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Chronic oxidative stress compromises telomere
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Summary

Replicative senescence and oxidative stress have beenfragment (TRF) analysis demonstrated faster telomere
implicated in ageing, endothelial dysfunction and shortening (110 versus 55 bp/population doubling) and the
atherosclerosis. Replicative senescence is determined appearance of distinct, long TRFs after more than 15-20
primarily by telomere integrity. In endothelial cells the  population doublings. Fluorescence in situ hybridisation
glutathione redox-cycle plays a predominant role in the analysis of metaphase spreads confirmed the presence of
detoxification of peroxides. The aim of this study was to increased telomere length heterogeneity, and ruled out
elucidate the role of the glutathione-dependent antioxidant telomeric end-to-end fusions as the source of the long TRFs.
system on the replicative capacity and telomere dynamics The latter was also confirmed by Bal31 digestion of
of cultured endothelial cells. Human umbilical vein genomic DNA. Similarly, upregulation of telomerase could
endothelial cells were serially passaged while exposed to not account for the appearance of long TRFs, as oxidative
regular treatment with 0.1 uM tert-butyl hydroperoxide, a  stress induced a rapid and sustained decrease in this
substrate of glutathione peroxidase, or 10uM L- activity. These findings demonstrate a key role for
buthionine-[S,R]-sulphoximine, an inhibitor of glutathione  glutathione-dependent redox homeostasis in the
synthesis. Both treatments induced intracellular oxidative preservation of telomere function in endothelial cells and
stress but had no cytotoxic or cytostatic effects. suggest that loss of telomere integrity is a major trigger for
Nonetheless, treated cultures entered senescencethe onset of premature senescence under mild chronic
prematurely (30 versus 46 population doublings), as oxidative stress.

determined by senescence-associated3-galactosidase

staining and a sharp decrease in cell density at confluence. Key words: Ageing, Endothelium, Oxidative stress, Glutathione,

In cultures subjected to oxidative stress terminal restriction  Telomere, Telomerase

Introduction selective changes in differentiated functions (Campisi, 1996).
Diseases of the vascular system have long been consideredffo the mechanistic level, replicative senescence has been
be age-related in terms of their onset and progression (Lakattaked to the erosion of telomeres (Campisi et al., 2001). These
and Levy, 2003). Ageing is associated with endotheliafre high order structures formed by specific DNA sequences
dysfunction (Celermajer et al., 1994; van der Loo et al., 200@nd a complex array of specialised proteins that cap and
Weinsaft and Edelberg, 2001), impaired angiogenesis (Rivagtabilise the physical ends of the chromosomes (Blackburn,
et al., 1999), defective vascular repair (Weinsaft and Edelberg001). In mammals, telomeric DNA consist of tandem
2001) and with an increasing prevalence of atherosclerosiexanucleotide repeats of the sequence TTAGGG, which
(Strong and McGill, 1962; Weingand et al., 1986). The reasorgxtend over several thousand base pairs (bp) in length and end
for these associations are still unclear, but it is plausible thém a G-rich single stranded-8verhang. Telomeres fold back
organismal ageing and vascular disease may share commanthemselves to form a loop known as the T-loop that provides
cellular mechanisms. One phenomenon that has bedunctional stability to the telomere, possibly by intercalating
increasingly implicated both in ageing and in the developmerihe single strand overhang into the double-stranded region of
of vascular pathologies is cellular replicative senescence. Thbke telomere with the aid of several specialised telomere-
replicative senescence hypothesis proposes that ageing in vikgdated proteins. Telomeric DNA is synthesised by a
is related to the limited replicative capacity that normal somatispecialised reverse transcriptase called telomerase (reviewed
cells show in vitro (Hayflick, 1965). Replicative senescencédy Collins and Mitchell, 2002), an enzyme whose expression
entails an irreversible arrest of cell proliferation along withlevels play an important role in determining the onset of
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replicative senescence (Bodnar et al., 1998). In the absencedekcribed (Kurz et al., 2000). The number of population doublings
telomerase or when this enzyme is expressed at very low leve(BP) was calculated using the formula PDf{umber of cells
DNA synthesis during cell division results in the progressivéarvested] 4n[number of cells seeded])lh2. To induce oxidative
shortening of telomeric DNA. This erosion eventually Stress, from the second passage onwards parallel cultures were grown
compromises telomere integrity, triggering senescence b EGM-2 lacking ascorbic acid and exposed at each passage to 0.1

- : M t-BHP or 10pM BSO. These compounds were added to the
actlyatlng DNA damage checkpoints that block further Celculture medium 48 hours after seeding and then every 2-3 days at the
replication (Smogorzewska and de Lange, 2002).

- . time of feeding. Pro-oxidant treatments were carried out on five
The progressive oxidative damage of macromoleculegjependent cultures (three times witBHP, two times with BSO)

resulting from the continual exposure of cellular componentgom two batches of genetically distinct single donor HUVEC, and
to oxidative stress is another process that has long be@Rless otherwise indicated results from one representative experiment
implicated in ageing and age-related pathologies (reviewed kyre shown.

Finkel and Holbrook, 2000). Interestingly, a substantial body
of evidence, mostly from work in fibroblasts, indicates that . | ..
oxidative stress can also induce or accelerate the developm r_’f"l‘b_'l_'ty assay _ o _

of replicative senescence (reviewed by Serrano and BlascaPility was assessed by flow cytometry using dual staining with
2001). This phenomenon has been collectively termed ‘stres éslie'n'AM and ethidium homodimer-1 (Molecular Probes, OR,

: \ X ) as previously described (Levesque et al., 1995).

induced premature senescence’ (Toussaint et al., 2000). Tn

some studies this early onset of senescence has been attributed

to accelerated telomere attrition (reviewed by von ZglinickiMeasurement of intracellular pro-oxidant capacity

2002), most probably resulting from the generation of singl&arly passage HUVEC were seeded into 96-well plates at a density
strand breaks in the telomeric DNA (Petersen et al., 1998pf 10* cells per well and grown in EGM-2 for 2 days. Then the cells
Other reports claim that stress-induced premature senescenege washed in Krebs-Ringer-Hepes (KRH) buffer (20 mM Hepes,
may not be related to telomere damage (Chen et al., 200445 mM NacCl, 1.8 mM Ca@| 5.4 mM KCI, 1 mM MgC4, 0.8 mM
Toussaint et al., 2002). It is not clear, however, whether thed¢ePQ, 5 mM glucose, pH 7.4) and incubated with 10/
differences are the result of the cell type under study, the ty chlorodihydrofluorescein diacetateBICF-DA; Molecular Probes)

ot : : 37°C for 30 minutes. After washing with KRH buffer, the cells were
and level of oxidative insult to which the cells were subjecteofl cubated at 37°C with 0IM t-BHP or 10uM BSO for 60 minutes
the degree of antioxidant protection Fhat the cells could exerf,” Cytofluor 4000 plate reader. The fluorescence 'of'-2
and/or to some other experimental differences. dichlorofluorescein (DCF), the oxidation product ofD€F, was
Human endothelial cells have been shown to be mMorgetected under an excitation wavelength of 485+10 nm and an
susceptible to oxidative stress than fibroblasts, which resultnission of 520+25 nm. Alternatively, after incubation wittDEF-
from substantial differences in the make-up of their antioxidanbA, cultures were washed with ice-cold PBS, resuspended by
defence mechanisms (Michiels et al., 1990). In endothelidtypsinization and analysed immediately using a FACScan flow
cells the g|utathione redox-cyde p|ays a predominant roleéytometer (Becton Dickinson, Oxford, UK). Data were acquired and

(Suttorp et al., 1986) and against homocysteine-induceﬂg”al was measured on the FL1 detector and relative intracellular
’ idant capacity was estimated using the median fluorescence

_OX|dat|ve stress in particular (Dayal et a}I., 2002). Therng(e am ensity of the population.
imbalance in this system may have important implications
for the onset of endothelial cell senescence in various
pathophysiological contexts related to vascular diseas€ell proliferation assay

including  hypercholesterolaemia,  diabetes  mellitusCell proliferation was determined using bromodeoxyuridine (BrdU)
hyperhomocysteinaemia and chronic inflammation. In thigabelling. Cultures were incubated under normal or pro-oxidant
study we demonstrated that long-term exposure of humagonditions with 1Qug/ml BrdU and after various time intervals fixed
endothelial cells to mild oxidative stress caused by perturbatidh ethanol. Labelled cells were identified by immunocytochemistry
of the glutathione redox-cycle results in accelerated telome$ing @ mouse monoclonal antibody directed against BrdU (clone

erosion, loss of telomeric integrity and the premature onset §208), a biotinylated F(Ajp fragment of rabbit anti-mouse
replicative senescence. immunoglobulin as the secondary reagent and streptavidin-

horseradish peroxidase with diaminobenzidine for visualisation (all
from DAKO, UK). Labelled cells were viewed with a Zeiss Axiovert
25 CFL inverted microscope and the percentage of positive cells was

Materials and Methods determined by counting at least 500 cells in each culture dish.

Materials
Human umbilical vein endothelial cells (HUVEC) and endothelial cell ) o )
growth medium 2 (EGM-2) were purchased from BiowhittakerCytochemical staining for SA-B-galactosidase
(Wokingham, UK). Tertbutyl hydroperoxide t{BHP) and L-  Cytochemical staining for senescence-associgieghlactosidase
buthionine-[S,R]-sulphoximine (BSO) were from Sigma. Stock(SA-B-gal) was performed as previously described (Kurz et al., 2000).
solutions oft-BHP and BSO were freshly made in water and diluted
in medium immediately before addition to the cultures. All other
reagents were from standard suppliers or as listed in the text. Telomere length assay
Genomic DNA was extracted at the end of each passage and digested

) overnight at 37°C witlHinfl and Rsd. Southern blot determination
Cell culture and pro-oxidant treatments of mean terminal restriction fragment (TRF) length was performed
First passage cryopreserved HUVEC were grown in EGM-2 andsing a biotinylated telomeric 51-mer oligonucleotide probe (BD
serially passaged until they reached senescence, as previou§liarmingen, UK) at a concentration of 6.5 ng/ml. Hybridisation was
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carried out at 65°C for 16 hours in hybridisation buffer (BD EDTA, 1 mM NaVOa, 1% NP-40, 5 mg/ml leupeptin, 1 mM PMSF)
Pharmingen) followed by three 5-minute washes wiklS8C/0.1%  for 30 minutes on ice. Following centrifugation at 14,@0for 30
SDS at 42°C, and then three 15-minute washes with®SIC/0.1% minutes at 4°C, 1.5%pB-mercaptoethanol was added to the
SDS at 42°C. Hybridisation signals were detected bysupernatant, carbonyl group side chains were derivatised and proteins
chemiluminescence and quantified by computer-assisted scannimgre separated by polyacrylamide gel electrophoresis. After transfer
densitometry using the public domain NIH Image software (versioto PVDF membranes, oxidised proteins were identified by
1.62, available at http://rsb.info.nih.gov/nih-image). The mean TREmmunoblotting with antibodies against the dinitrophenyl moiety.
lengths were calculated by integrating the signal intensity over themmunoreactive bands were detected using a horseradish peroxidase-
entire TRF distribution as a function of TRF length using the formuldabelled antibody and enhanced chemiluminescence. The relative
TRF length=Z(0ODj) / Z(ODi/Li), where OB and L are the signal intensity of each lane was quantified by scanning densitometry using
intensity and TRF length respectively at position i on theNIH Image. Immunoblotting for hnTERT was performed according to
autoradiogram. standard protocols using %@ of nuclear protein extract and a goat
polyclonal antibody against the C terminus of hTERT (Santa Cruz
o o Biotechnologies, CA, USA). Nuclear extracts were prepared as
Fluorescence in situ hybridisation (FISH) previously described (Andrews et al., 1991).
HUVEC were treated overnight with 10 ng/ml colcemid followed by
hypotonic swelling and fixation in 3:1 (v/v) methanol/acetic acid. Cell o
suspensions were then dropped onto slides, post-fixed with 70% aceffigmunostaining
acid and dehydrated by passing through graded ethanol solutioAssociation of TRF1 with PML bodies was detected by
following standard protocols. In situ hybridisation was performedmmunofluorescent staining essentially as previously described (Wu
using a fluorescein isothiocyanate (FITC)-conjugated (CCCFAA) et al., 2000). In brief, cells were grown on coverslips coated with 0.2%
peptide nucleic acid probe (Perseptive Biosystems) as previousbelatine and then arrested in the G2/M phase of the cell cycle by
described (Lansdorp et al., 1996). Chromosomes were counterstainedubation with 500 ng/ml nocodazole (Calbiochem) for 16 hours.
with 4',6-diamidino-2-phenylindole (DAPI) and images of metaphasdJnless otherwise indicated all further incubations were carried out at
spreads were viewed by fluorescence microscopy. Images wereom temperature. After washing with PBS, cells were fixed and
captured using a cooled CCD camera (Photometrics) angdermeabilised for 30 minutes with 3.7% formaldehyde in PBS
Smartcapture software (Vysis). The fluorescence intensities afontaining 0.1% Triton X-100, followed by a further 30-minute
individual telomeres were calculated from the grey-scale digitaincubation with 0.05% saponin in PBS. After five washes with PBS,
images of the metaphase spreads after correction for backgrourahverslips were pre-treated with serum-free protein blocking reagent
using NIH Image software. Analysis of telomere length heterogeneitfDAKO) for 30 minutes and then incubated with primary antibodies
was performed by normalising the fluorescence intensity of eactor 1 hour. TRF1 was detected using a 1:1000 dilution of a goat
telomere spot to the median signal intensity of all telomeres in thpolyclonal antibody raised against a peptide mapping to the amino
metaphase spread. terminus of human TRF1 (Santa Cruz Biotechnology), followed by a
FITC-conjugated chicken anti-goat IgG (Molecular Probes, dilution
] ) 1:2000). Detection of the PML nuclear body was carried out using a
Bal31 digestion 1:1000 dilution of a mouse monoclonal antibody raised against a
Bal31 digestion was carried out in 600 mM NaCl, 20 mM Tris-HCI, peptide mapping to residues 37-51 of human PML (Santa Cruz
12 mM CaC4, 12 mM MgCh and 1 mM EDTA (pH 8.0) in a final Biotechnology), followed by Texas Red-conjugated rabbit anti-mouse
volume of 25ul containing 1Qug of genomic DNA and 0.25 units of IgG (Molecular Probes, 1:2000). A corresponding primary control
Bal31 nuclease (New England Biolabs) at 30°C for various lengths aintibody was used in each case as a negative control. After antibody
time. The reaction was stopped by addition i 8.2 M EGTA and  staining, coverslips were washed extensively in PBS/0.5% Nonidet
incubation for 10 minutes at 65°C. The digests were then extractd®t40 and nuclei were counterstained with,6-4liamidino-2-
with 25/24/1 (v/v) phenol/chloroform/isoamyl alcohol, precipitated in phenylindole (DAPI) in Vectashield mounting medium (Vector
ethanol, digested witHinfl andRsd, and processed for Southern blot Laboratories). Immunofluorescence microscopy was performed with
analysis of TRF length as described above. a Zeiss Axioskop Microscope using ax6B4 NA Plan Apochromat
objective and fluorescence filter sets appropriate for fluorescein, Texas
Red and DAPI. Fluorescence images were acquired with a Hammatsu

Telomeric repeat amplification protocol (TRAP) assay C4742-95 digital camera using Improvision acquisition and analysis
HUVEC were harvested by trypsinisation, counted using aoftware (Openlab, version 3).
haemocytometer, and lysed at 4°C in 3-[(3-

cholamidopropyl)dimethylammonio]-1-propanesulfonic acid buffer.
Aliquots of the cleared lysate equivalent tl@* cells were assayed Regylts

for telomerase activity by a modified telomeric repeat amplificatio . -
protocol (TRAPeze, Intergen, Oxford, UK), as previously describerr}'oW doses of tert-butyl hydroperoxide or L-buthionine

(Kurz et al., 2003). The activity of each sample was calculated frorfu/Phoximine increase the intracellular pro-oxidant

the ratio of the intensity of the telomeric repeat ladder (starting at 58tatus without causing cell toxicity

bp) to the 36 bp internal standard. Results, expressed in arbitrary unitBHP, a substrate of glutathione peroxidase, and BSO, an
(AU), were normalized to the signal obtained from an extract of 50@nhibitor of y-glutamyl cysteine synthase, are two compounds

HeLa cells routinely assayed in parallel as a positive control. known to interfere with the glutathione-dependent antioxidant
defences of the cell (Griffith and Meister, 1979; Jewell et al.,
Detection of oxidised proteins and western blotting 1986) (Fig. 1). In preliminary experiments these compounds

Protein oxidation was analysed by immunoblot detection of carbon)We_re _tested to f|nd_cond|t|ons that WOUId cause c_hronlc
groups following derivatisation with 2,4-dinitrophenylhydrazine andoXidative stress during long-term serial culture, without
using a commercially available detection system (Oxyblot, Oncor)inducing cytotoxic effects. To this end, HUVEC were cultured

Briefly, at the indicated passagesxL6° cells were extracted in 100 for four passages in the presence of BS®BIHP at various
pl NP-40 lysis buffer (50 mM Tris-HCI pH 8, 150 mM NaCl, 1 mM doses. Viability assays using dual staining with calcein-AM
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, Mitochondrial - ~ N
glutamate cysteine electron transport chain | / \
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| ! NUCLEUS
Fig. 1. Generation of oxidative stress by AR glycine \
experimental interference with the T H-O \
metabolism of glutathione in human BSO GSH 2°2 Fe2+
endothelial cells. Scheme depicting the synthase Fenton |
central position of the glutathione redox- reaction |
cycle in the intracellular detoxification of t- BHPH o Fe3*
peroxides and the sites of NADP* 2%2 |
pharmacological intervention used in this GSH 2 /
study (details in text). The proposed GSH S \g,‘atalase \
mechanism by which these alterations of Reductase, \ A TELOMERE /
redox homeostasis affect telomere NADPH GSSG Hzo \ DAMAGE /
integrity are shown. GSH, reduced H,O \
glutathione; GSSG, oxidised glutathione; t-butanol N /
SOD, superoxide dismutase. ~ _ 7

and ethidium homodimer-1 demonstrated that the highesells passing through S-phase (Fig. 2B). Taken together these
concentrations of these compounds that could be used withowsults indicated thatBHP and BSO might be used at low
inducing cell death were OlM t-BHP and 1QuM BSO (data concentrations to cause chronic oxidative stress. In addition,
not shown). These concentrations were thus chosen fanmunoblot detection of protein carbonyl groups revealed a
subsequent experiments. Fig. 2A shows that under thesgnificant increase of intracellular protein oxidation in treated
conditions the intracellular oxidative capacity increased byultures (Fig. 2C), demonstrating that this mild oxidative
2.9+0.7-fold with t-BHP and by 2.2+0.3-fold with BSO. treatment was biochemically effective also at the
Labelling with BrdU during the first two passagesmacromolecular level. Furthermore, the level of protein
demonstrated that under these pro-oxidant conditions there wasidation appeared to increase with treatment duration,
a small but noticeable lengthening of the cell-cyclealthough this was not statistically significant.

Nevertheless, consistent with an absence of cytostatic or To investigate whether long-term pro-oxidant treatment
cytotoxic effects, there was no effect on the overall fraction oéffected the response to further oxidative insults, intracellular

>
vy

Q4.
Fig. 2.Increase of the intracellular oxidant status by %

low concentrations dfFBHP or BSO without 9

impairment of cell-cycle progression. (A) o 34 2

Intracellular pro-oxidant status was determined by S T 8

fluorimetric detection of DCF. Values represent the N 2 H

increase in fluorescence recorded 30 minutes after 8 = f

addition of 0.1uM t-BHP or 10uM BSO, relative to o ”S, @ control
the values recorded in control cells. Data are the S 1; S 25 O t-BHP
mean (+ s.d.) of triplicate wells from two % B BSO
experiments. (B) Cells were treated with M t- 84 0

BHP (empty circles), 1M BSO (filled squares) or © < O 0 24 48 72 96 120
vehicle (filled circles) 48 hours after passage and 00‘\‘ ,\,%\)‘ @ hours after treatment
simultaneously incubated with 1@/ml BrdU.

Labelled cells were identified by C

immunocytochemistry at the indicated time points

after treatment. Results represent the mean (£ s.d.) of 44 0O control 39 O control

three replicate dishes from the third passage. B tBHP B t-BHP =

(C) Whole cell lysates were prepared from cultures
grown under control or pro-oxidant conditions during
the fourth and fifth passage. Oxidised proteins were

quantified as described in Materials and Methods. 2

Results are the mean $.d.) of three replicate .

cultures. P<0.05. (D) Intracellular pro-oxidant status

was determined by flow cytometry in late passage 14 :

cultures (>25 CPD) before (baseline) and 30 minutes

after addition of 20QuM H20». Values are the mean 0 iimml |

. ; 0 -
of three replicate dishes. baseline H,0,

O BSO

N
h

Optical density
T

DCF median fluorescence D
intensity, x 16°
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oxidant capacity was measured in late passage cultures bef
addition of the oxidant (at baseline) and immediately afte
treatment. As shown in Fig. 2D, baseline intracellular oxidative
capacities in control arteBHP-treated cultures (passage 11-12)
were comparable, but in BSO-treated cultures (passage 8-1
were increased by approximately fourfold. This difference
suggests that BSO induces a more sustained pro-oxidant ste
presumably by causing a persistent depletion of glutathion
stores, whereag-BHP, being rapidly metabolised, has a
transient effect. However, in both cases exposure to an oxidati
challenge with hydrogen peroxide resulted in an increase |
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-e- control
-e- -BHP
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intracellular oxidative status of a similar or larger magnitude tc 0
that seen in untreated cells (Fig. 2D). This demonstrated th 0
the response to further oxidant stress was not being blunted
adaptive mechanisms, but in contrast, persisted despite lon
term culture under pro-oxidant conditions.

Gl s

i -e- control
o -- -BHP
-= BSO

NS

Chronic intracellular oxidative stress accelerates the
onset of senescence

Long-term cultures maintained under normal conditions cease
to replicate after about 70 days, reaching 46 cumulativ
population doublings (CPD). In comparison, parallel cultures
treated witht-BHP or BSO, continued to grow for a similar
length of time but replicated at a slower rate (Fig. 3A). 1
Evaluation of these cultures for senescence characteristi 0
revealed that under these pro-oxidant conditions there was C

premature decrease in cell density at confluence (Fig. 3B), ¢

accelerated accumulation of $Agal positive cells (Fig. 3C)

and an increase in cell size (data not shown). Thus, culturt | control 35 CPD| [+~BHP .= 28 CPD
with a replicative age of only about 25-30 CPD grown unde s AR
oxidative stress resembled senescent cultures of about 45 Cl " c i o

grown under normal conditions.

Cells/cm2, x10™4

(ool TRol TS0
CPD

2
. w
Cals,

Oxidative stress accelerates telomere attrition and
induces long TRF species

Telomere restriction fragment analysis revealed that in HUVEC
grown under normal conditions telomere erosion occurred at 9. 3. Premature onset of senescence under chronic oxidative stress.
constant rate of ~55 bp/PD and in a relatively uniform manne) Long term growth curves of control and stressed cultures.
(Fig. 4A,B). In contrast, telomere shortening in cells culturedB) Cell density at confluence of control and stressed cultures as a
in the presence ¢fBHP showed a biphasic behaviour. Initially, “h”Ct'.on of CPD at each pas_sage.l ©) B_gghtfueld_photorfmcrogr?phs
there was one population of telomeres, which, compared owing senescence-associdlegalactosidase staining of contro
L d stressed HUVECSs at similar CPD levels.

control cultures, decreased in size at a much faster rate (~1
bp/PD). However, beginning at about 15-18 CPD, a more
complicated pattern became evident involving two distinct TRf intermediate to late-passage cultures by FISH. Fig. 5A
populations. One population consisted of the conventionallghows that telomeric signals from cells exposed to chronic
sized fragments, while the other population was composed okidative stress were more heterogeneous than control cultures
longer, more uniformly sized species. Both of these TRIBf similar replicative ages. Thus, while the majority of
species continued to decrease in size at similar rates (~1i€lomeric signals were clearly reduced, a minority appeared
bp/PD for conventional sized fragments and ~100 bp/PD faconspicuously brighter (Fig. 5A, arrows). The greater
long fragments). It was noteworthy that when these long TRHAseterogeneity of telomere lengths within individual
first appeared, they were larger than the longest conventionaletaphases of cultures subjected to oxidant stress was
size TRFs from younger cultures, suggesting that some form abnfirmed by quantifying the relative fluorescence intensities
active telomere elongation had occurred. A similar pattern abf the individual telomere spots in ten representative examples
telomere length changes was also found in cultures treated wiglach from control andt-BHP treated cells (Fig. 5B).
BSO (Fig. 4C). These findings were reproducibly present in alfurthermore, histograms representing the cumulative
HUVEC series grown under pro-oxidant conditions (three timefrequency distributions of individual telomere fluorescence
t-BHP, two times BSO). intensities demonstrated that a distinct subpopulation of long

In order to investigate in more detail the nature of these longlomeres was present in oxidant-treated cultures, consistent
TRF species, telomeres were examined on metaphase spreadth the results of the Southern blot analysis (Fig. 5C). These
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findings also suggested that the appearance of long telometagracellular oxidative stress rapidly down-regulates

occurred in a subset of chromosomes within the majority of thieelomerase activity

treated cells. The possibility that the long TRF species represented a
We further considered the possibility that these long TRisubpopulation of cells in which telomeres had been elongated

species reflected chromosomal end-to-end fusions or othgg a result of telomerase reactivation was then considered.

gross chromosomal abnormalities induced by telomereonsistent with previous reports (Vasa et al., 2000) cultures

damage. Although FISH could not detect such aberrations ifrown under normal conditions showed a decrease in

treated cells, we could not rule out that this was only because

cells with these abnormalities would not progress throug!

metaphase. Therefore, digestion of genomic DNA from lat A

passage cultures wiBal31 nuclease prior to TRF analysis was control 25 CPD:B -BHP 23 CPD

undertaken. As shown in Fig. 6, the susceptibility of telomere e an R T

to Bal31l digestion was identical in DNA from all culture

conditions, effectively ruling out the presence of chromosome

end-to-end fusions.

A 23.1

®= 5 10 1927 3544 9 12 18 24 27 30 |[CPD

gL
6.6|m N - R B s
. ey
g
4.4 =l
kbp control t-BHP E
3
2 2.5
B | : %
_ @ contro =
_%12 = o t-BHP n %' %%%%I %
~ 11 S8 0 +-BHP (long TRF) i T i
= N control t-BHP
210 C
A7}
& o] 200 -
& s
= 84 £ 150
ﬂé‘ ; T? ------ control
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CPD 5
=)
g
C 23.1)#= 10 13 18 22 25 30 32|CPD '2

2 3 B ] A
Fluorescence intensity

*

0.4 = L
g [ 1111
Fig. 5.Increased heterogeneity of TRF length under chronic
oxidative stress. (A) FISH of a (CCCTA#telomeric probe to
4.4\~ metaphase chromosomes from HUVEC of the indicated replicative
kbp BSO ages after long term culture under pro-oxid&BHP) or normal
conditions. Photographs were taken using axIilflective and
Fig. 4. Accelerated telomere attrition and appearance of long TRFs identical exposure times. Note the bright telomeres (arrows) and the
under chronic oxidative stress. (A,C) Southern blot hybridisation of areater heterogeneity of signals in tHgHP treated sample. (B) Box

telomeric probe to genomic DNA from HUVEC of different and whiskers plots for the relative telomere fluorescence intensities
replicative ages. A shows blots from cells were grown under normalof ten representative metaphase spreads each of contiteBaiit
conditions or chronically treated with QuM t-BHP during treated HUVEC cultures at 20-25 CPD. Boxes represent the spread
successive passages; C shows blots from cells treated wyitid 10 of telomere signals between the 25th and 75th percentile, while bars

BSO. Note in both cases the appearance of long TRF species (*) inshow the range between the weakest and strongest telomere spot
the stressed cells at later passages. (B) The mean TRF lengths  fluorescence. The horizontal line within the box represents the
corresponding to the blots shown in A are plotted as a function of thenedian. (C) Cumulative frequency distributions of all telomere
replicative age. signals from the metaphases shown in B.



Stress-induced endothelial cell senescence 2423

protein levels of hTERT, the catalytic subunit of telomerase,

A

o

soattol | £BHPBEG also decreased after the first oxidant treatment (Fig. 7D). Taken
ETIE TEETT s b, —e- Control 11 CPD  tOgether, these_ _results demonstra_ted_ that the decrease in
kbp T IR e -=- Control 27CPD  telomerase activity caused by oxidative stress was not a
23.1 4 = I :3‘:3'; SUL(EBD consequence of premature senescence, but rather the result of
o . a direct effect. Furthermore, these findings also indicate that
9-4j = 91m appearance of long TRF species is not the outcome of
6.6 T BN telomerase up-regulation.
Lh ) e
4.4 R
el ﬁ \:”\\ [l In search of evidence for the existence of ALT in HUVEC
g 5 \\ subjected to chronic oxidative stress
23 § il A pattern of increased telomere length heterogeneity within
il ] 6 a single nucleus, similar to that found by us during long-
.~ AR Sy 0 30 60 90 120 term oxidant treatment has been demonstrated to be a
—-“EI;;:—-‘ Time, min characteristic of cell lines that use the ‘alternative lengthening

of telomeres’ (ALT) mechanism of telomere maintenance
Fig. 6. Lack of evidence for chromosomal end-to-end fusions as the (reviewed by Henson et al., 2002). These immortalised
source of the long TRFs. (A) Time courseBaf31 exonuclease cells lack substantial telomerase activity and use instead
digestion of genomic DNA from HUVEC of the indicated replicative recombinatorial mechanisms to maintain telomere length. In
ages and culture conditions. Southern blot analysis for mean TRF an attempt to find evidence for the existence of ALT in
length determination was performed as described in Fig. 4. The thrad UVEC subjected to chronic oxidative stress, we searched
lanes for each treatment are from samples digestedBal@1 for ~ for the presence of PML bodies associating with telomeres in
30, 60 and 120 minutes, respectively. (B) The mean TRF length is the nuclei of these cells. These structures have become known
plotted against the time @fal31 digestion. as ‘AlLT-associated PML bodies’ (APBs), and have been
repeatedly found to be present in ALT cell lines, where they
telomerase activity as a function of replicative age (Fig. 6A,B)colocalise with the telomere-associated proteins TRF1 and
Furthermore, in cultures grown under chronic oxidative stres§RF2 (Henson et al., 2002). As shown in Fig. 8, PML bodies
telomerase activity was down regulated even faster, becomingere readily visualised in HUVEC by immunofluorescence
virtually undetectable as early as 12 CPD (Fig. 6A,B). Aanicroscopy. However, neither TRF1 nor TRF2 could be
shown in Fig. 6C, even the first oxidant treatment of HUVEGdetected by this method in either young control HUVEC or
caused a very rapid (49% of control at 3 hours) and sustainéate passage HUVEC grown under pro-oxidant conditions
(32% of control at 72 hours) decrease in telomerase activityFig. 8 and data not shown). In contrast, under the same
Furthermore, western blot analysis demonstrated that nucleexperimental conditions, APBs were readily detected in the
human ALT-positive osteosarcoma cell line
U20S (Fig. 8). In summary, these findings
A B could neither support nor exclude a role for
the ALT pathway in the generation of the
m control long telomeres under oxidant culture
0 BSO conditions. Furthermore, they suggest that in
HUVEC, the telomere-related proteins TRF1
and TRF2 are expressed at much lower levels
than in immortalised cell lines.
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Fig. 7.Rapid decrease in telomerase activity

control BSO CPD following exposure to oxidative stress. (A,B)
Comparison between telomerase activity levels
C D in HUVEC of the indicated replicative ages
] cultured under pro-oxidant (BSO) or normal
= 3] ? conditions. (A) TRAP producteb0 base pairs);
‘:E, | I IC, internal polymerase chain reaction control in
z Al the TRAP assay. (B) Relative telomerase activity
g 24 1 control BSO levels corresponding to the blots shown in A. (C)
2 ; — - Time course of telomerase activity in young
Q 2 ceeffee- AU hTERT [S—— | HUVEC (6 CPD) following a single exposure to
g 1 o 2 ﬁq?“\hyr,%»“ A ,;5‘\‘%%&‘\‘ 10 uM BSO. Values represent the mean (+ s.d.)
g _e-control ol st e o of duplicate cultures from representative
% 0 il etBS0 experiments. (D) Immunoblots showing levels of
e U 6 i A hTERT in nuclear extracts at the indicated time

points after the initial oxidant treatment at
Hours after treatment passage 2 and 3.
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concentrations ot-BHP than those empl in
TRF1 PML merge ployed
effects related to the control of redox homeostasis.
The involvement of accelerated telomere erosion
and PML protein (red) in late passage HUVEC grown under pro-oxidant breaks (Petersen et al., 1998). Conversely, i
o . Z 9 . . y, it has been
conditions (BSO) and in U20S cells. Co-localisation of TRF1 and PML proposed that an apparent acceleration of telomere
mild chronic oxidative stress induced by interference with th¢he cell cycle as a result of exposure to niBHP or BSO
glutathione-dependent anti-oxidant defences acceleratéatment (Fig. 2B).
previous studies, the majority of which were performed irfusions, a phenomenon that has been documented in other
cultured fibroblasts (e.g. von Zglinicki et al., 1995; Petersen ahodels of telomere instability (Karlseder et al., 2002). This
linked to accelerated telomere attrition (reviewed by vorspecies (Fig. 5A, Fig. 6). We were also able to exclude the
Zglinicki, 2002). However, the finding that oxidative stresspossibility that these long TRFs resulted from reactivation of
to interfere with this system as a means to exert physiological§C,D). It could be argued however, that up-regulation of
relevant oxidative stress. To this end, we used two distindelomerase was still occurring in a small subset of cells that
effect of mild oxidative stress on telomere dynamics. TdOne could further speculate that the reduction of telomerase
achieve this goal, it was essential to avoid acute growth arreattivity may have contributed to the generation of these

other studies of senescence, we were able to induce
a moderate, but effective increase in the intracellular
oxidant capacity without causing cell death or cell
cycle arrest (Fig. 2A-C). This allowed us to treat the
cultures over several months through their whole
replicative life span. We undertook a similar strategy
with regards to the use of BSO, a substance that has
not been employed previously in studies of telomere
as a mechanism of stress-induced premature
senescence has been a matter of debate (reviewed by
appears yellow (arrows). DNA was counterstained with DAPI (blue). shortening may result from the compensatory
expansion of a subpopulation of cells that escapes a
telomere erosion and the onset of replicative senescence.A major finding of this study was the discovery that a mild
Furthermore, we show that under these pro-oxidant conditionbut chronic oxidative burden led to the emergence of distinct
al., 1998; Furumoto et al., 1998; Toussaint et al., 2000; Dumoidea was further based on the fact that the long TRFs were
et al., 2000; Xu et al., 2000; Chen et al., 2001; Tchirkov andpproximately double the size of the shortest TRFs found in
leads to the emergence of abnormally long telomeres has rtetomerase activity (Fig. 7A,B). Indeed, in agreement with
previously been reported. previous studies in HUVEC-treated with oxidised low density
compoundst-BHP and BSO, which are known to affect thecould not be detected by the TRAP assay, and that this
metabolism of glutathione at different levels, namely utilisatiorsubpopulation might have been responsible for generating the
or cytotoxic cell death. In addition, since it has been shown th&tlomeric abnormalities. This hypothesis is consistent with
endothelial cells approaching senescence may undergoore recent evidence suggesting that in human cells

dynamics. Importantly, both compounds gave

essentially identical results throughout the study,

indicating that our findings were the consequence of

von Zglinicki, 2002; Toussaint et al., 2002). In
Fig. 8.1n search of evidence for the existence of ALT in HUVEC subjected to fibroblasts oxidant stress may induce or accelerate
chronic oxidative stress. Indirect immunofluorescence staining of TRF1 (greeRgjomere shortening via generation of single strand

_ _ stress-induced cell-cycle arrest (Dumont et al., 2001).
Discussion In the present study, however, this possibility was ruled out by
The present study demonstrates that in normal endothelial cetlemonstrating in young cultures that cells did not drop from
concomitantly with the faster telomere attrition, a distinctTRFs, which were longer and more uniform in size than the
fraction of telomeres increase their length in the absence ebnventional TRF species (Fig. 4). Our initial assumption was
telomerase activity. Our findings extend evidence fronthat these long TRFs represented chromosomal end-to-end
Lansdorp, 2003) that have shown that both acute and chrortite same sample. However, both FISH &ai31 digestion
oxidative stress can induce a senescent phenotype. In a numbsalysis could not confirm the presence of gross chromosomal
of studies the premature onset of senescence has been furtdlenormalities, making it a very unlikely source of the long TRF
In human endothelial cells the glutathione redox cycle halpoprotein or HO> (Breitschopf et al., 2001), we found that

been shown to play a predominant role in the maintenance okidative stress generated ¥BHP or BSO in fact down-
redox homeostasis (Suttorp et al., 1986). Therefore, we chosegulated telomerase in a rapid and persistent matter (Fig.
(Jewell et al., 1986) and synthesis (Griffith and Meister, 1979)png TRF species. However, evidence from the FISH analysis
respectively. In preliminary experiments we set up culturelemonstrating increased telomere heterogeneity within the
conditions that would allow us to investigate the long-ternmajority of the analysed cells did not support this possibility.
spontaneous apoptosis (Wagner et al., 2001; Zhang et al., 200@)pmerase preserves telomere function and integrity
it was necessary to define pro-oxidant culture conditions thandependently of the maintenance of telomere length (Blasco,
would not enhance this propensity. By using significantly lowe2002; Masutomi et al., 2003).



Stress-induced endothelial cell senescence 2425

A number of important differences between the present argtress in replicating HUVEC accelerates telomere attrition and
other studies may explain why the emergence of long TREhe loss of telomerase activity. (2) These events culminate in
species has not been found previously as a result of chrortite disruption of telomere integrity and the consequent
oxidative stress. First, as stated above, a number of studiggygering of premature senescence. (3) In parallel to, and
were performed with relatively high concentrations ofpossibly facilitated by these effects, oxidative DNA damage
oxidants, which most likely induce higher levels ofinduces the activation of the DNA damage repair machinery,
macromolecular damage, preventing long-term cell culturefacilitating recombinatorial events at the telomere, which will
Second, the majority of studies were performed on fibroblast&gngthen certain telomeres. It remains to be established
which are known to behave differently to endothelial cells withwhether cells in which telomeres have been elongated in this
regard to their anti-oxidant defence mechanisms, their respong@y would have their senescence time point reset and thus
to stress and their cell-cycle control (Michiels et al., 1990continue to replicate. At present we have no evidence
Serrano and Blasco, 2001). Third, of the two studies performesiiggesting that this process could lead to the immortalisation
on endothelial cells, one examined the effect of anti-oxidamf endothelial cells.
rather than pro-oxidant treatment on telomere erosion The present findings may have important implications for
(Furumoto et al.,, 1998), while the other, in whichthe understanding of the relationship between ageing and the
homocysteine was used to generate oxidative stress, did radevelopment of vascular pathologies. Studies from other
examine the cultures beyond 15 population doublings (Xu daboratories have shown that telomeres in the vasculature
al., 2000). shorten with age (Chang and Harley, 1995; Okuda et al., 2000;

It has been postulated that in the absence of telomeraggiv et al., 2001) and that this erosion is more pronounced in
activity telomeres can be elongated by recombinatorightherosclerosis-prone areas (Chang and Harley, 1995). In
mechanisms collectively known as ‘alternative lengthening o&addition, we and others have shown that senescent endothelial
telomeres’ (ALT). Up until now, ALT activity has been found cells are present in vivo in pathophysiological contexts (Fenton
only in telomerase-deficient mouse cells and in humaet al., 2001; Vasile et al., 2001; Minamino et al., 2002) known
immortalised cell lines and tumours (reviewed by Henson eb be associated with increased oxidative stress (Griendling and
al., 2002). The present study suggests that recombinatorialexander, 1997). Our findings that glutathione-dependent
mechanisms related to the ALT pathway might also beedox homeostasis plays a pivotal role in the preservation of
activated in normal cells when these are subjected to chronielomere integrity in endothelial cells suggest that perturbation
oxidative stress, thus explaining the emergence of the longf this system may be an important mechanism for oxidative
TRFs. This hypothesis is based on the fact that we hawtress-induced premature senescence of the endothelium and is
excluded the possibility of chromosomal end-to-end fusions centirely consistent with a role for telomere dysfunction in the
telomerase reactivation, and that oxidative stress is known fmthogenesis of vascular disease.
activate the DNA damage repair machinery (Zhou and Elledge,

2000). Indeed, there is some evidence suggesting that the DNAThis work was supported by grants from the Swiss National Science
damage repair machinery may be mechanistically involved iffeundation (D.J.K.), the Swiss Heart Foundation (D.J.K.) and the
the ALT pathway (Henson et al., 2002). In this context it shoulﬁgéskhgeﬁgrgg:’;galﬂgg f(r?)htw)'t’h\g %%g‘:& Ehltzg% E‘jozlgg‘zrag‘_spoio
be emph'?‘s'zed that telomeres, on account of .the|r guanne-ridl, - ontribution to the FISH analysis of chromosomes.

composition, are several fold more susceptible to oxidative

stress-mediated damage than non-telomeric DNA (Retel et al.,
1993; Henle et al., 1999) and thus represent a prime site f
recombinatgrial- e-vents' The patt(_arn of increased TR-Andrews N. C. and Faller, D. V(1991). A rapid micropreparation technique
heterogeneity within the same cell (,Flg'SA'C)’,a characteristic for ex’traction of DNA-binding proteins from limiting numbers of
that has been suggested to be typical of cell lines that use theyammalian cellsNucleic Acids Re<9, 2499.

ALT pathway (Henson et al., 2002), would seem to suppOrviv, H., Khan, M. Y., Skurnick, J., Okuda, K., Kimura, M., Gardner, J.,

this concept. However, at present this possibility should be Priolo, L. and Aviv, A. (2001). Age dependent aneuploidy and telomere
considered with caution. Indeed, since we were unable tglength of the human vascglar'endothel|'lAthgroscIer03|sLSa 281-287.
identify the telomere-associated proteins TRF1 or TRF2 by 2%"1*32;’};_5 i (2001). Switching and signaling at the telomel 106
immunofluorescence, we could neither confirm nor exclude th&asco, M. A.(2002). Telomerase beyond telomefést. Rev. Cance?, 627-
presence of ALT-associated PML bodies in our cultures. 633.

Furthermore, other characteristics indicate that HUVEC, Wiﬂ‘?"g”%“ AHe?r[é Otg”eBtte'S hr?e'{ Ffjo'wv Ti.(’:hl_t{stg’inse.rEé %Tg'v(\:/'ripﬁtMvc\)/mE
long TRF SPECIES, dlﬁer_ from ALT cell Imes.: (1) the long TRF (1998’). Exte)rl{sion of Iife—sy[5an by’introduction of telomerasge into normal
species in HUVEC continued to decrease in length at a similarpyman cellsScience279, 349-352.

rate to the conventionally sized telomere population, whereaseitschopf, K., Zeiher, A. M. and Dimmeler, S.(2001). Pro-atherogenic
in ALT cell lines, these remain stable, and (2) no factors induce telomerase inactivation in endothelial cells through an Akt-
immortalisation was observed in our cultures. The fact that wgfrﬁpies’i‘dj”(tlggeg)hzg“':’ﬁfa?i?e'fg:iieznlc' S_S'an old lves' t1eh 84 467
could not detect TRF1 and TRF2 in HUVEC, whereas thesé 508. T nep ' ’
proteins, and indeed APBs, were readily found in the ALT celtampisi, J., Kim, S. H., Lim, C. S. and Rubio, M.(2001). Cellular
line U20S (Fig. 8), suggests that the levels of expression of senescence, cancer and aging: the telomere connegtipnGerontol 36,

these telomere binding proteins is much lower in HUVEC than_ 1619-1637. .
in immortalised cells Celermajer, D. S., Sorensen, K. E., Spiegelhalter, D. J., Georgakopoulos,
; . . . D., Robinson, J. and Deanfield, J. E(1994). Aging is associated with
In summary, the following sequence of events is consistent engothelial dysfunction in healthy men years before the age-related decline

with the findings of this study. (1) Persistent mild oxidative in women.J. Am. Coll. Cardiol24, 471-476.
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