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Abstract

Age is a risk factor for cardiovascular disease, suggesting a causal relationship between age-related changes and vascular damage. Endothelial 

dysfunction is an early pathophysiological hallmark in the development of cardiovascular disease. Senescence, the cellular equivalent of aging, was 

proposed to be involved in endothelial dysfunction, but functional data showing a causal relationship are missing.

Endothelium-dependent vasodilation was measured in aortic rings ex vivo. We investigated aortas from aged C57Bl/6 mice (24–28 months), in 

which p16INK4a and p19ARF expression, markers of stress-induced senescence, were signi�cantly induced compared to young controls (4–6 months). 

To re�ect telomere shortening in human aging, we investigated aortas from telomerase de�cient (Terc−/−) mice of generation 3 (G3). Endothelium-

dependent vasodilation in aged wildtype and in Terc−/− G3 mice was impaired. A combination of the superoxide dismutase mimetic 1-Oxyl-2,2,6, 

6-tetramethyl-4-hydroxypiperidine (TEMPOL) and the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase inhibitor apocynin 

signi�cantly improved endothelium-dependent vasodilation in aged wildtype and Terc−/− G3 mice compared to untreated controls. We show 

that both, aging and senescence induced by telomere shortening, cause endothelial dysfunction that can be restored by antioxidants, indicating 

a role for oxidative stress. The observation that cellular senescence is a direct signalling event leading to endothelial dysfunction holds the 

potential to develop new targets for the prevention of cardiovascular disease.
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Cardiovascular disease is the most common cause of death in indus-

trialized countries and its occurrence shows a strong correlation 

with advanced age. Age-associated changes are accelerated in cardio-

vascular disease (1) and re�ect an increased risk for the progression 

of cardiovascular disease (2). However, age-associated changes occur 

in the absence of classical cardiovascular risk factors. The phenotype 

of the aged vasculature is characterized by functional changes and 

age-related atherosclerosis (3). Endothelial dysfunction is an impor-

tant element of the changes occurring in the vasculature with age (4). 

One of the hallmarks of endothelial dysfunction is the inability of 

the endothelium to induce an appropriate vasodilatory response due 

to insuf�cient nitric oxide (NO) bioavailability (5). This endothelial-

dependent vasodilation (EDD) can be measured and is an important 

research tool.

Cellular senescence is a phenotype of permanent and irreversible 

growth arrest and results in impaired cellular function and regenera-

tion (6–8). It is associated with a distinct expression pro�le depend-

ing on the pathway used to reach senescence. Cells become senescent 

by telomere attrition, which induces p53 and in turn p53’s main 

transactivational target p21CIP1/WAF1 (9). Senescence that occurs inde-

pendently of telomere shortening, for example via oxidative stress, 

leads to the induction of p16INK4a or p19ARF (10–12). Telomere short-

ening occurs with age in humans, mainly in arteries that are con-

stantly under abrasive pressure and in need of active replenishment 

from replicated endothelial cells (13). Increased p16INK4a expression 

was found in atherosclerotic plaques from human vessels (14) and 

p16INK4a expression can be induced in cultured human endothelial 

cells (15). Cells from most mouse strains undergo senescence without 
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telomere shortening in presence of sustained telomerase expression, 

an enzyme inhibiting telomere attrition (16,17).

There is increasing evidence demonstrating that cellular senes-

cence plays a role in the development of atherosclerosis (18–22). 

Endothelial dysfunction has been, however, only indirectly linked to 

cellular senescence. In cultured human aortic endothelial cells, the 

inhibition of telomere function induced the expression of intercel-

lular adhesion molecule-1 and reduced endothelial NO synthase 

expression, features indicating dysfunction of endothelial cells (20). 

Although these �ndings raise the possibility that cellular senescence 

may be responsible for cardiovascular alterations, a direct functional 

link between the onset of cellular senescence and a decline in vascu-

lar function is missing.

Based on this observational data from cultured cells, we hypoth-

esized that there is a causal relationship between the presence of 

senescence and endothelial dysfunction. In order to provide func-

tional data, we investigated EDD in freshly isolated aortic rings from 

wildtype (WT) and telomerase de�cient (Terc−/−) mice. Since it had 

been shown for other cell types that senescence creates a microen-

vironment characterized by an increase in reactive oxygen species 

(ROS) (23–27), we also tested whether the senescence-mediated 

functional impairment of the endothelium was caused by the induc-

tion of oxidative stress.

Materials and Methods

Animals

Young (3–4-months old) and aged (24–28-months old) C57Bl/6 mice 

(referred to as young and aged wildtype, WT) were purchased from 

Janvier animal facility (Janvier SAS, St Berthevin Cedex, France). 

Heterozygote telomerase-de�cient mice (Terc+/−) mice on a C57Bl/6 

background were purchased from Jackson Laboratories (Bar 

Harbor, ME) and bred as previously described (28). We observed sig-

ni�cantly shorter telomeres (see Supplementary Figure 2) already in 

homozygote Terc−/− mice of the third generation (G3). We therefore 

used Terc−/− G3 mice (8–10-months old) and age-matched Terc−/− G1 

and Terc+/+ littermates for our experiments. All mice were housed in 

a day–night rhythm of 12 hours and had access to food and water ad 

libitum. To remove aortas and lungs, the animals were anesthetized 

using iso�urane (Baxter, Unterschleissheim, Germany) and eutha-

nized thereafter. All procedures were performed in accordance with 

institutional guidelines for animal research and were approved by 

the local government authorities.

Isolation of Primary Endothelial Cells From 

Mouse Lungs

Primary endothelial cells were isolated from mouse lung tissue as 

described (29) with some modi�cations to allow for a suf�cient 

cell quantity. Lungs were harvested and placed into ice-cold Hanks 

Balance Salt Solution (with Ca2+/Mg2+
,
 Gibco, Life Technologies, 

Darmstadt, Germany). Lungs were cleared from connective tis-

sue and then minced into smaller pieces. The tissue was trans-

ferred into Hanks Balance Salt Solution (without Ca2+/Mg2+, 

Gibco, Life Technologies), strained through a 40-μM mesh (BD 

Biosciences, Heidelberg, Germany), and digested with Dispase 

II (Roche, Mannheim, Germany) solution at 37°C for 1 hour. 

After homogenization the suspension was passed through 70-μM 

mesh (BD Biosciences) into DMEM/F-12 medium (Gibco, Life 

Technologies) supplemented with 10% fetal bovine serum (FBS, 

PromoCell, Heidelberg, Germany) to stop the digestion of the tis-

sue suspension. The tissue suspension was mixed with Dynabeads 

(Invitrogen, Oslo, Norway) that were precoated with a secondary  

rat-anti-mouse CD144 antibody (BD Biosciences) and incubated for 

30 minutes. Bound endothelial cells were collected by magnetic sepa-

ration and resuspended in mouse endothelial medium (20% fetal 

bovine serum; endothelial cell medium, PromoCell). Endothelial 

cells from the lungs of two to four mice were pooled into one culture 

�ask. Cells were allowed to grow for 3 days till con�uence before 

�rst passage. First passage cells of mouse lung endothelial cells were 

used for the experiments.

Ex Vivo Aortic Ring Method

EDD and endothelium-independent vasodilation were determined 

ex vivo in isolated aortic rings using an FMI tissue organ bath (FMI; 

Föhr Medical Instrument, Seeheim, Germany). The descending tho-

racic aorta was carefully removed from the anesthetized animal 

and placed in cold (4°C) oxygenized Krebs–Henseleit physiological 

buffer (composition in mmol/L: NaCl 118; KCl 4.69; CaCl
2
 2.5; 

MgSO
4
 1.2; NaHCO

3
 25; KH

2
PO

4
 1.18; D-Glucose 5.6) at pH 

7.4. The aortic vessel was carefully cleared of periadventitial fat 

under a preparation microscope (Stemi2000, Carl Zeiss, Göttingen, 

Germany) and cut transversely into 3–5-mm-long rings. The rings 

were mounted onto two parallel tungsten hooks in an organ bath 

chamber (IOA-5303, FMI) �lled with Krebs–Henseleit buffer at 

37°C. The isometric tension between the rings was measured by 

transducers (TMI-1020, 1030, FMI) and recorded on computer 

using software Bemon (FMI). All rings were equilibrated at a resting 

tension of 2.0 g for 1 hour. The muscular integrity and contractility 

of the rings were checked with repeated application of 50-mM KCl 

followed by washing with Krebs buffer till rings reach their resting 

tension.

EDD was measured by adding acetylcholine (ACh, Sigma-Aldrich, 

Steinheim, Germany) in increasing concentrations (10−9–10−6 M) to 

previously preconstricted aortic rings. A stable preconstriction pla-

teau was reached with phenylephrine (PE; Sigma-Aldrich) at 0.6 μM 

in young WT and TERC−/− mice and at 0.2 μM in aged WT mice, 

respectively. EDD was determined in all groups using ACh in pres-

ence or absence of NG-nitro-L-arginine methyl ester (L-NAME, 

Sigma-Aldrich; 10 μM, 30 minutes), superoxide dismutase mimetic 

1-Oxyl-2,2,6,6-tetramethyl-4-hydroxypiperidine (TEMPOL; Sigma-

Aldrich, 1 mM, 45 minutes) either alone or in combination with 

NADPH oxidase inhibitor apocynin (Sigma-Aldrich, 0.1 mM, 45 

minutes). To study the effect of oxidative stress, aortic rings were 

incubated with L-buthionine-sulfoximine (BSO; Sigma-Aldrich, 1 

mM, 90 minutes) followed by hydrogen peroxide (H
2
O

2
; Sigma-

Aldrich, 1 µM, 30 minutes). Endothelium-independent responses for 

all groups were studied by providing glycerol nitrate (Nitrolingual 

infus, Phol Boskamp, Germany) in increasing concentrations (10−10–

10−5 M) as an external source of NO.

Telomere Length Measurement by Fluorescence In 

Situ Hybridization

Fluorescence in situ hybridization was performed on both nuclear 

preparations from isolated primary endothelial cells from mouse 

lungs and from paraf�n sections of mouse aortas. To arrest cells 

in metaphase, isolated endothelial cells were treated with colce-

mid (Sigma-Aldrich, 10 ng/mL). Cells were harvested by trypsiniza-

tion, resuspended in 75-mM KCl, and �xed in methanol/acetic acid 
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(3:1). Nuclear preparations were then spread on a glass slide and 

air-dried overnight before exposed to telomere probes. Paraf�n sec-

tions of mouse aortas were deparaf�nized, �xed in 4% formalde-

hyde (Carl-Roth, Karlsruhe, Germany) and enzymatically digested 

with pepsin (Sigma-Aldrich). After washing steps with phosphate 

buffered saline (Dulbecco PBS, Biochrom, Berlin, Germany) and a 

second �xation step in 4% formaldehyde, sections were dehydrated 

and air-dried.

Air-dried nuclear preparations and tissue sections were cov-

ered with hybridization mix containing a Cy3-conjugated, peptide 

nucleic acid (PNA) probe (Eurogentech, Seraing, Belgium) to detect 

telomeric sequences as previously described (28,30). Brie�y, samples 

were denatured at 85°C for 3.5 minutes, followed by 2-hours incu-

bation in a humidi�ed chamber at 37°C in the dark. Slides were 

then washed twice with formamide-Tris-HCl buffer, pH 7.2, supple-

mented with 0.1% bovine serum albumin, and washed three times 

with TBS-T buffer (Tris-HCl, pH 7.2, 0.1% Tween). Sections were 

dehydrated, air-dried and mounted with mounting medium contain-

ing 4’, 6-diamidino-2-phenylindole (DAPI; Carl-Roth) to counter-

stain nuclei. To avoid experimental variation and probe bleaching, 

we always probed a complete set of samples. Z-stacked images from 

stained nuclei were taken by �uorescence microscope (Axio observer 

Z1, Zeiss, Jena, Germany) with 100× objective. The mean telomere 

�uorescence intensity of each individual endothelial cell was ana-

lysed by T�-Telo V2 (Peter Lansdorp, Terry Fox Laboratory, British 

Columbia Research Centre, Vancouver, Canada). We included nuclei 

from cells arrested in metaphase and interphase in the analysis. 

Measurements were performed in at least 30 nuclei per sample. For 

cultured cells, we analysed a minimum of eight mice per group from 

two different experiments; for paraf�n sections at least three mice 

per group were included.

Amplex Red Staining

A �uorometric-based horseradish peroxidase assay kit (Molecular 

probes, OR) was used to detect the production of hydrogen perox-

ide (31). Brie�y, 3–4-mm freshly isolated aortic rings were carefully 

dissected on ice-cold modi�ed Krebs-HEPES buffer (composition 

in mmol/L: NaCl 118; KCl 4; CaCl
2
 2.5; MgSO

4
 1.18; NaHCO

3
 

24.9; KH
2
PO

4
 1.18; D-Glucose 11; EDTA 0.03; HEPES 20) under 

the preparation microscope, treated with chelex 100 (Sigma-Aldrich) 

5 g/100 mL for 2 hour and adjusted to pH 7.4. The rings were lon-

gitudinally cut and opened to expose the endothelial layer followed 

by incubation with amplex red reagent (100 μM) and horseradish 

peroxidase (1 U/mL) at 37°C for 1 hour. Fluorescence was then 

measured with a microplate reader (Glomax multidetection system, 

Promega, CA) using excitation at 530 nm and �uorescence detection 

at 590 nm. Background �uorescence, determined as control without 

sample, was subtracted from each value.

Dihydroethidium Staining

Vascular superoxide levels were detected by dihydroethidium (DHE) 

staining on un�xed frozen sections as previously described (32,33). 

Freshly isolated aortas were carefully dissected in chelex-100–

treated modi�ed Krebs-HEPES buffer pH 7.4 and cleaned of connec-

tive tissue. Aortic segments were cut transversely and embedded in 

cyroembedding medium (Tissue Tek O.C.T. compound; Dako, CA), 

frozen in liquid nitrogen and stored at −80°C until used. 10-μm sec-

tions were brought to 37°C and equilibrated with prewarmed PBS 

to pH 7.4. Freshly prepared DHE (2 μM; Molecular probes) was 

applied and incubated for 30 minutes at 37°C protected from light. 

Control samples were similarly treated with PBS without DHE. After 

incubation, the vessels were gently washed with PBS. To study the 

effect of antioxidants, 0.1-mM apocynin and 1-mM TEMPOL were 

applied to slides for 45 minutes, prior to application of DHE. DHE 

is a lipophilic cell-permeable dye that is rapidly oxidized to ethidium 

in the presence of free radical superoxide, which can be detected 

using �uorescence microscopy. 3–4 entire visual �elds of stained aor-

tic tissues were captured with 200× magini�cation, and mean inten-

sity of red-stained area was analyzed using ImageJ software (NIH, 

Bethesda, MD).

Immunohistochemistry and Immunofluorescence

Paraf�n-embedded sections (3  μm) were deparaf�nized and rehy-

drated. Antigen retrieval was performed at 125°C for 5 minutes in 

10-mM citric acid buffer pH 6.0/0.05% Tween-20 using Dako pres-

sure cooker (Dako). After incubation in blocking solution (5% non-

fat milk prepared in PBS-0.05% Tween 20) for 1 hour, sections were 

incubated with anti-p21CIP1/WAF1 antibody (1:250; Santacruz, TX) for 

1 hr. After washing (PBS-0.05% Tween-20) the sections were incu-

bated with for 30 minutes with a monoclonal anti-rabbit secondary 

antibody (Envision, Dako). Staining was visualized using Envision 

liquid DAB-substrate chromogen system (Dako).

For immuno�uorescence studies involving vWF/γH2AX cos-

taining, primary antibodies von Willebrand Factor (vWF) (1:350; 

Santacruz) and yH2AX (1:250, Millipore JBW301) were mixed 

in blocking solution and incubated overnight at 4°C. Cells were 

then incubated with a mix of secondary antibodies, anti-mouse 

alexa 555 (1:500; Life technologies, OR) and anti-rabbit alexa 

488 (1:500; Life technologies), prepared in blocking solution 

for 1 hour. Nuclei were counterstained with 4,6-Diamidino-2-

Phenylindole (DAPI). The images of endothelial cells were taken 

at 1,000× magni�cation. vWF- positive endothelial cells containing 

more than 4 γH2AX foci per nucleus were regarded as senescent. 

Costaining with Ki67 as previously described (8,34) was omitted 

in favor of vWF costaining as prior analysis using Ki67 immuno-

histochemistry in the respective sections had revealed the absence 

of proliferating endothelial cells.

p67phox Western Blot

Whole aortic tissue lysate was prepared in RIPA buffer (50-mM 

Tris-Cl pH 8.0, 150-mM NaCl, 1% NP-40, 0.5% deoxycholic acid, 

0.1% SDS, 1-mM NaVO
3
, 1-mM DTT, 1-mM phenylmethylsulfonyl 

�uoride) containing protease inhibitor tablets (Roche, Indianapolis, 

IN). Eighty to hundred micrograms of protein was loaded on 10% 

SDS polyacrylamide gels and were transferred to polyvinylidene dif-

luoride membrane. The membrane was blocked with 5% milk in 

TBS-0.05% Tween-20 and incubated overnight at 4°C in anti-p67phox 

(1:1,000; Santacruz) diluted in blocking solution. Postincubation, 

the membrane was incubated in horseradish peroxidase–conjugated 

secondary anti-rabbit antibody (1:10,000) and the signal was visual-

ized on x-ray �lms (Amersham, Buckinghamshire, UK) by exposing 

them to enhanced chemiluminescent horseradish peroxidase sub-

strate (Amersham). The signals were normalized against housekeep-

ing gene β-actin (Abcam, Cambrige, UK). Densitometric analysis of 

bands was performed by ImageJ.

Quantitative Real-Time Polymerase Chain 

Reaction (PCR)

Total RNA from total aortic tissues was isolated using RNeasy 

mini kit (Cat # 74104, Qiagen, Hilden, Germany). The RNA 
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was measured using Nanodrop photometer (PeQlab, Erlangen, 

Germany) at 260 and 280 nm to determine the concentration 

and purity of the sample. The samples were stored at −80°C until 

used. cDNA synthesis was carried out using Moloney murine leu-

kemia virus reverse transcriptase (M-MLV RT, Life Technologies) 

and random hexamer primers (Life Technologies). For �nal reac-

tion 1 μg of previously puri�ed, high quality total RNA was used. 

After reverse transcription, real-time reaction was performed in an 

ABI7900 Real Time PCR cycler (Life Technologies) using the fol-

lowing intron-spanning primers and probes: p16INK4a forward 5′-

GGG CAC TGC TGG AAG CC-3′, p16INK4a reverse 5′-AAC GTT 

GCC CAT CAT CAT C-3′, and p16INK4a probe 5′-CCG AAC TCT 

TTC GGT CGT A-3’; p19ARF forward 5′-TCG TGA ACA TCT TGT 

TGA GGC TA-3′, p19ARF reverse 5′-GTT GCC CAT CAT CAT CAT 

CAC CTG-3′, and p19ARF probe 5′-CGG TGC GGC CCT CTT CTC 

AAG ATC 3′; hypoxanthine phosphoribosyltransferase (HPRT) for-

ward 5’-TGA CAC TGG TAA AAC AAT GCA AAC T-3′, HPRT 

reverse 5′- AAC AAA GTC TGG CCT GTA TCC AA-3′ and HPRT 

probe 5′-TCC ACC AGC AAG CTT GCA ACC TTA ACC-3′ were 

synthesized by Euro�ns MWG Operon, (Ebersberg, Germany) and 

universal mastermix was purchased from Life Technologies. Speci�c 

gene expression was normalised against mouse HPRT gene as previ-

ously described (28).

Statistical Analysis

Data were evaluated using IBM SPSS 21. Means among treatment 

groups were compared using analysis of variance. Concentration-

dependent vasodilation curves were analysed using the analysis of 

variance for repeated measurements. Data are given as means ± SEM.

Results

Aortas From Aged Mice Show Elevated Expression 

of Senescence Markers and show Rarefication of 

Endothelial Cells

We �rst addressed the question, whether there was an upregulation in 

senescence-associated gene expression in aortas from aged WT mice 

(24–28 months) when compared to young controls (4–6 months). In 

aortic lysates from aged animals, we detected increased p16INK4a and 

p19ARF mRNA expression (Figure 1A and B). On a single-cell level 

we found more p21CIP1/WAF1-positive and γH2AX-positive endothelial 

cells (Figure 1C and D), along with a decreased number of endothe-

lial cells (Figure 1E).

Endothelium-Dependent Dilation Is Reduced in 

Aged Mice

To investigate functional differences between young and aged mice, 

we tested their endothelium-dependent vasodilatory responses using 

an ex vivo aortic ring model. After preconstriction with phenyle-

phrine, aortic rings were subjected to increasing ACh concentrations 

to measure their EDD. Aortic rings from aged mice showed a signi�-

cantly decreased EDD compared with aortic rings from young mice 

(Figure 2A). To prove that this difference in vasodilation was really 

endothelium-dependent, we used glycerol nitrate as an external NO 

source. Aortic rings from aged mice dilated even better in presence 

of NO indicating that vascular smooth muscle cells are still func-

tionally intact (Figure 2B). However, L-NAME, which blocks NO 

synthesis, nearly completely abolished EDD seen in aortic rings of 

both young and aged mice (Figure 2C).

Figure 1. Expression of senescence markers in young and aged mice. (A) p16INK4a and (B) p19ARF mRNA expression in aortic tissue. (C) Number of p21CIP1/WAF1 

positive endothelial cells; representative staining. (D) γH2AX foci in endothelial cells from aortas of young and aged mice. Endothelial cells were identified by 

vWF expression, DAPI was used as a counterstain. (E) Number of endothelial cells lining the aortic vessel. Cells were counted in aortas stained for vWF, numbers 

are expressed per millimeter of aortic circumference.
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Antioxidant Treatment Improves EDD in Aged Mice

We next investigated the impact of oxidative stress on the observed 

endothelial dysfunction in aged mice. ROS levels were increased in 

aortas from aged mice. We measured signi�cantly elevated H
2
O

2
 

concentrations, increased protein levels of the NADPH oxidase 

subunit p67phox, and an increased O
2
− abundance in aged aortas 

(Figure 3A–C). To evaluate whether antioxidant treatment leads to 

an improvement of endothelial function, we incubated aortic rings 

from aged mice with a combination of the NADPH oxidase inhibi-

tor apocynin and the superoxide dismutase mimetic TEMPOL. The 

combination of both antioxidants signi�cantly lowered O
2

− abun-

dance (Figure 3C) and improved EDD in aortic rings of aged mice 

(Figure  3D). This improvement was NO-dependent as treatment 

with L-NAME completely blocked EDD (Figure 3E). Treatment of 

aortic rings with TEMPOL or apocynin alone did not improve EDD 

in our model (data not shown).

To further support the role of oxidative stress for the impairment 

of EDD, we incubated aortic rings from aged mice with a noncyto-

toxic combination of BSO and H
2
O

2
. EDD was signi�cantly reduced 

in BSO/H
2
O

2
-treated aortic rings as compared with untreated 

Figure 2. Effect of age on vasodilation. (A) Endothelium-dependent dilation (EDD) mediated by acetylcholine (ACh) in aortic rings from young (n = 8) and aged 

mice (n = 15). (B) Endothelium-independent dilation with glycerol nitrate as external source of nitric oxide (NO) (young: n = 7, aged: n = 6). (C) EDD in presence 

of L-NAME (young + L-NAME: n = 8, aged + L-NAME: n = 4); p-values indicate differences in presence/absence of L-NAME for the respective age group.

Figure 3. Antioxidants improve endothelium-dependent vasodilation (EDD) in aged mice. (A) H
2
O

2
 levels measured by Amplex Red fluorescence staining in aortic 

lysates. H
2
O

2
 levels are expressed as fold relative fluorescence units (RFU) of young aortas. (B) p67phox protein expression in relation to β-actin. (C) Dihydroethidium 

(DHE) staining in aorta sections from young and aged mice with/without preincubation of apocynin and TEMPOL (AT). (D) EDD in aortic rings from young and 

aged mice with/without preincubation of AT (aged + AT: n = 8). p-Value indicates the difference between AT-treated versus -untreated aortic rings from aged mice. 

(E) EDD in aortic rings from aged mice preincubated with/without AT in presence of L-NAME (aged + AT + L-NAME: n = 6). p-Values indicate difference between 

L-NAME-treated and -untreated groups with/without AT. (F) EDD in aortic rings from aged mice treated with BSO-H
2
O

2
 aortas with/without AT preincubation (BSO-

H
2
O

2
: n = 10, BSO-H

2
O

2
 + AT: n = 7). p-Values indicate differences between BSO-H

2
O

2
 treated and untreated or BSO-H

2
O

2
 + AT-treated aortic rings, respectively.

Journals of Gerontology: BIOLOGICAL SCIENCES, 2016, Vol. 71, No. 2 165

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/b
io

m
e
d
g
e
ro

n
to

lo
g
y
/a

rtic
le

/7
1
/2

/1
6
1
/2

6
0
5
6
1
1
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



controls (Figure 3F). Treatment with the combination of apocynin 

and TEMPOL was able to reverse the BSO/H
2
O

2
 treatment effect, 

and improved the vasodilatory response to a level comparable to 

aortic rings from young mice (Figure 3F).

Endothelial Cells From Terc−/− G3 Mice Display Short 

Telomeres and An Increase in Other Senescence 

Markers

Since WT mice possess long telomeres and express high telomerase 

activity, telomeres are maintained during aging (see Supplementary 

Figure 1). However, senescence through telomere shortening, as it 

occurs in human aging, can be studied in Terc−/− mice, which lack 

the RNA component of telomerase, and display signi�cant telomere 

attrition at later generations, that is G3.

To con�rm telomere shortening in endothelial cells of Terc−/− 

mice, telomere length was determined using telomere �uorescence 

in situ hybridization. Signi�cantly shorter telomeres were present in 

the endothelial layer of aortas from of Terc−/− G3 and G4 in situ 

(Figure  4A; con�rmation of the endothelial phenotype was done 

by vWF staining, see Supplementary Figure  2). This observation 

was con�rmed in primary endothelial cells derived from lungs of 

Terc−/− G3 (Supplementary Figure 3). As expected, telomere length 

in endothelial cells from �rst generation Terc−/− (G1) mice was only 

slightly, and not signi�cantly reduced compared to that of Terc+/+ 

mice (Figure 4A and Supplementary Figure 2).

Along with the occurrence of shorter telomeres, we found an 

increase in p21CIP1WAF1-positive and γH2AX-positive endothelial 

cells in Terc−/− G3 aortas (Figure 4B and C). In addition, markers 

of stress-induced senescence, p16INK4a and p19ARF, were increased in 

aortic lysates of Terc−/− G3 mice (Figure 4D and E). Different to the 

situation in aged WT mice (Figure 1E), the total number of endothe-

lial cells was not altered with higher generation (Supplementary 

Figure 4).

Endothelial Dysfunction in Presence of Critical Short 

Telomeres Is Rescued by Antioxidant Treatment

EDD of aortic rings from Terc−/−G3 mice exposed to gradual increas-

ing ACh concentrations was signi�cantly reduced when compared to 

Terc−/− G1 and Terc+/+ mice (Figure 5A). The vasodilatory response of 

aortic rings from Terc−/− G3 mice to glycerol nitrate as an external 

NO source was comparable to that of aortic rings from Terc+/+ mice 

indicating a true impairment in endothelial function in Terc−/− G3 

mice (Figure  5B). Treatment of aortic rings with the combination 

of antioxidants (apocynin and TEMPOL) signi�cantly lowered O
2

− 

abundance in Terc−/− G3 mice (Figure 5C) and completely reversed 

the impairment in endothelial function (Figure 5D).

The increase in oxidative stress was con�rmed by a greater 

amount of H
2
O

2
 in Terc−/− G3 aortas (Supplementary Figure  5A), 

whereas levels of the NADPH oxidase subunit p67phox were not 

altered (Supplementary Figure 5B).

Comparing the vasodilatory response from Terc−/− G3 mice to 

that of aged mice, it is obvious that both show an impaired EDD. 

However, the dose-response curve toward increasing ACh doses in 

aged mice (Figure 3D) is shifted to the right. Instead Terc−/− G3 mice 

display a decrease in their maximum dilation capacity (Figure 5A). 

This difference is also highlighted in Supplementary Table 1 depict-

ing maximum dilation and EC50 values.

Discussion

We show that the endothelial function is impaired in presence of 

aging and cellular senescence. Endothelial dysfunction was observed 

in both, aged WT and Terc−/− G3 mice, the later showing signi�-

cantly shortened telomeres. Incubation with antioxidants was able 

to restore endothelial function suggesting a role for oxidative stress 

in age-related and senescence-mediated endothelial dysfunction. 

Our data suggest that cellular senescence is an important early 

Figure 4. Effect of telomere shortening on the expression of other senescence markers. (A) Telomere length in endothelial cells of aortic rings from late generation 

Terc−/− mice (G3, G4) compared to G1 Terc−/− and Terc+/+ mice; representative fluorescence in situ hybridization (FISH). (B) p21CIP1/WAF1 positive endothelial cells; 

representative staining. (C) γH2AX-positive endothelial cells in aortas of Terc+/+, Terc−/− G1, and Terc−/− G3 mice (D) p16INK4a and (E) p19ARF mRNA expression.
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mechanistic cornerstone of vascular degeneration that occurs as part 

of human aging.

We could demonstrate that there is a strong association between 

the presence of stress-induced cellular senescence and impaired 

endothelial function. Aged mouse aortas displayed an increased 

expression of senescence markers p16INK4a and p19ARF, proteins 

involved in stress-induced senescence (10,11). The increased number 

of p21CIP1/WAF1-positive endothelial cells in aged aortas is in line with 

previous observations, which demonstrated that p21CIP1WAF1 was 

induced by oxidative stress in endothelial cells via ataxia telangi-

ectasia mutated protein (35). In addition, we found an increase in 

DNA damage foci containing activated H2AX (γH2AX) in endothe-

lial cells, which is regarded as a reliable indicator of senescence 

(8,36). Activation of a DNA damage response either at uncapped 

telomeres or at persistent DNA strand breaks especially in telomeric 

regions due to exogenous stressors is considered a major trigger for 

cell senescence (37–39). Similar to what has been shown in older 

human subjects (4), aged mouse aortas showed a signi�cant reduc-

tion in EDD. We thereby extend previous �ndings of impaired EDD 

in older mice and rats (40–42) by connecting this functional decline 

to the presence of senescent endothelial cells. As demonstrated by 

the reduction in L-NAME-sensitive EDD, endothelial dysfunction in 

aged mice can be explained by the increase in ROS, and, as a conse-

quence, reduced NO bioavailability.

We demonstrate a causal relationship between telomere short-

ening that also occurs in human aging and impaired endothelial 

function in Terc−/− mice. Aortic endothelial cells of late generation 

Terc−/− mice with short telomeres also displayed increased expres-

sion of other senescence markers. Short, dysfunctional telomeres via 

ataxia telangiectasia mutated signals lead to upregulation of p21CIP1/

WAF1 (43). The elevated ROS levels found in Terc−/− G3 mice might 

explain that also markers of stress-induced senescence increased and 

suggest a feedback-loop between telomere dysfunction, oxidative 

stress, and stress-induced senescence (44). Late-generation Terc−/− 

mice with critically short telomeres have been used to model for tel-

omere attrition–dependent human aging (45–47). This mouse strain 

already served to study myocardial function (46,47) and decreased 

angiogenesis (48). Our focus has been on vascular physiology and 

we provide functional evidence for endothelial impairment in this 

mouse strain overcoming the limitations of pure cell culture studies 

(20). Aortic rings from Terc−/− G1 mice, which do not express the 

RNA component (Terc) of telomerase and still have long telomeres, 

showed no impairment in endothelial function. This observation 

ruled out the possibility that a loss of telomerase expression per se 

Figure 5. Effect of telomere attrition on ROS levels and vasodilation. (A) Endothelium-dependent vasodilation (EDD) in aortic rings from Terc−/− G3 mice (n = 14) 

compared to Terc−/− G1 (n = 8) and Terc+/+ mice (n = 17). p-Value indicates the difference between Terc−/− G3 and Terc+/+ mice. (B) Endothelial-independent dilation 

with glycerol nitrate as external nitric oxide (NO) source (Terc−/−G3:n = 6, Terc−/−G1: n = 8, Terc+/+: n = 8). (C) EDD in aortic rings from Terc−/− G3 mice with or without 

preincubation of AT (Terc−/−G3+AT: n = 4) compared to aortic rings from Terc+/+ mice. p-Value indicates difference between AT-treated and -untreated Terc−/− G3 

mice. (D) O
2

− levels, detected by DHE, in aortic rings from Terc−/− G3 mice with or without preincubation of apocynin and TEMPOL (AT).
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or loss of previously reported telomere-independent, noncanonical 

functions of telomerase (49,50) result in endothelial dysfunction. 

In contrast to the model used by Poch and colleagues that found a 

protection from atherosclerosis in ApoE−/− mice with short telom-

eres (51) due to a already described reduction in the in�ammatory 

response in presence of the immunosenescent phenotype of Terc−/− 

mice (52–55), our observations re�ect a very early phase in the 

development of atherosclerosis, during which immunosenescence 

does not seem to be protective.

The incubation with antioxidants in aged WT and Terc−/− G3 

mice restored vasodilatory function and highlights the functional 

link between the presence of senescence and oxidative stress. In fact, 

vasodilatory function is restored immediately with no need of longer 

incubation times as shown by others (56,57), but also without res-

toration of the senescence phenotype. Our results therefore con�rm 

in vitro data showing that senescence is not only induced by, but 

also causes an increase in oxidative stress. Senescent cells activate 

downstream signalling pathways that trigger the production and 

release of ROS thereby creating a microenvironment characterized 

by increased oxidative stress (58). In human diploid �broblasts, it 

has been shown that p16INK4a expression causes increased ROS gen-

eration via PKCδ activation (27). Telomere attrition can cause ROS 

production by induction of p21CIP1/WAF1 expression in human lung 

and mouse embryonic �broblasts and in intestinal crypts of Terc−/− 

G4 mice (23). Passos and colleagues suggest a positive feedback 

loop between p21CIP1/WAF1 and reactive oxygen production being 

necessary for the induction and maintenance of senescence (23).

Data derived from Terc−/− mice are instructive to better under-

stand aging in humans and are thereby used to model human aging 

in our experimental design (45–47). It was therefore interesting 

to �nd differences between aortas from aged and Terc−/− G3 mice. 

Whereas aortas from aged mice needed higher ACh doses to reach 

dilatory responses similar to aortas from younger animals, Terc−/− G3 

mice never reached the same vasodilatory response when compared 

to their respective counterparts. Together with our �nding of less 

shedding of endothelial cells in Terc−/− G3 mice, one could speculate 

that the detected functional differences are due to a higher number 

of resident senescent endothelial cells in Terc−/− G3 mice creating a 

microenvironment that inhibits vasodilation.

In summary, we provide functional evidence that goes beyond 

available in vitro data showing endothelial impairment in the pres-

ence of senescent endothelial cells. Our results suggest that oxida-

tive stress is the mediator of this senescence-induced endothelial 

dysfunction. Even though vascular aging is a complex process and 

it is dif�cult to re�ect its complexity in model systems, we were able 

to identify cellular senescence pathways as important upstream sig-

nalling events for the development of endothelial dysfunction. This 

�nding holds the potential of identifying new targets to prevent car-

diovascular disease.
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