels and increased vein
wall P-selectin expression.45 Of note, elevated circulating platelet
numbers in aged mice were observed in our and previous studies45,46

and may have contributed to our findings, although the amount of
CD411 platelets within 2-day-old murine thrombi was not found to
differ with age. Increased platelet counts were also observed in the
Bmal1-deficient mouse model of aging and associated with an
increased megakaryocyte density in the bone marrow, but did not
affect platelet aggregation.46 In humans, platelet counts exhibit an
age-associated decrease,47 and a mild thrombocytopenia with age
is a frequent finding in the general population.48,49

Disturbances of blood flow and stasis in veins as well as hypercoag-
ulability are considered major pathogenic factors for venous thrombus
formation, whereas endothelial dysfunction or damage are believed
to be of greater importance during arterial thrombosis. However,
previous studies have already suggested that the contribution
of endothelial changes to venous thrombosis may have been
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underestimated in the past. For example, the hemostatic thrombo-
philic alterations observed in the elderly include increased levels
of endothelial-derived factors, such as factor VIII–von Willebrand
factor,50 and experimental studies demonstrated the importance
of von Willebrand factor51 or P-selectin52 for venous thrombus
formation. Endothelial dysfunction and elevated factor VII levels were
reported in a mouse model of premature aging.46 Flow-mediated
dilation, a surrogate marker of arterial endothelial dysfunction, was
found to strongly correlate with the incidence of unprovoked DVT.53

Findings of increased plasma levels of endothelial microparticles
(ie, small membrane vesicles shed from activated or apoptotic
cells54) in patients with unprovoked VTE55,56 or agedmice44 point to
the importance of endothelial dysfunction or injury in venous
thrombosis. In this regard, analyses of mice with endothelial p53
deletion using electrolytic endothelial injury, a model that can be
adapted to examine both pro- and antithrombotic phenotypes with
less variation in both the incidence and size of the resulting thrombus
compared with the IVC stenosis model,57,58 may be of interest.

Cellular hallmarks of vascular aging include cell loss, the net result
of a reduction in the regenerative potential and decreased
proliferation, but also increased cell death. In old monkeys, the

decline in endothelial function was found to correlate with elevated
numbers of apoptotic endothelial cells in the aorta and femoral
artery.8 Interestingly, mice overexpressing the cell cycle inhibitor
p16INK4A exhibited accelerated times to venous thrombosis and
delayed thrombus resolution.59 Moreover, a histological study in
human superficial vein segments found higher apoptosis activities
in those containing thrombus.60 The diverse pathways involved
in cellular senescence converge on p53, a transcription factor
controlling cell cycle, growth arrest, and apoptosis.10,61 However,
very little is known regarding p53 and the risk of thrombosis.
Disturbed blood flow was found to induce endothelial senescence
via the p53-signaling pathway.62 Other cellular stressors known to
induce p53 include hypoxia.63 Low oxygen levels, such as occurring
in areas of low flow behind vein valves, have been implicated in the
pathophysiology of venous thrombosis (reviewed in Bovill and van
der Vliet64), and mice exposed to hypoxia exhibited an increased
prevalence of venous thrombosis.65 Interestingly, elevated serum
levels of growth differentiation factor-15, a soluble marker of
endothelial injury induced by p53, are useful for the prognostic risk
assessment of patients with pulmonary embolism.66,67 Altogether,
these studies point to a role for p53-mediated endothelial damage
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during venous thrombosis. Recently, p53 expressed in myeloid cells
was shown to enhance venous thrombus resolution in mice by
promoting macrophage polarization.68 In the present study, venous
thrombi of adult and aged mice did not differ with respect to the
relative amount of macrophages or T cells within venous thrombi,
and no effects of endothelial p53 expression on both parameters
were observed.

Inactivation of p53 is part of the cellular survival pathway, and
replicative senescence can be delayed by inactivation of p53
(reviewed in Zhang61). Our findings suggest that genetic p53
deletion in endothelial cells may also protect against other age-
associated alterations, such as the increased risk of venous
thrombosis. Although loss of p53 may be associated with
uninhibited growth and the development of cancer, a study in
p53-deficient endothelial cells did not observe any malignant
transformation.69 Similarly, endothelial cell-specific p53 de-
letion in mice did not affect survival up to 12 months and was
not associated with increased spontaneous tumor formation in
this and a previous study from our group.14

How does p53 overexpression in endothelial cells contribute
to venous thrombus formation? Elevated levels of p53 and its
downstream target PAI-1 are typical features of replicative
senescence,70 in line with our findings in aged human and murine
endothelial cells. In a previous study, overexpression of p53 was
found to promote a prothrombotic endothelial cell phenotype in
vitro via downregulation of Krüppel-like factor-2 and subsequent
alterations in expression of nitric oxide synthase, thrombomodulin,
and PAI-1,13 and reduced expression of thrombomodulin was also
observed following UV B irradiation injury and p53 accumulation.71

Here, analysis of primary endothelial cells from aged mice and
senescent human endothelial cells as a model system of p53
overexpression revealed elevated expression of heparanase, an
endo-b-D-glucuronidase capable of degrading polymeric heparan
sulfate, an inhibitor of coagulation pathway enzymes such as
thrombin and factor Xa. Inflammation, diabetes or cancer are
associated with elevated heparanase expression.72 Although the
incidence of these conditions increase with age, the effect of age
per se on heparanase expression has not been examined so
far. Regarding the mechanistic link between p53 and hepar-
anase, our findings in murine endothelial cells and HUVECs
after induction of replicative senescence or pharmacological
modulation of p53 activity (using doxorubicin or pifithrin-a)
suggest that elevated expression of transcription factors, in
particular Egr1, may have been involved in the observed
increased heparanase27,28 and possible also p5326 expression.
Previous studies have found that Egr1 physically associates
with p53 and that both translocate to the nucleus to induce
gene transcription.73 On the other hand, p53 may also induce
Egr174 establishing a reciprocal interaction. Of note, in mouse
embryonic fibroblasts and cancer cells, others found that p53 binds
to the heparanase promoter and inhibits its activity.75 Moreover, we
found aging and p53 overexpression to be associated with increased
expression of PTEN, a negative regulator of protein kinase B (Akt),
also induced by Egr1. Previous studies have established a role of
the PI3K/Akt pathway in the suppression of TF in endothelial
cells,76,77 and p53-dependent modulation of PTEN could underlie
the observed changes in endothelial TF expression and possibly
also the absence of venous thrombosis in aged Endp53-KOmice.

On the other hand, whether genetic deletion of p53 in endothelial
cells may have affected venous thrombus formation indirectly, eg, by
paracrine effects on smooth muscle cells, could not be addressed
in the present study.

In line with our previous findings,24,25 endothelial heparanase
overexpression observed in aged mice was paralleled by elevated
plasma factor Xa activity levels. Moreover, transgenic mice
overexpressing human heparanase exhibited shortened time to
arterial thrombosis following vascular injury and increased in-stent
thrombosis.78 Importantly and strongly suggesting a causal role for
heparanase overexpression in senescent endothelial cells for
venous thrombosis, we now show that the prothrombotic pheno-
type of aged mice can be reversed by perioperative TFPI2 peptide
administration and inhibition of heparanase procoagulant activity.22

From a translational viewpoint, targeting endothelial heparanase to
prevent age-associated enhanced coagulation might represent a
‘safer’ and more specific alternative to p53 inhibitors.

Taken together, our findings suggest that the age-associated
endothelial p53 accumulation contributes to the increased risk of
venous thrombosis in the elderly and that upregulated expression of
procoagulant and antifibrinolytic factors, specifically heparanase,
are involved in mediating the increased tendency to venous
thrombosis downstream of p53. Although inhibition or deletion of
the tumor suppressor p53 in endothelium may not represent a safe
therapeutic approach to prevent venous thrombosis in elderly
humans, our findings point to alternative targets, whose clinical
applicability should be further explored.

Acknowledgments

The authors are grateful to Bernd Arnold (German Cancer Re-
search Center Deutsches Krebsforschungszentrum) for providing
Tie2.ERT2-Cre mice. The authors also thank Anton Berns (The
Netherlands Cancer Institute) for providing p53fl/fl mice. The authors
acknowledge the expert technical assistance of Frauke Dormann,
Marina Janocha, Anna Kern, and Kathrin Rost.

This work was supported by the Bundesministerium für Bildung
und Forschung (01E01003) (K.S.) and the Deutsches Zentrum für
Herz-Kreislauf-Forschung e.V. (Doktorandenstipendium) (T.B.).

Results shown in this study are part of the medical thesis of T.B.

Authorship

Contribution: K.S. designed the study, interpreted the findings, wrote
the manuscript and acquired funding; M.L.B., T.B., and R.G. per-
formed and analyzed experiments and interpreted the findings; Y.N.
provided the TFPI2 peptides and gave critical input to the manu-
script; A.M. acquired data; T.S. and L.H. performed the IVC surgery
and ultrasound measurements; P.W. provided collaboration in ex-
perimental design and establishment of the IVC ligation model; B.B.,
P.W., T.M., and S.K. critically revised the manuscript; and all authors
have read and approved the final manuscript.

Conflict-of-interest disclosure: The authors declare no compet-
ing financial interests.
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7. Bochenek ML, Schütz E, Schäfer K. Endothelial cell senescence and thrombosis: ageing clots. Thromb Res. 2016;147:36-45.

8. Asai K, Kudej RK, Shen YT, et al. Peripheral vascular endothelial dysfunction and apoptosis in old monkeys. Arterioscler Thromb Vasc Biol. 2000;20(6):
1493-1499.

9. Palmer OR, Chiu CB, Cao A, Scheven UM, Diaz JA, Greve JM. In vivo characterization of the murine venous system before and during dobutamine
stimulation: implications for preclinical models of venous disease. Ann Anat. 2017;214:43-52.

10. Ullrich SJ, Anderson CW, Mercer WE, Appella E. The p53 tumor suppressor protein, a modulator of cell proliferation. J Biol Chem. 1992;267(22):
15259-15262.

11. Tyner SD, Venkatachalam S, Choi J, et al. p53 mutant mice that display early ageing-associated phenotypes. Nature. 2002;415(6867):45-53.

12. Grillari J, Hohenwarter O, Grabherr RM, Katinger H. Subtractive hybridization of mRNA from early passage and senescent endothelial cells. Exp Gerontol.
2000;35(2):187-197.

13. Kumar A, Kim CS, Hoffman TA, et al. p53 impairs endothelial function by transcriptionally repressing Kruppel-like factor 2. Arterioscler Thromb Vasc Biol.
2011;31(1):133-141.

14. Gogiraju R, Xu X, Bochenek ML, et al. Endothelial p53 deletion improves angiogenesis and prevents cardiac fibrosis and heart failure induced by pressure
overload in mice. J Am Heart Assoc. 2015;4(2).

15. Marino S, Vooijs M, van Der Gulden H, Jonkers J, Berns A. Induction of medulloblastomas in p53-null mutant mice by somatic inactivation of Rb in the
external granular layer cells of the cerebellum. Genes Dev. 2000;14(8):994-1004.
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