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Summary
Arterial ageing may be associated with a reduction in vasodilation due 
to increased reactive oxygen species (ROS) production, whereas en-
dothelial cell activation induces procoagulant changes. However, little 
is known on the effect of ageing on expression of anticoagulant en-
dothelial markers such as endothelial protein C receptor (EPCR). To 
study age-associated alterations in smooth muscle cell (SMC) and en-
dothelial cell (EC) structure and function, the aorta was isolated from 
10-week- and 12– and 24-month-old C57BL/6J mice and analysed for 
its expression of genes involved in senescence, oxidative stress pro-
duction, coagulation and matrix remodelling. In addition, vasorelax-
ation experiments were performed using 10-week- and 24-month-old 
thoracic aortic ring segments in organ chamber baths. The media 
thickness of the thoracic aorta progressively increased with age, as-

sociated with hypertrophy of vascular SMCs. Basal nitric oxide produc-
tion and sensitivity to acetylcholine-mediated vasodilation in thoracic 
aorta rings was reduced with age, whereas no significant differences 
in ROS production could be demonstrated. Gene expression of tissue 
factor, EPCR and von Willebrand factor was not affected by ageing of 
the aorta, whereas that of thrombomodulin was mildly reduced and 
that of xanthine dehydrogenase, NADPH oxidase 4, tumour necrosis 
factor-α and vascular cell adhesion molecule-1 significantly enhanced. 
In conclusion, a reduction in endothelial cell-mediated vasodilation in 
aged thoracic aortas of C57BL/6J mice was accompanied by a shift to-
wards a pro-inflammatory state of the endothelium.
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Introduction

The incidence of cardiovascular complications such as myocardial 
infarction is significantly increased with age, identifying age as a 
risk factor for arterial thrombosis (1). According to the updated 
triad of Virchow (2), this increased risk can be attributed to three 
factors: abnormalities in the vessel wall, in blood flow and in the 
coagulation, fibrinolytic and platelet systems.

Arterial ageing in humans is associated with increased collagen 
deposition, thickening of the intima-media of the human carotid 
artery, and reduced vascular elasticity. In addition, ageing of the 
aorta is accompanied by a reduction in endothelial cell-mediated 
vasodilation due to a decrease in nitric oxide (NO) bioavailability. 
The reduced NO levels result from an increased production of 
reactive oxygen species (ROS) such as superoxide anion (O2

•-) 
with age. Simultaneous production of NO and O2

•- results in the 
generation of the cytotoxic product peroxynitrite anion (ONOO-) 
(3). Enhanced production of ONOO- leads to a reduction in NO 

bioavailability and endothelial cell-mediated vasodilation and a 
decrease in anti-inflammatory and antithrombotic protection by 
NO, causing more endothelium-platelet and endothelium-leuko-
cyte interactions (4). ROS also upregulates endothelial nuclear fac-
tor kappaB (NF-κB), aggravating prothrombotic tendencies as evi-
denced by upregulated expression of tissue factor (TF) in endothe-
lial cells (5, 6). Other procoagulant changes are: 1) a change in the 
balance of tissue plasminogen activator and its endogenous in-
hibitor plasminogen activator inhibitor-1 (7) and 2) von Wille-
brand factor (VWF) is released into the circulation by activated 
endothelial cells. VWF promotes platelet adhesion and aggre-
gation and coagulation (8). However, age did not seem to in-
fluence the protein expression of the anticoagulant endothelial 
marker thrombomodulin (TM) in C57BL/6 mice in the carotid ar-
tery (9) or lungs (10). The endothelial protein C receptor (EPCR) 
is a receptor for activated protein C (APC), a serine protease, when 
activated by the thrombin-TM complex, prevents thrombosis 
through its direct anticoagulant activity: 1) APC can suppress 
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thrombin generation by proteolytic cleavage of clotting cofactors 
FVa and FVIIIa, and 2) it can neutralise plasminogen activator in-
hibitor-1 leading to an increase in fibrinolytic activity (11). In ad-
dition, APC can prevent apoptosis, increase the endothelial barrier 
function and limit inflammation (12). Mutations in this gene have 
been associated with an increased risk for deep venous thrombosis 
(6936A/G polymorphism leading to increased soluble EPCR plas-
ma levels, [13]) and to myocardial infarction (a 23 basepair insert 
[14]) in humans. In mice, APC displayed cardioprotective activ-
ities by decreasing the myocardial infarct size in isolated perfused 
hearts post-ischaemia via EPCR and protease-activated receptor 
1-dependent signalling (15). The effect of age on the arterial ex-
pression of EPCR was investigated by us in hindlimb arterial blood 
vessels of C57BL/6J mice in a previous study (16). The expression 
of EPCR was, however not influenced by age (16), which was con-
firmed in another study showing that plasma active protein C lev-
els were unchanged by age (10). As it has been suggested that the 
endothelial transcriptome of arteries at different anatomical lo-
cations can be different (17), we analysed the effect of age on the 
expression of EPCR in the thoracic aorta.

Therefore, we isolated the thoracic aorta from 10-week- and 12- 
and 24-month-old C57BL/6J mice and analysed age-associated 
changes in smooth muscle cell and endothelial cell function. In ad-
dition, the aortic expression of genes involved in senescence, ox-
idative stress production, coagulation and matrix remodelling was 
monitored as a function of ageing.

Materials and methods
Animal model

Male C57Bl/6J mice at 10 weeks, 12 and 24 months of age were 
purchased from Janvier (Le Genest Saint Isle, France). All animals 
were kept in micro-isolation cages in a temperature- (20-22°C) 
and light-controlled (12-hour night/day cycle) environment and 
ad libitum exposed to drinking water and standard chow 
(KM-04-k12, Muracon; Carfil, Oud-Turnhout, Belgium; 13 % kcal 
as fat, caloric value 10.9 kJ/g). Mice were euthanised by intraperi-
toneal injection of 60 mg/kg sodium pentobarbital (Nembutal, Ab-
bott Laboratories, North Chicago, IL, USA), and blood was re-
trieved from the retro-orbital sinus on 3.8% sodium citrate. Plas-
ma was obtained by centrifuging the blood twice at 10,000 rpm for 
10 minutes (min), and was stored at -80° C. Anesthetised mice 
were perfused with saline for 10 min to remove blood from the or-
gans, and the thoracic aorta was isolated for immunohistological 
analysis. For RNA extraction and protein isolation purposes a 
larger aorta segment that encompassed the abdominal aorta and 
thoracic aorta was used. Aortic tissues were either immediately 
snap frozen in liquid nitrogen and stored at -80°C or processed for 
the preparation of protein extracts. All animal procedures were ap-
proved by the Ethical Committee of the KU Leuven, and perform-
ed in accordance with the NIH Guide for the Care and Use of Lab-
oratory Animals (1996).

Isometric tension measurements

Thoracic aorta rings were isolated from 10-week- and 24-month-
old C57BL/6J mice (n=6) and two adjacent rings (width 2 mm) 
from the central thoracic aorta were mounted in organ baths for 
isometric tension measurements, as described previously (18). 
One ring was continuously treated with 300 μM NΩ-nitro-L-argi-
nine (LNA) and 300 μM NΩ-nitro-L-arginine methyl ester 
(LNAME), the other with buffer. Both rings first received cumu-
lative phenylephrine (PE, 10-9 – 10-5 M) concentrations. After 
three washes, both rings were constricted with 1 µM PE followed 
by a cumulative concentration-response curve of diethylamine 
NONOate (DEANO) in the ring treated with LNA/LNAME, or of 
acetylcholine (ACh) in the other segment. The difference in maxi-
mum responses between adjacent rings without and with LNA/
LNAME was determined as an index of basal NO release (19). Re-
sponses to vasodilators were expressed as percentages of the initial 
contractions. Maximal responses and pD2 (negative logarithm of 
concentration causing 50% of maximal response) were determined 
for each segment using four parameter logistic regression.

Histology and immunohistochemistry

Thoracic aorta tissues were fixed in Shandon Zinc Formal-Fixx 
(Anatomical Pathology International, Chester, UK) for 20 hours 
(h), embedded in paraffin and 8 µm cross-sections were prepared. 
Staining with hematoxylin and eosin (HE) or with Sirius Red was 
performed as described (20). Aortic sections were also stained 
with a rat anti-mouse CD31 antibody (1 µg/ml, 557355 Mec13.3, 
BD Biosciences, Erembodegem, Belgium), a rabbit anti-human 
VWF antibody (6.2 µg/ml; A0082 DAKO, Heverlee, Belgium), a 
goat anti-mouse (GAM) 409 TM antibody (1 µg/ml), a GAM 
EPCR antibody (2.4 µg/ml), a rabbit anti-mouse (RAM) nitrotyro-
sine (NT) antibody (4 µg/ml; 06-284 Millipore, Brussels, Belgium), 
a GAM vascular cell adhesion molecule-1 (VCAM-1) antibody (2 
µg/ml; AF643, R&D Systems, Abingdon, UK), a GAM intercellular 
adhesion molecule-1 (ICAM-1) antibody (0.8 µg/ml; AF796, R&D 
Systems), a rabbit anti-human myeloperoxidase (MPO) antibody 
(32 µg/ml, A0398, DAKO), and a RAM F4/80 (10 µg/ml, 
MCA497G, Serotec) diluted in Tris-NaCl-Blocking buffer (TNB) 
(TSA BT kit, NEL700001, Perkin Elmer Life Sciences), supple-
mented with (TM, EPCR) or without (CD31, VWF, VCAM-1, 
ICAM-1, NT, MPO, F4/80) pre-immune mouse serum (PIM). 
Negative controls included a section incubated with secondary 
antibodies alone or a section pre-incubated with 10 mM 3-NT for 
10 min. A positive control for the NT staining was obtained by 
chemically nitrating tyrosine residues with a 1 mM sodium nitrite 
solution in 100 mM sodium acetate pH 5.0, supplemented with 1 
mM hydrogen peroxide for 20 min at room temperature (RT). All 
secondary antibodies and pre-immune serums were purchased 
from DAKO. Detailed protocols for the CD31, VWF, TM and 
EPCR stainings were described previously (18). To expose NT, 
F4/80 and MPO antigens, sections were treated with antigen re-
trieval solution (DAKO) for 20 min at 95°C and were then allowed 
to cool. Subsequently, endogenous peroxidase activity was blocked 
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by incubating sections (VCAM-1, ICAM-1, NT, F4/80) for 20 min 
at RT with methanol supplemented with 0.3% H2O2. Aspecific 
binding to the biotin-labelled rabbit anti-goat (RAG) (5.3 µg/ml, 
VCAM-1, ICAM-1, DAKO), the biotin-coupled goat anti-rabbit 
(GAR) antibody (3.7 µg/ml, NT, DAKO), the biotin-labelled rabbit 
anti-rat antibody (2.8 µg/ml, F4/80, DAKO), and the horse radish 
peroxidase (HRP)-coupled swine anti-rabbit antibody (26 µg/ml, 
MPO, DAKO) was blocked by incubating sections, before appli-
cation of the primary antibodies, with 20% pre-immune rabbit 
(VCAM-1, ICAM-1, F4/80), goat (NT), and swine (MPO) serum 
(DAKO) for 45 min. VCAM-1, ICAM-1, and NT signals were vis-
ualised after incubation with HRP-coupled streptavidin (1/100; 30 
min in TNB, RT, NEL75000EA, Perkin Elmer Life Sciences), and 
with 3, 3’-diaminobenzidine (DAB) (Sigma-Aldrich, Bornem, Bel-
gium) at RT. An amplification step using biotinyl tyramide (1/50, 
NEL75000EA, Perkin Elmer Life Sciences) was added before DAB 
incubation for the F4/80 staining. MPO signals were immediately 
detected with DAB (Sigma-Aldrich).

Western blotting

Aorta tissues were isolated and immediately dipped in 130 µl ice 
cold protein extraction buffer (10 mM Na2PO4, 0.15 M NaCl, 1% 
Triton-X-100, 0.1% sodium dodecyl sulphate, 0.5% Na deoxycho-
late, 0.2% Na azide) supplemented with 50 mM EDTA and 1/100 
Halt protease and phosphatase inhibitor cocktail (78442, Thermo 
Fisher Scientific, Erembodegem, Belgium). Tissues were homoge-
nised using a Fast-Prep®-24 ribolyser (MP Biomedicals, Brussels, 
Belgium), subsequently centrifuged at 4°C for 20 min at 13,200 
rpm, after which the supernatant was collected, and the protein 
concentration was determined using a standard bicinchoninic acid 
assay (Thermo Fisher Scientific). A total of 50 µg (p16INK4a) or 
100 µg aorta extract isolated from three 10-week-old, three 12- 
(only 2 for Phospho (P)-Akt/Akt) and three 24-month-old 
C57BL/6J mice was loaded and resolved on a NUPAGE 4-12% 
Tris-Bis gel (TM, MPO, Life Technologies, Gent, Belgium), a NU-
PAGE 10% Tris-Bis gel (p16INK4a, Life Technologies) or a 10% 
Tris-glycine gel (P-Akt/Akt, Life Technologies). Proteins were elec-
trophoretically transferred onto nitrocellulose membranes using 
the iBlot® semi-dry blotting system (Life Technologies). To avoid 
aspecific background signal, membranes were blocked for 4-6 h in 
TBS (0.9% NaCl, 10 mM Tris-HCl, pH 7.4) supplemented with 
0.01% Tween-20 (TBST) and 5% blotting grade non-fat milk (Bio-
Rad Laboratories N.V., Nazareth Eke, Belgium). Membranes des-
tined for incubation with TM and MPO antibodies were cut in two 
using the 70 kDa band as a reference (lower part will be used to 
detect the housekeeping protein β-actin). Membranes were then 
incorporated overnight (O/N) at 4°C with the following antibodies 
diluted in TBST (P-Akt) or TBST supplemented with 5% non-fat 
milk: 1/200 mouse monoclonal anti-p16INK4a antibody (sc-1661, 
Santa Cruz Biotechnologies Inc., Heidelberg, Germany), 1/400 
GAM TM antibody (AF3894, R&D Systems), 1/200 GAM MPO 
antibody (AF3667, R&D Systems), and 1/1,000 rabbit polyclonal 
P-Akt (Ser473) antibody (9271, Cell Signalling, Boston, MA, 
USA). The membranes were washed and further incubated with 

HRP-conjugated GAR antibodies (1/2,000, DAKO) diluted in 
TBST (P-Akt) for 2 h at RT, or with HRP-coupled GAM antibodies 
(1/2,000, p16INK4a, DAKO) and with HRP-coupled RAG anti-
bodies (1/2,000, TM, MPO, DAKO) for 45 min at RT. Chemilumi-
nescent detection was performed using regular (p16INK4a, TM, 
Akt) or strong (MPO, P-Akt) enhanced chemiluminescence (ECL) 
detection reagents (Thermo Fisher Scientific) and visualised using 
the ImageLab™ software Version 4.0 and the ChemiDoc™ XRS+ im-
ager (Bio-Rad Laboratories N.V.). Membranes that have been in-
cubated with antibodies directed against p16INK4a, and P-Akt 
were stripped using a mild stripping solution (Chemicon Inter-
national Inc., Temecula, CA, USA). Membranes were either block-
ed O/N (p16INK4a, MPO, TM) or for 5 h (P-Akt) with TBST 
supplemented with 5% non-fat dry milk and reprobed with anti-
β-actin antibodies (p16INK4a membrane) for 2 hr at RT in TBST 
supplemented with 5% non-fat dry milk (1/500, 13E5, Cell Signal-
ling) or with a rabbit polyclonal Akt antibody (1/1,000, 9272, Cell 
Signalling) O/N at 40°C in TBST. To visualise protein bands, GAR-
HRP antibodies (1/2,000, DAKO) in TBST (Akt) or TBST supple-
mented with 0.5% milk (β-actin) were applied at RT for 45 min 
(β-actin) or 2 h (Akt). Chemiluminescent detection was perform-
ed as described above. Regular ECL detection reagents were used 
to detect Akt protein levels, while a strong ECL solution was used 
to detect β-actin protein levels. Intensity of all proteins was deter-
mined by densitometric analysis using NIH Image J software 
(National Institutes of Health, Bethesda, MD, USA).

Analyses

Soluble VCAM-1 (sVCAM-1, MVCOO, R&D Systems) and thio-
barbituric acid reactive substances (TBAR5, KGE013, R&D Sys-
tems) levels in plasma samples were analysed using a commercially 
available ELISA kit according to manufacturer´s instructions.

Microscopy analysis

H&E stainings were analysed with a Zeiss AxioPlan 2 Imaging 
microscope (Zeiss, Jena, Germany), and pictures were taken with 
Axiovision Rel. 4.6. (Zeiss) at x100 magnification. The media 
thickness was assessed using KS300 software (Zeiss) by measuring 
the length of the media at 10 different positions in six different sec-
tions per animal. Vascular smooth muscle cell (VSMC) density 
was determined on H&E stainings under normal light. Per mouse 
10 different sections were analysed by measuring the total area of 
the aortic section, the total area of the lumen and the SMC count 
within the elastic media. The VSMC density was calculated as the 
ratio of the SMC number to the media area (area aortic section - 
area lumen). Measurements were pooled to obtain an average 
value per animal, and the data for all animals in one group were 
then averaged. CD31, TM, VWF, EPCR, VCAM-1, ICAM-1 and 
F4/80 stainings were analysed with a Zeiss Axiovert 200M Imaging 
microscope (Zeiss), and pictures were taken with Axiovision Rel. 
4.8. (Zeiss) at x100 magnification. The F4/80-positive media area 
in six different thoracic aorta sections per animal was determined 
by segmentation (NIH Image J software). The results were then 
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averaged per animal and subsequently per group. The intensities 
of the CD31, TM, VWF, EPCR, VCAM-1, and ICAM-1 stainings 
were quantitated by measuring DAB pixel intensity using the NIH 
Image J software (21). The samples of each staining were blinded.

Quantitative real time-PCR (RT-PCR)

p16INK4a (Mm00494449_m1), catalase (Mm00437992_m1), 
superoxide dismutase 1 (SOD1, Mm01700393_g1), glutathione 
peroxidase 1 (Gpx1, Mm00656767_g1), xanthine dehydrogenase 
(Xdh, Mm00442110_m1), NADPH oxidase 4 (Nox4, 
Mm00479246_m1), endothelial NO synthase (eNOS, 
Mm00435217_m1), inducible NOS (iNOS, Mm01309902_m1), 
TF (Mm00438853_m1), VWF (Mm00550376_m1), TM 
(Mm00437014_s1), EPCR (Mm00440992_m1), tumour necrosis 
factor-α (TNF-α, Mm00443258_m1), NF-κB (Mm00476379_m1), 
transforming growth factor (TGF)-β1 (Mm03024053_m1), MPO 
(Mm01298424_m1)), matrix metalloproteinase-2 (MMP-2, 
Mm00439498_m1), thrombospondin-1 (TSP1, 
Mm00449022_m1) and TSP2 (Mm01279240_m1) Taqman ex-
pression assays were used to determine mRNA levels in aortic tis-
sue by quantitative RT-PCR, as described elsewhere (18). Data 
were obtained as cycle threshold (Ct) values of two replicates and 
expressed as copy number of target mRNA relative to 105 copies of 
the housekeeping gene glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH).

Statistical analysis

GraphPad Prism 4.03 software was used to determine statistical 
differences (GraphPad, La Jolla, CA). Data are shown as means ± 
SEM. The non-parametric Mann-Whitney U-test was used to ana-
lyse differences between groups. Normally distributed concen-
tration response curves in the vasodilation tests were analysed as a 
function of age with a two-way ANOVA, and other data of the 
isometric tension measurements with one-way ANOVA. Statistical 
significance was set at p<0.05.

Results
Morphological characteristics of ageing thoracic 
aorta

With ageing, body weight of the C57Bl/6J mice increased from 24 
± 0.18 g at 10 weeks to 30 ± 0.26 g at 12 months and 30 ± 0.57 g at 
24 months (n=20; p<0.0001 at 10 weeks vs 12- and 24-month-old 
mice). Enhanced gene expression of the senescence marker 
p16INK4a was confirmed in aorta extracts of 12 months (2.0-fold) 
and 24 months (3.6-fold) as compared to 10-week-old mice 
(▶ Table 1). This pattern in p16INK4a expression with age was 
confirmed by western blot (▶ Figure 1). The media thickness of 
the thoracic aorta progressively increased with age (▶ Figure 2 A, 
B). The VSMC density, in contrast, progressively decreased with 
age (▶ Figure 2 D), while the total VSMC number significantly de-
creased between the age of 10 weeks and 24 months (▶ Figure 2 A, 
C).

Senescence

p16INK4a

Oxidative stress 

Catalase

SOD1

Gpx1

Xdh

Nox4

Coagulation

EPCR

TM

VWF

TF

Inflammation

eNOS

iNOS

TNF-α

NF-κB

TGF-β1

MPO

ECM remodelling

MMP-2

TSP1

TSP2

mRNA expression levels of the target genes are normalised to the expression 
level of GAPDH and subsequently expressed as the copy number of target 
mRNA relative to 105 copies of GAPDH. Data are means ± SEM of 8–10 de-
terminations. Abbreviations: superoxide dismutase 1 (SOD1); glutathione 
peroxidase 1 (Gpx1); xanthine dehydrogenase (Xdh); NADPH oxidase 4 
(Nox4); endothelial and inducible nitric oxide synthase (eNOS and iNOS); 
endothelial protein C receptor (EPCR); thrombomodulin (TM); von Wille-
brand Factor (VWF); tissue factor (TF); tumour necrosis factor-α (TNF-α); nu-
clear factor kappaB (NF-κB); transforming growth factor β1 (TGF-β1); myelo-
peroxidase (MPO); matrix metalloproteinase 2 (MMP-2); thrombospondin-1 
and -2 (TSP1, TSP2). * p<0.05 vs 10 weeks; † p<0.05 vs 12 months.

10 weeks

0.61 ± 0.067

4,840 ± 370

3,870 ± 240

5,160 ± 280

1,790 ± 120

2,880 ± 110

249 ± 26

1,662 ± 149

1,039 ± 116

452 ± 42

276 ± 11

17 ± 1.7

2.0 ± 0.24

400 ± 30

514 ± 18

0.93 ± 0.31

555 ± 14

719 ± 86

257 ± 24

12 months

1.2 ± 0.22*

3,970 ± 460

3,120 ± 290

4,530 ± 320

2,170 ± 250

3,470 ± 260*

245 ± 32

1,974 ± 174

808 ± 132

705 ± 103

224 ± 41

15 ± 2.6

2.6 ± 0.41

340 ± 20

590 ± 51

1.1 ± 0.34

688 ± 73

558 ± 53

284 ± 28

24 months

2.2 ± 0.37*†

5,100 ± 1,010

3,970 ± 380

4,790 ± 580

3,160 ± 500*

2,820 ± 290

292 ± 40

1,505 ± 98†

938 ± 61

491 ± 63

308 ± 58

24 ± 5.8

5.1 ± 0.82*†

310 ± 20

633 ± 45*

2.1 ± 0.55

645 ± 73

639 ± 111

244 ± 23

Table 1: Age-associated changes in expression of genes involved in 
regulation of different cellular processes in aortic tissues of 
C57Bl/6J mice.
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Smooth muscle and endothelial cell function of 
ageing thoracic aorta

The effect of age on SMC and endothelial cell function was tested 
in thoracic aorta segments isolated from 10-week- and 24-month-
old C57BL/6J mice. SMC contraction was studied in the presence 
of the NOS inhibitors LNA/LNAME. Maximal contractility was af-
fected by age (▶ Figure 3 A, red curves), as aortic rings obtained 
from 24-month-old mice developed a higher maximum force in 
response to PE as compared to aortic segments from young ani-
mals. However, sensitivity to PE was equal at both ages (pD2 values 
at 10 weeks 6.88 ± 0.12; at 24 months 6.87 ± 0.09, n=6, p>0.05).

In the presence of functional NOS (▶ Figure 3 A, black curves), 
PE induced much less contraction compared to rings treated with 
NOS inhibitors. Interestingly, when NOS was active, PE evoked 
greater contractions in 24-month-old mice as compared to 
10-week-old mice (▶ Figure 3 A). The force difference at 10-5 M 
PE between the ring with and the ring without NOS inhibitors 
provided an assessment of basal NO release (▶ Figure 3 B). The ef-
fect of NOS inhibition was significantly greater in young C57BL/6J 
mice.

Subsequently, ACh was given to activate NOS activity by stimu-
lating endothelial muscarinic receptors. ACh caused almost com-
plete relaxation at both ages; however, the vasodilator effect oc-

curred at lower ACh concentrations in rings collected at 10 weeks 
as compared to the older segments (▶ Figure 3 D). This difference 
was also reflected in the sensitivity of Ach-induced relaxation (pD2 
values at 10 weeks 7.41 ± 0.10, at 24 months 7.04 ± 0.06, n=6, 
p<0.05).

To test whether reduced responsiveness of the SMC to NO con-
tributed to the attenuated NOS-dependent vasodilator responses 
at old age, rings were constricted with PE in the presence of LNA/
LNAME and then exposed to DEANO. This donor of exogenous 
NO caused complete relaxation in all rings without differences for 
age (▶ Figure 3 C).

Gene expression profile of ageing aorta

Of the genes involved in regulation of oxidative stress that were in-
vestigated, a 1.8-fold upregulation of Xdh in 24-month-old aortas 
and a 1.2-fold upregulation of Nox4 in 12-month-old aortas was 
observed, as compared to 10 weeks. Expression of catalase, SOD1 
and Gpx1 was not affected by age (▶ Table 1). Of the genes in-
volved in endothelial biology/coagulation, expression of vascular 
TF, VWR, and EPCR was not affected by age, whereas expression 
of TM was 1.3-fold downregulated at 24 as compared to 12 
months of age. Of the genes involved in inflammation, significant 
upregulation at 24 months vs 10 weeks of age was observed for 

Figure 1: Influence of age on the protein expression of p16INK4a, 
myeloperoxidase and thrombomodulin in C57BL/6J aorta extracts. A) 
50 (p16INK4a) or 100 µg protein extract of 10-week-, 12- and 24-month-old 
C57BL/6J mice (n = 3 each) were analysed by western blotting for the ex-
pression of p16INK4a (sc-1661, 1/200), myeloperoxidase (MPO, 1/200, 

AF3667) and thrombomodulin (TM, 1/400, AF3894) with the corresponding 
β-actin (1/500, 13E5) protein expression for each blot. B) Densitometric 
analysis of panel A. Data are represented as means ± SEM of nine measure-
ments. * p<0.05 vs 10 weeks, † p<0.05 vs 12 months.

A B
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TNF-α (3.2-fold) and TGF-β1 (1.2-fold), while mRNA levels of 
MPO tended to increase from the age of 10 weeks to 24 months 
(2.3-fold, p=0.08). This age-associated difference in MPO gene ex-
pression was confirmed by western blotting: 24-month-old aorta 
extracts showed a 23-fold higher MPO protein expression as com-
pared to 10-week-old aorta extracts (▶ Figure 1). Expression of 
NF-κB, eNOS and iNOS was not affected by age. Expression of the 
matrix metalloproteinase MMP-2 and the matricellular proteins 
TSP-1 and TSP-2 was not affected by age.

Immunohistochemical analysis of ageing thoracic 
aorta

Visualising the endothelial cell layer by CD31 staining did not re-
veal a different pattern with ageing (▶ Table 2). EPCR and VWF 
expression were not affected by ageing as well, compatible with the 
observed unaltered gene expression (▶ Table 1). MPO expression 
could not be detected in thoracic aorta sections of any age group 
and therefore could not be analysed (data not shown). The amount 
of infiltrating macrophages as assayed by a F4/80 staining was sig-
nificantly increased in aorta sections of 12- and 24-month-old 
mice (47,323 ± 10,619 μm2 and 25,317 ± 6,168 μm2) in comparison 
to sections of 10-week-old mice (668 ± 168 μm2, p<0.01). ICAM-1 
expression was significantly enhanced at 12 months of age, but not 
at 24 months. VCAM-1 expression was significantly enhanced at 
24 months vs 10 weeks of age (▶ Table 2). The soluble form of 
VCAM-1 (sVCAM-1) is considered an early marker of endothelial 
activation. In concordance with the gene and protein expression 
pattern of VCAM-1 in aortic extracts, plasma sVCAM-1 levels 
progressively increased with age (10 weeks: 736 ± 21 ng/ml vs 12 
months: 872 ± 36 ng/ml, p=0.01; and vs 24 months: 1,048 ± 2.0 ng/
ml, p=0.0004). Paradoxically, expression of the anticoagulant TM 
was enhanced in the aorta of 24 months old mice (▶ Table 2), 
which is in apparent contrast with the observed downregulation of 
gene expression (▶ Table 1). However, when TM protein levels in 
aorta extracts were analysed by western blotting, a decrease in TM 
expression in 24-month-old mice was observed vs 10-week- and 
12-month-old mice (▶ Figure 1), confirming the gene expression 
data.

Oxidative stress levels with age

Staining of thoracic aorta sections of each group with 3-nitrotyro-
sine antibodies did not show detectable 3-nitrotyrosine protein 
levels. In contrast, strong staining was observed in a thoracic aorta 
section, which was pre-incubated with nitrite and hydrogen perox-
ide before incubation with 3-nitrotyrosine antibodies (data not 
shown).

Discussion

Several procoagulant endothelial changes with age have already 
been described (5-6, 9-10); however, no effect of age was observed 
on the arterial expression of the anticoagulant endothelial marker 

Figure 2: Influence of age on structure and morphology of the tho-
racic aorta. Paraffin-embedded aorta sections of 10-week-, 12- and 
24-month-old C57Bl/6J mice were stained with H&E (A) and used for analy-
sis of media thickness (B) and vascular smooth muscle cell (VSMC) number 
(C) and density (D). Data are means ± SEM of 9–10 determinations. * p<0.05 
vs 10 weeks, † p<0.05 vs 12 months. Magnification: 400x. Scale bar: 20 µm.

A

B

C

D
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EPCR in hindlimb blood vessels of C57BL/6J mice (16). As it has 
been suggested that the endothelial gene expression profile of ar-
teries at different anatomical locations can be different (17), we 
isolated the thoracic aorta from 10-week- and 12- and 24-month-
old C57BL/6J mice and analysed age-associated changes in the 
procoagulant/anticoagulant phenotype of the arterial endothe-
lium. To address the stage of vascular ageing, smooth muscle and 
endothelial cell structure and function were evaluated. In addition, 
the aortic expression of genes involved in senescence, oxidative 
stress production, and matrix remodelling was monitored as a 
function of ageing.

Ageing of the thoracic aorta was accompanied by hypertrophy 
and increased contractility of the VSMCs, as indicated by an in-
crease in media thickness, a decrease in VSMC number and con-
comitantly VSMC density, and an increase in the PE-generated 
contractile force of VSMCs. In addition, 24-month-old mice 
showed an elevated mRNA and protein expression of p16INK4a, 
suggesting senescence of the VSMCs and/or endothelial cells. In 
man, a decrease in VSMC density due to hypertrophy and senes-
cence of VSMCs has been observed (1). Ageing of the aorta in 
mice and humans is also accompanied with structural changes 

such as aortic stiffening due to replacement of elastin fibers by col-
lagen (1, 22). Increased collagen contents in the 24-month-old 
thoracic aorta sections were however not observed compared to 
10-week-old sections (data not shown).

Ageing has been shown to be an independent risk factor for 
cardiovascular diseases (1). Endothelial function or NO-mediated 
vasorelaxation declines with advancing age due to a diminished 
NO bioavailability, resulting from 1) changed expression/activity 
of eNOS; 2) increased generation of ROS such as superoxide anion 
and/or 3) decreased anti-oxidant defense system (3, 4). Vasomotor 
measurements using thoracic aortic rings from 10-week- and 
24-month-old mice in this study indicated that basal NO produc-
tion was compromised by age, and additionally 24-month-old aor-
tic segments showed a reduced sensitivity towards ACh-mediated 
vasodilation compared to 10-week-old segments. Contradictory to 
the findings of van der Loo et al. (3), ageing was not associated 
with a blunted maximal ACh-mediated relaxation response. One 
possible explanation might be the difference in age and species be-
tween both studies. We used C57BL/6J mice at an age of 24 
months, while van der Loo et al. used F1 (F344 x BN) rats of a 
much older age (32-35 months) (3). Since SMC responses to the 

Figure 3: Effect of age on smooth muscle and endothelial cell func-
tion in aortic rings of C57BL/6J mice. A) Contractions evoked by 
 phenylephrine (PE) in the absence (black symbols, lower curves) and pres-
ence of the NOS inhibitors NΩ-nitro-L-arginine (LNA, 300 μM) and 
NΩ-nitro-L-arginine methyl ester (LNAME, 300 μM) (red, upper curves). Seg-
ments from older mice (24 months, 24M) developed more tension in both 
conditions vs young mice (10 weeks, 10W). B) The difference in force at 10–5 

M PE between the ring with and the ring without NOS inhibitors provided an 
assessment of basal NO release. The effect of NOS inhibition was greater in 
young C57BL/6 mice. C) Relaxation evoked by DEANO in rings constricted 
with 1 μM PE in the presence of LNA/LNAME. D) Relaxation evoked by 
acetylcholine (ACh) in rings constricted with 1 μM PE was attenuated in old 
mice. Results are means ± SEM, n=6. *p<0.05, **p<0.01, ***p<0.001 vs 10 
weeks.

A B

C D
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VCAM-1

ICAM-1

EPCR

CD31

TM

VWF

Data represent stained areas expressed as percentages of section areas, and 
are means ± SEM of 8–10 determinations. Abbreviations are: vascular cell 
adhesion molecule-1 (VCAM-1); intracellular adhesion molecule-1 
(ICAM-1); endothelial protein C receptor (EPCR); thrombomodulin (TM) and 
von Willebrand Factor (VWF). * p<0.05 vs 10 weeks;  
† p<0.05 vs 12 months.

10 weeks

0.93 ± 0.21

6.4 ± 0.46

2.0 ± 0.26

1.7 ± 0.71

1.4 ± 0.28

2.9 ± 0.44

12 months

1.8 ± 0.37

7.7 ± 0.14*

2.2 ± 0.19

3.5 ± 0.72

2.2 ± 0.54

3.6 ± 0.37

24 months

4.0 ± 0.66*†

5.9 ± 0.43†

2.1 ± 0.20

2.3 ± 0.66

3.7 ± 0.56*

3.5 ± 0.31

Table 2: Age-associated changes in expression of endothelial cell 
markers in the aorta of C57BL/6J mice.

exogenous NO donor DEANO were not altered, these findings 
point to a decreased bioavailability of endogenous NO under basal 
and ACh-stimulated conditions in elderly mice. It is important to 
note that the level of PE-induced force has no impact on relax-
ations induced by ACh or exogenous NO in the mouse aorta (cur-
rent DEANO results and [23]). Lower NO levels were not due to a 
change in the gene expression of eNOS or iNOS or activation/
phosphorylation status of Akt (▶ Table 1, data not shown), but 
may be due to an increase in ROS production as suggested by an 
elevated aortic expression of the pro-oxidant enzymes Nox4, Xdh 
and MPO. A limitation of this study is, however, that the age-in-
duced increases in ROS concentrations in arterial vessels as sug-
gested in the literature (3, 22, 24), could not be confirmed. The 
level of ROS generation in thoracic aorta sections was evaluated by 
staining sections with a 3-NT antibody. Only detectable 3-nitroty-
rosine signals were present after chemical modification of proteins 
on the sections using a mixture of hydrogen peroxide and nitrite. 
Van der Loo et al. (3), Fleenor et al. (22) and Kang et al. (24) were, 
however, able to show an age-induced increase in arterial vessels 
using more sensitive methods: immunogold labeling of 3-nitroty-
rosine and visualisation via electron microscopy (3) as well as 
analysis of 3-nitrotyrosine levels in protein lysates (22, 24). Sys-
temically, an age-associated increase in oxidative stress via 
measurement of plasma TBARS levels (indicative of oxygen rad-
ical-induced lipid peroxidation) could not be confirmed as well 
(data not shown).

Endothelial dysfunction can shift the endothelium towards a 
procoagulant phenotype. Endothelium of the aged (24 months) 
aorta did show a slightly lower gene expression level of the antico-
agulant protein TM as compared to 12-month-old endothelium, 
whereas the TM protein expression analysed via western blot was 
lower in 24-month- vs 10-week- and 12-month-old aorta extracts. 
Specifically in thoracic aorta sections, TM expression, however, 
was increased in 24-month- vs 10-week-old mice. This discrep-
ancy may lie in the fact that a larger aorta segment was used that 
included the abdominal aorta as well, for mRNA and protein 

(western blot) analysis. Stämpfli et al. (9) and Starr et al. (10) ob-
served a similar TM gene and protein expression between young 
and aged C57BL/6 mice, respectively. Only when the mice were 
exposed to another stressor (endotoxaemia), TM levels were lower 
in aged vs young mice (10) and resulted in a procoagulant en-
dothelial phenotype. This age-associated downregulation of TM 
expression and resulting decrease in plasma activated protein C 
levels explained the vulnerability of aged mice to acute endotoxae-
mia (10). One of the probable mediators responsible for the age-
associated suppression of TM during endotoxaemia is TNF-α 
(25-27). As we did observe a progressive increase in TNF-α mRNA 
levels with age in aorta extracts, it may explain the decrease of TM 
mRNA transcripts in 24- vs 12-month aortas. The expression of 
EPCR was previously investigated in the hindlimb arterial vessels 
of 10-week- and 24-month-old C57BL/6J mice (16), and in the 
present study the EPCR expression in the thoracic aorta was 
studied in these mice. Both studies showed no age-associated ef-
fect on EPCR expression in the different arterial vessels. These 
findings suggest no shift of the thoracic arterial endothelium to a 
procoagulant state with age.

 Age-associated endothelial dysfunction can induce a shift to-
wards a pro-inflammatory phenotype of the endothelium, which 
may lead to an increased gene expression of TNF-α and its targets 
(28-31). In this study, the endothelium shifted to a pro-inflamma-
tory state, as evidenced by an increased expression of the inflam-
matory marker TNF-α with age, concomitantly with the ex-
pression of several targets of TNF-α: the inflammatory marker 
VCAM-1, and the pro-oxidant enzymes Nox 4 and Xdh. Addition-
ally, protein levels of VCAM-1 in thoracic aorta sections were up-
regulated in 24-month- vs 10-week-old mice and resulted in a sig-
nificant release of sVCAM-1 with age. In addition, NF-κB signal-
ling can upregulate the endothelial expression of VCAM-1 (32). 
Therefore, the gene expression level of NF-κB was also analysed. 
Although NF-κB expression was not influenced by age (its activity 
was not measured), it is still possible that NF-κB is involved in the 
increased endothelial VCAM-1 expression with age. These find-
ings, however, conflict with the absent age-associated pro-inflam-
matory changes in the carotid artery of C57BL/6 mice, as evalu-
ated by Stämpfli et al. (9), which may be related to the different ex-
pression analysis (gene vs protein and/or different markers) and 
the difference in vascular anatomical location. Increased ex-
pression of VCAM-1, a cell adhesion molecule responsible for the 
adhesion and transmigration of neutrophils and monocytes into 
the vascular endothelium, would result in an enhanced presence of 
inflammatory cells in the aorta of aged mice. Neutrophils and 
monocytes secrete MPO, an enzyme responsible for the consump-
tion of NO and production of ROS that oxidise tetrahydrobiopter-
in, a cofactor necessary for eNOS activity (33). In a study by 
Walker et al. (34), impaired endothelial function in healthy 
middle-aged and older adults was related to higher neutrophil, eo-
sinophil and monocyte-based white blood cell count and was 
characterized by a reduced responsiveness to NO and increased 
MPO-associated reductions in tetrahydrobiopterin and NO bioa-
vailability. In a previous study, we observed an increase in the 
number of circulating monocytes and neutrophils with age in 
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What is known about this topic?
• The endothelial protein C receptor is a receptor for activated pro-

tein C (APC), which prevents thrombosis through its direct antico-
agulant activity, prevents apoptosis, increases the endothelial 
barrier function and limits inflammation.

• The plasma active protein C levels are unchanged by age in 
C57BL/6 mice.

• The expression of endothelial protein C receptor in the hindlimb 
arterial blood vessels of C57BL/6J mice is not influenced by age; 
however, in the descending thoracic aorta this has not been 
studied.

What does this paper add?
• Gene and protein expression of endothelial protein C receptor, tis-

sue factor and von Willebrand factor are not affected by ageing of 
the thoracic aorta in C57BL/6J mice.

• Vascular cell adhesion molecule 1 levels are enhanced in 
24-month- vs 10-week-old thoracic aorta sections.

• Ageing of the thoracic aorta is accompanied by a shift towards a 
pro-inflammatory state of the endothelium.

C57BL/6J mice (16). Additionally, the protein expression of MPO 
as assessed by western blotting in aorta was increased with age, 
and the aortas of 12- and 24-month-old mice expressed signifi-
cantly more F4/80, a macrophage marker, in comparison to 
10-week-old mice, thus supporting the published observations 
(34).

In conclusion, ageing of the thoracic aorta in C57BL/6J mice as 
indicated by an increase in the expression of the senescence 
marker p16INK4a was accompanied by hypertrophy of the SMCs, 
a small reduction in basal and ACh-mediated NO release, and a 
change towards a pro-inflammatory, but not to a procoagulant 
phenotype of the endothelium. As we have previously observed 
enhanced platelet numbers with age in C57BL/6J mice (16), the in-
creased risk for arterial thrombosis with age may relate more to in-
creased interactions between endothelial cell-attached leukocytes 
and platelets, than to a shift towards a procoagulant phenotype of 
the endothelium.
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