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Abstract

Endothelial senescence may contribute to the pathogenesis of age-related vascular disorders. 

Furthermore, chronic exposure to risk factors for cardiovascular disease (CVD) accelerates the 

effects of chronological aging by generating stress-dependent damages, including oxidative stress, 

therefore promoting stress-induced premature senescence. Our objective was to determine whether 

a chronic treatment with an antioxidant (N-acetyl-cystein, NAC) could delay senescence of 

endothelial cells (EC) isolated and cultured from arterial segments of patients with severe coronary 

artery disease. If EC were considered as one population (n = 26), chronic NAC treatment slightly 

shortened telomere attrition rate associated with senescence but did not significantly delay the 

onset of endothelial senescence. However, in a subgroup of NAC-treated EC (n = 15) cellular 

senescence was significantly delayed, NAC decreased lipid peroxidation (HNE), activated the 

catalytic subunit of telomerase (hTERT) and inhibited telomere attrition. In contrast, in another 

subgroup of EC (n = 11) characterized by initial short telomeres, no effect of NAC on HNE and 

high levels of DNA damages, the antioxidant was not beneficial on senescence, suggesting an 

irreversible stress-dependent damage. In conclusion, chronic exposure to NAC can delay 

senescence of diseased EC via hTERT activation and transient telomere stabilization, unless 

oxidative stress-associated cell damage has become irreversible.
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1. Introduction

The free radical theory of aging hypothesizes that the accumulation of oxidative damage is a 

central mediator of the aging process and age-related disorders (Harman, 1956; Humphries 

et al., 2006; Donato et al., 2007). At the cellular level, aging of healthy vascular endothelial 

cells (EC) leads to replicative senescence, a state of permanent growth arrest due to 

cumulative telomere attrition (Ben-Porath and Weinberg, 2005; Chen and Goligorsky, 2006). 

Oxidative stress associated with aging and risk factors for cardiovascular diseases (CVDs) 

(Csiszar et al., 2002) may induce DNA damage (Lorenz et al., 2001; von Zglinicki, 2002), 

accelerate reparative cell division, promote telomere instability and lead to premature stress-

induced senescence (SIS) (Kurz et al., 2004; Voghel et al., 2007). Excessive telomere 

shortening has been reported in circulating white blood cells from patients with various 

CVD (Jeanclos et al., 1998, 2000; Samani et al., 2001; Brouilette et al., 2003). Evidences for 

the potential impact of vascular cellular senescence on aging and age-related disorders are 

emerging: endothelial dysfunction and senescence measured in vivo in the animal model of 

metabolic syndrome/type 2 diabetes could be prevented by ebselen, a peroxinitrite scavenger 

(Brodsky et al., 2004). Furthermore, in vitro studies in healthy human umbilical vein EC and 

fibroblasts in culture showed that cellular senescence could be prevented when oxidative 

stress is controlled (Furumoto et al., 1998; Haendeler et al., 2003a,b; Wang et al., 2003; 

Bode-Böger et al., 2005). It is not known however, if such manipulations can delay stress-

induced senescence of EC isolated from patients exposed to risk factors for CVD (Voghel et 

al., 2007). EC from atherosclerotic patients are most likely damaged, and thus expected to 

respond differently from EC isolated from healthy donors.

The objective of the present study was to elucidate whether a chronic antioxidant treatment 

could reverse premature stress-induced senescence in EC isolated from patients with severe 

coronary artery disease (CAD). We demonstrate that chronic antioxidant treatment can only 

delay the appearance of EC senescence – via lessening of stress-induced senescence and 

telomerase-induced telomere stabilization – unless EC have undergone an irreversible ROS-

associated damage. This contrasts with previous reports showing that antioxidant 

significantly delays senescence in healthy cells exposed to an exogenous stress.

2. Experimental procedures

2.1. Clinical profile of the donors

Segments of human distal (close to the bifurcation) internal mammary artery (IMA, n = 26, 

Table 1) harvested with low electrocautery energy and excised with cold scissors, discarded 

during primary CABG were used in this study. This study was approved by our institutional 

ethical committee.

2.2. Isolation and culture of EC

Endothelial cells were isolated and cultured by an explant technique from segments of 

human IMA, as previously described (Voghel et al., 2007). Cells were incubated in 

Dubelcco’s modified Eagle medium (DMEM) supplemented with 10% foetal bovine serum, 

10% calf serum, 1% penicillin–streptomycin, 90 μg/ml sodium heparin salt (Sigma–
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Aldrich), 60 μg/ml EC growth supplement (Becton Dickinson), and 100 U/ml fungizone 

(Gibco), at 37 °C in a 95% air/5% CO2 incubator. Starting at passage 2, primary cells 

isolated from the same donor were divided into two lots and grown throughout the duration 

of the culture, in the presence or absence of the antioxidant N-acetyl-cystein (NAC) (10 μM) 

(Sigma). NAC was replaced every 2 days. At each passage, cells were collected for 

senescence-associated β galactosidase (SA-β-Gal), DNA (Southern blotting), RNA (real-

time RT-PCR) and protein (Western blotting) extraction and some cells were plated on 

coverslips for immunostaining. Before replating, cells were counted using a hemocytometer 

and population doubling levels (PDL) were calculated.

2.3. Senescence-associated β-galactosidase staining

SA-β-Gal was used as a marker of senescence (Dimri et al., 1995; Voghel et al., 2007).

2.4. Telomere length measurement

Endothelial cells were grown in 75 cm2 flasks at early and subsequent passages until 

senescence was reached, in the presence or absence of NAC. DNA was extracted from EC 

with a phenol/chloroform/isoamyl alcohol technique, and restriction fragments lengths 

(RFL) were quantified using a Southern blot technique (Zhang et al., 2000; Voghel et al., 

2007).

2.5. Immunofluorescence

Immunostaining was used to assess the expression and sub-cellular localization of 4-

hydroxy-nonenal (HNE) (rabbit polyclonal anti-HNE, 1:200, Alpha Diagnostics), p53 

(mouse monoclonal anti-p53, 1:200, Upstate), phospho H2AX (mouse monoclonal anti-

H2AX, 1:200, Upstate), ATM (rabbit polyclonal anti-ATM, 1:100, Santa Cruz), 

promyelocytic leukemia (PML) nuclear bodies (rabbit polyclonal anti-PML, 1:200, generous 

gift of Dr. G. Ferbeyre, University of Montreal, Canada) and hTERT (mouse monoclonal 

anti-hTERT, 1:200, Abcam) at different levels of senescence, in the presence or absence of 

NAC. DNA counterstaining was performed by incubating EC with propidium iodide (20 

μM, Molecular Probe) or TOPRO-3 (2 μM, Molecular Probes). Negative controls consisted 

in omitting the primary antibodies during the protocol. Cells were visualized using a 

confocal microscope (Zeiss LSM 510). Semi-quantitative analysis (LSM-510, Zeiss) was 

performed by measuring the HNE-fluorescence intensity in whole cells from four to five 

different pictures from the same coverslip. Quantification of the nuclear and cytosolic 

fluorescent signals obtained with H2AX, ATM, p53, PML was also performed. The ratio 

nucleus/cytosol was calculated and normalized by the number of cells. Values are expressed 

in arbitrary units of fluorescence (a.u.).

2.6. Telomerase activity

Real-time-TRAPassay was used to measure hTERT activity in hIMA EC (Ohuchida et al., 

2005). Serial dilutions (0.1 ng to 1000 pg) of HEK293 (Invitrogen) were used as standard 

curve. Real-time-TRAPassay was performed using 5 pmol of M2-TS forward primer (5′-
AATCCGTCGAGCAGAGTT-3′), 1.25 pmol of ACX reverse primer (5′-
GCGCGG(CTTACC)3CTAACC-3′) and EC nuclear or cytosolic proteins (20 ng) or serially 
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diluted HEK293 proteins. Nuclear and cytosolic proteins were extracted using a nuclear and 

cytoplasmic extraction kit (Pierce Biotechnology) in the presence of 10× protease inhibitor 

cocktail (Pierce Biotechnology). All samples were run in triplicate and either lysis buffer or 

heat-inactivated samples were used as a negative control. Enzymatic activity was reported 

using arbitrary units: one unit is equivalent to the activity of 1 ng of HEK293. Telomerase 

activity was quantified at low senescence in the presence or absence of NAC, and the 

average values are presented (Fig. 7). The detection limit of endogenous hTERT activity was 

estimated to be the background value of hTERT activity in samples with only lysis buffer.

2.7. Real-time RT-PCR

Total RNA was isolated using a RNeasy kit (Qiagen) at early and subsequent passages until 

senescence was reached, in the presence and absence of NAC. Real-time PCR was carried 

out on diluted RT products using the DNA-binding dye SYBR Green I for the detection of 

PCR products (Mx3005P system, Stratagene) according to the manufacturer’s instruction. 

Serial dilutions (100 ng to 1 pg) of human aortic EC (hAoEC) (Cambrex) total RNA were 

used as standard. The following primers designed by primer express (Version 2.0) were used 

in order to quantify gene expression of Caveolin-1 and ATM:

Primer (5′–3′) Forward (5′–3′) Reverse

GAPDH TGAAGGTCGGAGTCAACGGA CATTGATGACAAGCTTCCCG

Caveolin-1 GCTGAGCGAGAAGCAAGTGT TGGTGAAGCTGGCCTTCCAA

ATM GGCAGCTGATATTCGGAGGA CATCTTGGTCACGACGATAC

mRNA levels in each sample were calculated relative to GAPDH which did not vary with 

senescence or NAC treatment.

2.8. Statistical analysis of the data

Data are presented as mean ± S.E.M. for continuous variables, with n indicating the number 

of patients. Unpaired t-tests and χ2 tests were used to study the clinical profile of EC donors 

(Tables 1 and 2).

Two-tailed paired t-tests were used to compare NAC-treated and matched–control untreated 

cells. Unpaired t-tests were used to compare data in EC responding positively or not to the 

antioxidant treatment. The significance level was fixed to p < 0.05. EC were considered as 

positive responders if the time to reach 50% of senescence was greater than in matched–

control untreated cells. In order to predict whether risk factors for CVD could have an 

impact on the response to NAC (dependent dichotomic variable), we used logistic regression 

models. Only univariate analyses could be performed because of the small n (26 patients: 11 

with negative response and 15 with positive).
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3. Results

3.1. Effect of a chronic treatment with an antioxidant on cell senescence

While cells were serially passaged, in the presence or absence of NAC, the first parameter 

routinely available was the level of senescence. Thus, it rapidly appeared that EC from 

different donors responded differently to the chronic treatment with the antioxidant.

When all EC are considered, NAC did not significantly affect the onset of senescence: the 

number of days needed to reach 50% of positive β-Gal cells was similar in NAC-treated 

cells (124 ± 9 days) and in their matched–control cells (115 ± 6 days) (n = 26, p = 0.0789, 

paired t-test). NAC also did not improve the replication potential of the cells (cumulative 

PDL in NAC-treated cells 13.7 ± 1.3 versus 13.4 ± 1.2 in untreated cells, p = 0.6686). 

Similarly, final telomere length only tended to be higher in NAC-treated cells (9.4 ± 0.2 kbp) 

compared to their control cells (9.1 ± 0.2 kbp, p = 0.1090), while initial telomere length was 

not different between NAC-treated (9.4 ± 0.2 kbp) and untreated cells (9.7 ± 0.2 kbp, p = 

0.0951). Globally, however, NAC-lowered telomere attrition observed in control untreated 

EC; NAC significantly reduced the telomere (RFL) shortening rate (ΔRFL by replication) 

associated with senescence, decreasing from −56.6 ± 14.0 bp/PDL in untreated EC to +3.3 

± 19.7 bp/PDL in NAC-treated cells ( p = 0.0277).

Because NAC clearly had opposite effects on cell senescence depending on the donor, i.e. 
either had no effect (n = 11) or in contrast delayed significantly (n = 15) EC senescence, 

cells were split in two categories and analyzed separately. The parameter used to categorize 

the cells was the number of days to reach 50% of senescence, as it characterizes the 

senescence profile of a given cell culture and allows comparisons between the different 

donors (Voghel et al., 2007). For a given donor, if the number of days to reach 50% of 

senescence was higher in EC treated with NAC than in paired untreated EC, cells were 

considered in the “delayed senescence” group (Fig. 1C). In contrast, if NAC-treated EC 

reached 50% of senescence slightly faster or at a similar rate than their control, cells were 

classified in the “unaffected senescence” group (Fig. 1A). In the category where NAC did 

not affect senescence, the time to reach 50% of senescent EC slightly decreased from 115 

± 9 to 107 ± 7 days (p = 0.0132, n = 11), cell replication potential was not improved (Fig. 

1A) and senescence-associated changes in cell morphology were not restored (Fig. 1B). In 

contrast, in the group where NAC postponed the appearance of senescence, the time to reach 

50% of senescence increased from 116 ± 8 to 148 ± 17 days ( p = 0.0063, n = 15) (Fig. 1C) 

while cells underwent more cell divisions (increase in PDL at 50% of senescent EC; p = 

0.0334) and normal EC morphology was partially restored (Fig. 1D).

3.2. Effect of a chronic treatment with an antioxidant on telomere length

In untreated EC, RFL significantly decreased with senescence (Fig. 2). Most importantly, 

our results show that when NAC did not affect senescence, EC tended to have shorter ( p = 

0.0552) initial telomere length (8.9 ± 0.3 kbp, n = 11) than EC in which NAC postponed 

senescence (9.8 ± 0.3 kbp, n = 15) (Fig. 2A). This strongly suggests that a critical telomere 

length may exist, beneath which NAC no longer provides benefit, possibly reflecting an 

irreversible advanced state of cell damage. In EC where NAC-delayed senescence, chronic 
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antioxidant treatment prevented RFL-shortening associated with cellular senescence (from 

9.8 ± 0.3 to 9.8 ± 0.5 kpb, p = 0.9437, n = 15) (Fig. 2B). In EC where NAC-delayed 

senescence, in 7 out of 15 donors, NAC even increased telomere length, but the final average 

RFL of control and NAC-treated cells were not significantly different ( p = 0.0881) (Fig. 

2B). This can be explained by the large heterogeneity of telomere shortening/lengthening 

rate in the NAC-treated EC (−155 to +171 bp/PDL) and by the fact that we have taken into 

account only the initial and final RFL but not the intermediate telomere RFL. Our results 

therefore, cannot describe the complex telomeric dynamic in the presence of NAC but only 

provide a picture of the final consequence of NAC on telomere shortening.

When the distribution of long and short fragments of RFL are analyzed, it appears that in EC 

where NAC-delayed senescence, the percentage of RFL with long fragments increased. The 

opposite was observed in NAC-unaffected EC or untreated EC (Fig. 2 C–E).

3.3. Effect of a chronic treatment with an antioxidant on oxidative stress and DNA damage 
markers

In cells in which NAC-delayed senescence, the antioxidant significantly decreased the levels 

of lipid peroxidation, i.e. HNE expression (Fig. 3A and B), an index of oxidative stress, 

compared to their matched–control cells and to NAC-treated EC in the unaffected category.

Oxidative damages engender double-strand breaks, activate ATM and activated ATM is one 

of the mediators of histone H2AX phosphorylation (Tanaka et al., 2006a,b). Semi-

quantitative analysis shows that, at senescence, NAC-unaffected EC-displayed significant 

higher levels of both markers of DNA damage (Fig. 4). In addition, activated ATM and 

phosphorylated H2AX strongly positively correlate (Fig. 5). Although predominantly 

localized in the nucleus, ATM and phosphorylated H2AX were also observed in the 

cytoplasmic compartment as punctuate structures, likely reflecting an increase in the 

biosynthesis of these cell damage-induced proteins that can be mobilized to the nucleus.

Following cell stress, it has been reported that p53-dependent senescence is associated with 

a DNA damage/repair process in which PML bodies intervene (Moiseeva et al., 2006). Our 

results show that p53 strongly positively correlate with PML expression and that NAC 

significantly decreased nuclear expression of both PML and p53 (Fig. 6A–C). Interestingly, 

the PML bodies observed in senescent EC were large and exhibited similar nucleolar rim 

staining as reported in human primary senescent fibroblasts (Condamine et al., 2007), 

supporting the nucleolar targeting of PML during senescence.

Western blot and immunohistochemical staining of p53 and TRF2 revealed higher average 

levels of nuclear p53 and TRF2 protein expression in untreated cells in the category where 

NAC had no effect on senescence (data not shown). Although p53 and TRF2 are not direct 

markers of DNA damage, their accumulation reflects global cumulative cell damage and 

telomere instability.

3.4. Effect of a chronic treament with an antioxidant on molecular senescence markers

We previously reported that in EC isolated from human IMA from patients with severe 

CAD, caveolin-1 gene expression positively correlates with the lipid peroxidation index 
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HNE and that caveolin-1 gene expression predicts the onset of stress-induced senescence 

(Voghel et al., 2007). In contrast, ATM gene expression is a marker of DNA damage and 

rather reflects replicative senescence (Voghel et al., 2007). In EC treated chronically with the 

antioxidant, NAC abrogated the expression of caveolin-1 (mRNA level under the detection 

limit, n = 12) compared with untreated control EC (1.411 ± 0.416, p = 0.0281, n = 26). In 

contrast, the average expression of ATM increased from 0.530 ± 0.045 (n = 26) in untreated 

EC to 3.341 ± 0.969 (n = 12) in EC treated chronically with NAC ( p = 0.0001). These 

changes in gene expression were observed whether or not EC responded positively or not to 

NAC. These data suggest that in EC from coronary patients, senescence is mainly triggered 

by oxidative stress and can be partly delayed by an antioxidant treatment. However, because 

cells are not immortalized by NAC, DNA and cell damages still occur, leading eventually to 

senescence.

3.5. Effect of NAC on telomerase

Since NAC prevented telomere attrition in EC in which senescence was delayed, the effect 

of the antioxidant on hTERT activity and its sub-cellular localization were assessed. NAC 

triggered some hTERT translocation from the cytosol to the nucleus when senescence was 

delayed but not when senescence was unaffected (Fig. 7A and B). Telomerase activity in 

normal EC is extremely low and was therefore detected with the very sensitive real-time-

TRAP assay. Fig. 7C shows that, in EC partially rescued from senescence, NAC increased 

nuclear hTERT activity by ~95% (from 16.4 ± 2.7 a.u. in control cells to 31.9 ± 4.6 a.u. in 

NAC-treated cells, p = 0.0401, n = 5). Such increase in hTERT activity was not found in EC 

showing unaffected senescence (Fig. 7C, 16.0 ± 2.3 a.u. versus 17.9 ± 2.7 a.u., p = 0.6573, n 
= 5). Hence, the tendency for telomere elongation observed in EC in which NAC-delayed 

senescence could be at least partly due to telomerase translocation and activation.

4. Discussion

An abundant literature suggests that risk factors for CVD accelerate the normal aging 

process of the endothelium (Cooper et al., 1994; Cohen, 1995; Lakatta, 2002; Serrano and 

Andres, 2004; Chen and Goligorsky, 2006). We previously reported that in EC isolated and 

cultured from segments of IMA from atherosclerotic patients, the duration of exposure to 

risk factors for CVD is predictive of time to senescence in culture, independently of the age 

of the donor, and that in this context of high endogenous oxidative stress, senescence was 

stress-induced rather than replicative (Voghel et al., 2007). In the present study, we 

demonstrate that a chronic treatment with an antioxidant could only delay the onset of 

senescence in a subgroup of diseased EC.

In 58% (15/26) of EC chronically treated with NAC, the lipid peroxidation marker HNE 

decreased DNA and cellular damage markers decreased telomere length was maintained 

(and elongated in 7/15 patients), and thus senescence was significantly delayed. NAC is a 

source of sulfhydryl groups and is physiologically converted to metabolites that will 

stimulate glutathione synthesis, an important source of endogenous antioxidant. Thus, NAC 

is an indirect antioxidant agent by increasing intracellular glutathione, but it is also known as 

a direct scavenger of ROS (Zafarullah et al., 2003). Chronic treatment with NAC activated 
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and led to some translocation of the catalytic subunit of the telomerase from the cytosol to 

the nucleus. This effect might be responsible for the lack of telomere shortening and thus, 

delayed senescence. The role of this NAC-induced hTERT activation in the delay of 

senescence is in accordance with data collected in healthy human umbilical vein EC exposed 

to exogenous H2O2 (Haendeler et al., 2003a,b). Although the response to NAC cannot be 

linked with the clinical history of the patient, due to the low number, this is the first 

demonstration that human EC exposed for years to risk factors for CVD, a condition with no 

equivalent experimental model, can be partially rescued from senescence by an antioxidant. 

The beneficial effect remains modest, and restricted to a particular subgroup of patients, in 

contrast to what was previously reported in healthy EC exposed to an exogenous oxidative 

stress (Furumoto et al., 1998; Haendeler et al., 2003a,b; Bode-Böger et al., 2005).

We found indeed that hIMA EC from another subset of patients (11/26) did not benefit from 

a chronic NAC treatment: oxidative stress (HNE) was not reduced, DNA and cell damage 

markers accumulated, hTERT was neither translocated to the nucleus nor activated, 

telomeres did not elongate and senescence was not affected. This may suggest that the 

beneficial effect of NAC on senescence was hTERT-dependent, but the level of NAC-

induced hTERT activation remains low compared to HEK tumoral cells (data not shown), 

and NAC-treated cells eventually entered in senescence. Thus, it is unlikely that such modest 

increase in hTERT activity per se is sufficient to bypass EC damage and prolong cell 

survival. Indeed, EC that did not benefit from NAC treatment had shorter initial telomere 

and higher accumulation of DNA and cell damage markers such as H2AX, ATM, PML, p53 

and TRF2. This suggests that the beneficial effect of NAC on senescence of EC that have 

been exposed to risk factors for CVD in vivo is primarily dependent on a reduction of 

oxidative stress that will subsequently favor some hTERT activity. These changes should 

limit further cellular damage, reduce telomere attrition and delay temporarily the onset of 

senescence. One hypothesis for the lack of effect of NAC on HNE levels in unaffected–

treated cells is that in these particularly damaged EC, endogenous antioxidant capacities are 

extremely limited and that glutathione synthesis is not stimulated (Lapenna et al., 2004). 

Consequently, HNE levels are not decreased and senescence not delayed.

Telomerase enzymatic activity can be regulated at multiple levels, including hTERT 

transcription, alternative splicing, chaperon-mediated folding, phosphorylation and nuclear 

translocation. The major control mechanism of hTERT activity, however, seems to be the 

regulation of hTERT expression. Indeed, the hTERT promoter contains a binding site for 

transcription factors such as SP-1 and c-Myc, both activators of hTERT transcription and for 

Mad-1, an inhibitor of hTERT expression (Cong et al., 1999). Recent studies revealed that 

HNE can repress directly hTERT expression. Indeed, Pizzimenti et al. showed that HNE is 

able to inhibit c-Myc-binding complex and induce Mad-1 in human leukemic cell lines 

(Pizzimenti et al., 2006). Furthermore, HNE is also able to repress cyclin D2, a cell cycle 

regulatory protein (Pizzimenti et al., 1999). This could explain why EC unaffected by NAC 

and presenting higher levels of HNE exhibit no increase in hTERT activity. Another 

explanation for HNE-induced hTERT repression could be mediated by p53; HNE enhances 

p53 expression and this protein has the ability to inhibit the binding of SP-1 to the proximal 

promoter of hTERT and thus, repress hTERT activity (Stampfer et al., 2003; Shats et al., 

2004). In addition, Shats et al. found an atypical E2F site responsible for the repression of 
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hTERT as well as other cell cycle molecules such as cdc2 (Shats et al., 2004; Taylor et al., 

2001). This transcription factor can be activated via the p53–p21–pRb pathway and repress 

the endogenous expression of hTERT. As EC unaffected by NAC presented higher levels of 

p53 and HNE levels were unchanged by NAC, this could explain, at least in part, why NAC-

unaffected EC did not exhibit an increase in hTERT activity. In contrast, in the delayed 

group, NAC decreased both HNE and p53 proteins levels, in accordance with the increase in 

nuclear hTERT activity.

Since senescence can be triggered either by telomere instability (replicative senescence, 

ATM/p53–p21 pathway) or by multiple types of stresses including oxidative stress (SIS, 

caveolin/p53 pathway) (Voghel et al., 2007), we assessed which pathways were modified by 

the antioxidant by quantifying the genic expression of caveolin-1 and ATM. Caveolin-1, 

which is one of the principal protein of caveolae, invaginations enriched in cholesterol 

within the plasma membrane, is also known to increase in the presence of oxidative stress 

and to trigger senescence (Galbiati et al., 2001; Voghel et al., 2007). Our results show that 

caveolin-1 gene expression was abrogated in NAC-treated EC whether or not NAC delayed 

the onset of senescence. This strongly suggests that stress-induced senescence was lowered 

by the antioxidant. In contrast, we observed that the level of ATM gene expression, a protein 

acting as a controller of cellular responses to DNA damage (Pandita, 2002; Herbig et al., 

2004), increased in EC treated with NAC in all cells compared to their matched untreated 

EC. This suggests that even in the presence of NAC, DNA and cellular damage accumulate 

and trigger some replicative senescence (a schematic representation of the different 

pathways of senescence is summarized in Fig. 8).

In order to predict statistically the positive (delayed senescence) or negative (unaffected 

senescence) response of EC treated with NAC, we used logistic regression model. The only 

risk factor for CVD that significantly predicted the response to NAC is sex (Table 2): 

negative response to NAC was never observed in EC from female donors ( p = 0.0331). 

However, it could only reflect the larger proportion of male donors (n = 21) compared to 

female (n = 5). Neither age (p = 0.1842), BMI ( p = 0.8448), duration of exposure to CVD 

( p = 0.2807), dyslipidemia ( p = 0.4142), hypertension ( p = 0.8611), diabetes ( p = 0.3812), 

smoking ( p = 0.3938), nor LVEF ( p = 0.6812) could predict the response of EC to NAC 

treatment, clearly demonstrating the multifactorial origin of CAD. We previously showed, 

however, that in these EC isolated from coronary patients, long exposure to CVD and 

particularly to hypertension, lead to precocious senescence and low proliferation (Voghel et 

al., 2007).

In conclusion, our results show that chronic antioxidant treatment can delay stress-induced 

senescence of cultured EC isolated from patients with extensive CAD, partially by 

decreasing cellular and genic oxidative stress markers, by maintaining telomere length and 

by activating hTERT. There is no beneficial effect of NAC however, in EC that appear to 

have undergone an insurmountable damage possibly due to uncontrolled free radical 

production and lower endogenous antioxidant capacities.
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Fig. 1. 
Dual effect of chronic treatment with N-Acetyl-Cystein on the time course of senescence. 

Two populations of EC were isolated according to their response to NAC (10 μM) on 

senescence: time course of senescence was either unaffected (n = 11) (A and B) or delayed 

(n = 15) (C and D). Unaffected senescence was evidenced by a slightly shorter time needed 

to reach 50% of senescence (SA-β-Gal positive cells) ( *p < 0.05 compared to control 

untreated cells) with no change in the replication potential (A) or cell morphology (B). 

Delayed senescence was demonstrated by a longer time needed to reach 50% of β-Gal 

positive cells ( p < 0.05) and an increased replication potential (C) ( *p < 0.05 compared to 

control untreated cells) as well as an improvement in cell morphology (D).
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Fig. 2. 
Dual effect of chronic treatment with N-Acetyl-Cystein on telomere length. Telomere length 

(RFL, bp) was measured by Southern blot in control and NAC-treated cells, initially (initial 

passage) and when cells reached senescence (final passage). (A) In NAC-unaffected EC, 

RFL were not affected by the antioxidant. (B) In cells where NAC-delayed senescence, 

telomere shortening was prevented by NAC. Representative Southern blot and the 

distribution (%) of short (5–10 kbp), intermediate (10–15 kbp) and long (15–20 kb) 

telomeric fragments length are shown in control non-treated EC (C), NAC-treated unaffected 

EC (D) and NAC-delayed EC. (E) *p < 0.05 final passage vs. initial passage in control cells.
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Fig. 3. 
Modulation of oxidative stress by NAC. (A) Typical paired measurement (Control/NAC) of 

lipid peroxidation in fixed EC by HNE immunostaining in control and NAC-treated cells. 

(B) Average levels of HNE (intensity of fluorescence detected by immunofluorescent 

staining, a.u.) in control (n = 7–9) and NAC-treated (n = 11) EC. *p < 0.05 compared to 

untreated cells in the “delayed senescence” group. †p < 0.05 compared to NAC-treated cells 

in “unaffected senescence” group.
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Fig. 4. 
Modulation of DNA damage makers by NAC. Immunostaining of H2AX and ATM in NAC-

treated EC, at low passage (P4) (A) and at senescence (final P) (B), in cells in which 

senescence was either unaffected or delayed by the chronic antioxidant treatment. Bar 

graphs of H2AX (C) and ATM (D) staining of EC in the “delayed” group (n = 10) and in the 

“unaffected” group (n = 11). Data represent the ratio of nuclear/cytosolic fluorescent signal 

corrected by the number of cells. Bars = 20 μm. *p < 0.05 compared to EC at passage 4, in 

the “unaffected” or “delayed” category. †p < 0.05 compared to EC in the “unaffected” 

category.
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Fig. 5. 
Positive correlation between ATM and H2AX. Immunostaining of H2AX (red), ATM 

(green) and TOPRO-3 (nuclear staining in blue) in NAC-treated EC, at senescence (final P), 

in cells in which senescence was either unaffected or delayed by the chronic antioxidant 

treatment. H2AX and ATM positively correlate (n = 11). Data represent the ratio of nuclear/

cytosolic fluorescent signal corrected by the number of cells. Bars = 20 μm.
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Fig. 6. 
Modulation cellular damage makers by NAC. Immunostaining of PML bodies (red), p53 

(green) and TOPRO-3 (nuclear staining in blue) (A) in control senescent EC and in NAC-

treated EC in which senescence was delayed by the chronic antioxidant treatment. (B) Bar 

graphs of PML and p53 staining of EC (n = 14). (C) p53 and PML positively correlate. Data 

represent the ratio of nuclear/cytosolic fluorescent signal corrected by the number of cells. 

Bars = 20 μm. *p < 0.05 compared to control EC.
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Fig. 7. 
Modulation of hTERT by NAC. Confocal images of hTERT-immunostained cells in control 

and NAC-treated EC. Translocation of the enzyme from the cytosol to the nucleus was 

observed if the antioxidant delayed the appearance of senescence (B) but not if NAC did not 

affect the time course of senescence (A). Cytosolic and nuclear hTERT activity (a.u.) 

detected by real-time-TRAP assay, in control and NAC-treated cells (C) not affected (n = 5) 

or positively affected (n = 5) by NAC. The bar scale represents 10 μm. *p < 0.05 compared 

to control cells. †p < 0.05 compared to nuclear hTERT activity in NAC-treated cells from 

the “unaffected senescence” group.
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Fig. 8. 
Schematic representation of molecular pathways of senescence. In control untreated EC, 

p53-dependent stress-induced senescence (SIS) can be triggered either by ROS-dependent 

caveolin-1 activation, or by ROS-dependent accumulation of DNA damage. Replicative 

senescence is mainly triggered by excessive telomere shortening which is recognized as 

DNA damage as reflected by markers such as ATM/H2AX. When treated chronically with 

NAC, caveolin-1 expression was abolished in both the unaffected and the delayed 

senescence group. We showed however, that when the levels of HNE and p53, both 

suppressors of hTERT activity, are too high, hTERT is not activated, telomere shortening is 

not prevented, DNA damage accumulates and senescence is unaffected. In contrast, when 

HNE and p53 levels are lowered, NAC activated hTERT and this was associated with a delay 

in the onset of senescence. These EC however, still accumulate DNA damages associated 

with a loss of endogenous DNA repair mechanism and thus, finally, reach senescence.
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Table 1

Clinical profile of patients undergoing CABG (men (n = 21), women (n = 5))

Age (years) 60 ± 2

Age range (years) [39–80]

History of disease (years) 8 ± 2

History of disease range (years) [0.1–29]

BMI (kg/m2) 30 ± 1

Dyslipidemia 88% (22/25)

Hypertension 68% (17/25)

Diabetes 12% (3/26)

Nicotine use (active or recent ex-smokers) 85% (22/26)

Left ventricular ejection fraction (%) 50 ± 3%

Number of grafts 3 ± 0

Patients were treated with similar medications including aspirin, angiotensin-converting enzyme inhibitors, β-blockers, calcium channel blockers, 
statins and nitrates.
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Table 2

Clinical profile of EC donors according to the cellular response to the chronic treatment with the antioxidant 

NAC

Positive response to NAC (n = 15) Negative response to NAC (n = 11)

Sex 10/5 (men/women) 11/0 (men/women)*

Age (years) 63 ± 3 57 ± 3

History of disease (years) 9 ± 2 5 ± 3

BMI (kg/m2) 29 ± 2 30 ± 1

Dyslipidemia 93% (13/14) 82% (9/11)

Hypertension 67% (10/15) 70% (7/10)

Diabetes 13% (2/15) 27% (3/11)

Nicotine use 73% (11/15) 100% (11/11)

LVEF (%) 49 ± 3 52 ± 5

Number of grafts 3 ± 0 3 ± 0

*
p < 0.05 vs. positive response to NAC, χ2 test.
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