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Diet-related telomere shortening and chromosome stability
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Recent evidences have highlighted an influence of micro-
nutrients in the maintenance of telomere length (TL). In
order to explore whether diet-related telomere shortening
had any physiological relevance and was accompanied by
significant damage in the genome, in the present study, TL
was assessed by terminal restriction fragment (TRF)
analysis in peripheral blood lymphocytes of 56 healthy
subjects for which detailed information on dietary habits
was available and data were compared \with the incidence
of nucleoplasmic bridges (NPBs), a marker of chromosomal
instability related to telomere dysfunction visualised with
the cytokinesis-blocked micronucleus assay. To increase the
capability to detect even slight impairment of telomere
function, the incidence of NPBs was also evaluated on cells
exposed in vitro to ionising radiation. Care was taken to
control for potential confounding factors that might
influence TL, viz. age, hTERT genotype and smoking status.
Data showed that higher consumption of vegetables was
related with significantly higher mean TL (P 5 0.013); in
particular, the analysis of the association between micro-
nutrients and mean TL highlighted a significant role of
antioxidant intake, especially beta-carotene, on telomere
maintenance (P 5 0.004). However, the diet-related
telomere shortening did not result in associated increased
spontaneous or radiation-induced NPBs. The distribution of
TRFs was also analysed and a slight prevalence of
radiation-induced NPBs (P5 0.03) was observed in subjects
with higher amount of very short TRFs (<2 kb). The
relative incidence of very short TRFs was positively
associate with ageing (P 5 0.008) but unrelated to
vegetables consumption and daily intake of micronutrients,
suggesting that the degree of telomere erosion related with
low dietary intake of antioxidants observed in this study
was not so extensive to lead to chromosome instability.

Introduction

Telomeres are nucleoprotein structures located at the end of
chromosomes, consisting of long stretches of TTAGGG repeats

associated with specific proteins (1). Telomeres have a pivotal
role in maintaining genome stability, preventing chromosome
ends from being recognised as double-strand breaks and
processed by DNA damage repair machineries (2,3). In most
proliferating cells, telomeres shorten progressively because of
the inability of DNA polymerases to fully replicate linear
molecules—the so-called end-replication problem—and for the
action of a 5#- to 3#-specific exonuclease which shorten each
telomere by half the overhang length per round of replication
(4,5). Mechanisms to maintain chromosome length consist in
the addition of new telomere repeats by the cellular reverse
transcriptase telomerase (6) and in a specific recombination
pathway known as alternative lengthening of telomeres (7).
Telomere dysfunction due to accelerated shortening has been
recognised as an important cause of chromosomal instability
(3) and has been associated with higher mortality and
increased risk of age-related diseases, such as heart failure
and cancer (8–10). Telomere length (TL) is genetically
determined (11,12) but also environmental and lifestyle
factors, including smoking, low physical activity or obesity,
significantly contribute to accelerate the rate of telomere
attrition (13–15). Due to the high content of guanine, telomere
DNA is highly sensitive to oxidative damage and, indeed,
oxidative stress and inflammation have been identified as
major determinants of telomere erosion (16,17). Recent
studies have also investigated the impact of dietary factors
on TL, probing the hypothesis that inadequate nutrition
through the increase of oxidative stress may influence
telomere maintenance. In particular, a cross-sectional analysis
demonstrated a positive association between multivitamin use
and longer TL in leukocytes, pointing to the contribution of
dietary antioxidants to telomere maintenance (18); further-
more, a combined effect of raised plasma homocysteine levels
and oxidative stress on telomere erosion has been described
(19). In a recent epidemiological study, dietary fibre intake
was also found to be positively associated with TL (20),
supporting the hypothesis that dietary factors can influence
TL in leukocytes. The modulation of TL by dietary habits is
reasonable in view of the acknowledged role of some
micronutrients in DNA synthesis and repair and in the
maintenance of DNA methylation, as well as in the protection
against oxidative stress (21,22). Uracil misincorporation into
DNA due to deficiencies of folate, vitamins B6 or B12 (23)
may increase chromosome breaks in the thymidine sequence
within the telomeric repeats and cause telomere end fusion;
deficiencies of antioxidant vitamins (i.e. vitamins A, C, E) or
cofactors of antioxidant enzymes (i.e. Zn) might cause telomere
shortening and chromosome instability impairing telomere
repair and replication (24); alteration in the methylation of
subtelomeric sequences or the CpG island of the promoter of
telomerase could also result in telomere dysfunction (25,26).
The functional consequences on genome stability of the ob-
served diet-related variation in TL, however, have not yet been
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elucidated. In order to explore whether diet-related telomere
shortening had any physiological relevance and was accompa-
nied by significant damage in the genome, in the present study,
the influence of diet on TL was investigated in a healthy human
population and data were compared with the incidence of
nucleoplasmic bridges (NPBs). Indeed, NPBs represent a con-
venient marker to assess chromosomal instability related to
telomere dysfunction as they can highlight chromosome fusion,
visualised with the cytokinesis-blocked micronucleus (CBMN)
assay as bridges extending between daughter nuclei. When
centromeres of dicentric chromosomes are pulled towards
opposite poles during mitosis, in fact, if cytokinesis is inhibited,
anaphase bridges do not break and are wrapped with the nuclear
membrane forming NPBs. The approach used in this work is
fairly in line with the recent recommendation to couple the
measurement of TL with the analysis of NPBs in order to get
information on the biological correlation between TL and
chromosome integrity (27).

Besides, several data suggest that mild telomere shortening
may cause subtle alterations only detectable after an external
insult [e.g. by ionising radiation (IR) exposure]. For example,
in a BALB/c mouse model possessing partial deficiency of
DNA-PKcs activity, the telomeric uncapping phenotype is
expressed as telomere double-strand break/fusion only after IR
treatment and not as spontaneous telomere fusion (28).
Similarly, in human primary fibroblasts defective in Artemis,
a protein involved in non-homologous end-joining repair,
a mild telomere dysfunction phenotype observed in sponta-
neous conditions was significantly increased only after IR
treatment (29). Moreover, the analysis of radiation-induced
NPBs may also be convenient on statistical grounds, as it
helps overcome the limitations related to the low incidence
of spontaneous NPBs in cultured human lymphocytes,
which can hinder to appreciate mild interindividual differ-
ences in this biomarker. Based on these reasonings, a parallel
set of experiments was carried out on cells exposed in vitro
to IR.

Materials and methods

Study population

Fifty-six subjects, enrolled in a previous study carried out in Tuscany (30), have
been involved in the current project. Detailed information about diet and
lifestyle habits and a blood sample were collected for each participant, after
they had signed an informed consent form. The analyses were carried out on
anonymous coded samples. The study has been approved by the local ethical
committee.

Diet and lifestyle questionnaires

Dietary information on the frequency of consumption of .120 foods and
drinks in a 12-month period prior to enrolment was obtained by a self-
administered Food Frequency Questionnaire (FFQ), specifically developed for
Italian dietary habits and validated in a pilot phase (31), and used in the
European Prospective Project Into Cancer and Nutrition (EPIC)—Italy study
(32). A detailed description of the EPIC-Italy FFQ has been reported elsewhere
(33). Briefly, dietary information on the frequency of consumption of .120
foods and beverages was collected by FFQ, checked and coded by trained
dieticians and computerised by optical reading. Then, individual data were
transformed into estimates of intake for a series of over 30 nutrients
according to specifically developed Italian Food Tables (34). A standardised
lifestyle questionnaire (representing the Italian translation of a common
EPIC-wide version and specifically printed in two versions for men and
women) was also completed by each participant. Detailed information was
collected on reproductive history, physical activity, smoking history, alcohol
consumption, occupation, educational level and other socio-economic
variables.

TL determination

A non-radioactive chemiluminescent assay has been applied to determine mean
TL using the TeloTAGGG Telomere Length Assay Kit (Roche), based on
terminal restriction fragment (TRF) analysis by Southern hybridisation with
telomere repeat containing probes. Briefly, 1 lg of DNA was digested with 20
U of RsaI and HinfI for 2 h at 37�C. The sequence specificity of enzymes has
been selected in a way that telomeric DNA and subtelomeric DNA are not cut
due to the special sequence characteristics of the repeats, while non-telomeric-
DNA is digested to low-molecular weight fragments. After digestion, samples
were loaded on a 0.5% agarose gel and run for 21 h at 35 V. Gel was treated
with HCl, denaturalised and neutralised and then transferred to a nylon
membrane by Southern blotting for 12–18 h. DNA fragments were indirectly
visualised by hybridisation with a digoxigenin (DIG)-labelled probe comple-
mentary to the telomeric repeat sequence (3 h, 42�C). Finally, images were
digitalised using a densitometer. A representative Southern blot is reported in
Figure 1 indicative of the methodology used. All lanes were subdivided into
intervals of 1–2 mm and mean telomeric length (TL) was determined using the
formula: mean TL 5 R (MWi � ODi)/R (ODi), where ODi is the densitometer
output and MWi is the length of the DNA at position i (35). Sums were
calculated over the range 12.2–1.5 kb. To minimise differences arising between
gels, a DNA control sample was run on every gel. The distribution of TRFs was
also determined in the same gels subdividing each lane into five equal intervals,
extending in the following molecular size ranges: 12.2–8.6, 8.6–5, 5–3.5, 3.5–2
and 2–0.9 kb. The percentage of photo-stimulated luminescence (psl) in each
molecular weight range was measured using the formula: % psl 5 intensity of
a defined region � background � 100/total lane intensity � background (36).

hTERT genotyping

DNA was extracted from blood samples using QIAamp-blood Kit (QIAGEN) and
normalised working solutions (2.5 ng DNA/ll) were prepared. Allelic discrimination
assay was performed by using primers (forward: 5# CAATTCACAAACACAG-
CCCTTTAA 3#; reverse: 5# GGAGGTTAGCCTCGTCTTGTAAAT 3#) and
MGB probes (T allele probe: 5# FAM-TCTAGAAGAGCGACCTGT 3#; C allele
probe: 5# VIC-CTAGAAGAGCGACCCGT 3#) designed by Primer Express 2.0
software (Applied Biosystems, Foster City, CA, USA). Polymerase chain reaction
(PCR) amplification was carried out in a reaction volume of 25ll containing 900 nM
of each primer, 200 nM of each probe, 12.5 ll of TaqMan universal Master Mix
(Applied Biosystems) and 10 ng of genomic DNA. PCR was performed on an ABI
Prism 7000 Sequence Detection System (Applied Biosystems), according to
manufacturer’s instruction. The allelic-specific fluorescence was measured on the

Fig. 1. A representative Southern blot showing the distribution of TRF length
after hybridisation with the telomeric probe TTAGGG.
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ABI prism 7000 Sequence Detection System using the ABI Prism 7000 SDS
software. The genotype calls were attributed automatically.

CBMN cytome assay and irradiation

Blood specimens were collected by venipuncture in heparinised tubes (Becton
Dickinson, UK) from all study subjects, and within the next 24 h were
irradiated with 2 Gy c-rays from a 137Cs source at a dose rate of 1 Gy/min to
perform the mutagen sensitivity assay. For each subject, an aliquot of
unirradiated blood served as control. Cultures were set up after 1-h incubation
at 37�C, mixing 0.5 ml whole blood with 4.5 ml RPMI 1640 medium (Gibco,
UK) supplemented with 20% foetal calf serum (Hyclone, USA), 2%
phytohaemagglutinin (PHA; Abbott, USA), 1% penicillin and streptomycin.
Lymphocytes were incubated in 5% CO2 atmosphere at 37�C. Forty-four hours
after PHA stimulation, cytokinesis was blocked with 6 lg/ml of cytochalasin B
(Sigma, Germany), and 22 h later lymphocytes were harvested and fixed as
previously described (37); briefly, after a rapid incubation in 0.075 M KCl at
room temperature, lymphocytes were gently fixed three times with methanol/
acetic acid 5:1. Cells were dropped onto clean slides and stained with 5%
Giemsa solution (Carlo Erba, Italy). Scoring criteria for selection of binucleated
cells and NPBs were as previously described by Fenech (38). The frequencies
of binucleated cells with NPBs (Figure 2) were determined analysing 1000
binucleated lymphocytes with a well-preserved cytoplasm and in which the
main nuclei were clearly separated because it is difficult to determine the
presence of an NPB when nuclei are touching. Two scorers contributed with
500 cells each from coded slides; the correlation coefficient (r 5 0.960) of the
two subset of data was statistically significant (P , 0.001).

Statistical analysis

As a first description of the study population, the distribution of 56 subject
participating to the study according to baseline characteristics as age, gender,
smoking habits and hTERT genotype was obtained. Arithmetic mean and
standard deviation were used as descriptive measures of central tendency and
variability for TL, and the distributions according to baseline variables were
compared by non-parametric tests. Arithmetic mean and standard deviation
were also used to summarise food and micronutrient intake levels over the
study population. The analyses were based on data reported by the dietary
questionnaire administered at the beginning of the study. The influence of each
dietary factors (foods and micronutrients) on TL (as outcome) was estimated by
logistic multivariate analysis adjusted for age (as continuous variable), gender
and energy intake, while multiple regression analysis was performed to
evaluate the association of TL or radiation-induced NPBs with independent
variables. The correlation between the biomarkers investigated was evaluated
by Pearson correlation analysis. The accuracy of study results has been
corroborated by evaluating the biological plausibility and internal consistency
of data (comparison of estimates with different statistical models). The level of
statistical significance was set at P , 0.05. The SPSS/PC statistical software
package was used for the analyses.

Results

Subjects characteristics

The demographic characteristics and hTERT genotype of the
study population are shown in Table I. As main descriptors of
dietary habits, mean values of daily consumption of selected
foods or food groups and of daily intake of micronutrients and
energy intake, as obtained from the EPIC FFQ, were
considered (Table II).

Effect of age, gender, smoking habits and hTERT genotype
on TL

The influence of demographic characteristics on mean TL is
displayed in Table I; by univariate analysis, it turned out that

Fig. 2. Binucleated cell with a NPB stained with Giemsa.

Table I. Effect of demographic characteristics and hTERT genotype on mean
TL in peripheral lymphocytes of study subjects

Variable Number of
subjects

TL (kb)a

(group mean � SD)

All 56 6.0 � 1.0
Age (years)
�56b 23 6.5 � 1.0
.56 33 5.7 � 0.9**

Gender
Males 25 5.9 � 1.0
Females 31 6.1 � 1.0

Smoking habits
Current 9 6.4 � 0.6
Ex/never-smokers 47 5.9 � 1.1

hTERT genotype
TT 18 6.2 � 1.2
TC 28 6.0 � 0.7
CC 10 5.5 � 1.4

aTL, individual mean telomere length, as determined by TRF analysis (see
Methods).
bMean population age.
**P value 5 0.005 (non-parametric Mann–Whitney U test).

Table II. Descriptors of dietary habits in the study subjects

Daily intake Mean � SD Range

Energy Kcal 2465 � 698 916–5343
Food categories

Cereals g/day 255 � 106 30–557
Vegetables g/day 97 � 60 23–319
Fruits g/day 290 � 139 19–675
Eggs g/day 16 � 13 2–109
Milk g/day 163 � 197 0–1120
Yogurt g/day 33 � 104 0–875
Cheeses g/day 43 � 25 1–153
Olive oil g/day 25 � 12 2–73
Seed oil g/day 0.3 � 0.5 0–3
Butter g/day 2 � 3 0–24
Meat g/day 113 � 56 12–333
Fish g/day 26 � 22 0–119
Alcohol g/day 25 � 27 0–143

Micronutrients
Vitamin B1 mg/day 1 � 0.3 0.3–2
Vitamin B2 (riboflavin) mg/day 2 � 0.6 0.5–4
Vitamin B3 (niacin) mg/day 20 � 6 6–41
Vitamin B6 mg/day 2 � 0.6 1–4
Vitamin B9 (folic acid) lg/day 285 � 83 117–634
Vitamin A (retinol) lg/day 1162 � 755 191–4494
Vitamin C mg/day 122 � 54 28–275
Vitamin D lg/day 3 � 1 0.5–7.0
Vitamin E (tocopherol) mg/day 7 � 2 2–15
Beta-carotene lg/day 2696 � 1811 485–11482
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mean TL was significantly modulated by age, with shorter
mean TL in aged individuals compared to younger subjects
(5.7 � 0.9 kb versus 6.6 � 1 kb, respectively; P 5 0.005).
A plot of the distribution of mean TL values as function of age
is shown in Figure 3.

Shorter telomeres were also observed in homozygotes for the
C allele (CC genotype) of the hTERT �1327T/C polymorphism
compared with carriers of the T allele (TT and TC genotypes),
but the difference did not reach the level of statistical
significance (P 5 0.22). No significant influence of gender or
smoking habits on mean TL was observed either. However, it
has to be noted that only a minority of study subjects were
current smokers (9 of 56), thus no firm conclusion on the
influence of smoking on TL can be drawn.

Effect of diet on TL

The relationship between TL and selected food groups was
investigated by multivariate logistic analysis adjusted by age
and energy intake (Table III); the results indicated that
vegetables intake was significantly and positively associated
with mean TL (P 5 0.013, coefficient 5 0.504), with root
vegetables, pepper and carrots among vegetables the most
significantly correlated with TL (Table IV). Besides, the
analysis of correlation between mean TL and specific micro-
nutrient intake (Table V) highlighted significant relationships
with vitamins A, C, E, folic acid as well as beta-carotene.

To further evaluate the strength of the association between mean
TL and independent variables, taking into account of any
covariate and interactive effects, a multiple regression analysis
was performed. Multiple regression modelling of data pointed to
beta-carotene as the micronutrient most significantly correlated
with TL, being mean TL strongly and positively influenced by
beta-carotene intake (P 5 0.004, b 5 0.178), beyond being
inversely associated with age (b 5 �0.033, P5 0.001) and the
hTERT1327CC genotype (b5 �0.467, P 5 0.006). These three
variables explained �36% of interindividual variability in TL
(R2 of the model 5 0.361; Table VI). A plot showing the
relationship between mean TL adjusted by age (residual mean
TL) and beta-carotene intake is reported in Figure 4. In-
terestingly, the effect of beta-carotene on mean TL appeared to
be modulated by age: in fact, when subjects were dichotomised
above and below the mean group age (56 years) and multiple
regression analyses repeated in each group, the protective effect
of beta-carotene on telomere erosion was only observed among
younger individuals (Figure 5).

Mean TL and NPBs

To assess if the diet-related variations in TL observed in the
study population were related to differences in chromosome
stability, the association between mean TL and the incidence of
NPBs was investigated. In view of the low frequency of
spontaneous NPBs generally found in human lymphocytes,

Fig. 3. Relationship between TL and age as determined by correlation analysis
(Pearson coefficient 5 �0.444, P value 5 0.001).

Table III. Influence of food intake on mean TL in peripheral lymphocytes of
study subjects

Unita Coefficientsb P values 95% CI

Cereals 100 g/day �0.039 0.812 �0.368 0.289
Vegetables 100 g/day 0.504 0.013 0.112 0.896
Fruits 100 g/day 0.153 0.123 �0.043 0.348
Eggs 10 g/day 0.241 0.140 �0.082 0.563
Dairy 100 g/day �0.096 0.092 �0.209 0.016
Oils and butter 10 g/day 0.163 0.117 �0.042 0.368
Meat 100 g/day �0.372 0.216 �0.969 0.224
Fish 100 g/day 0.309 0.602 �0.871 1.489

Coefficients, P values from Wald test and 95% confidence intervals (95% CI)
from multivariate logistic analysis adjusted by age, gender and energy.
aUnit change of the exposure variable.
bCoefficient associated to the nutrient variables in the models adjusted by age
and energy intake. It represents changes in mean TL (kb) for a unit change of
the nutrient variable (e.g. 100 g/day increase of cereals intake).

Table IV. Multivariate logistic analysis for association of TL with vegetable
intake

Main
micronutrients

b value P values 95% CI

Leafy vegetables Folic acid 0.922 0.087 �0.137 1.982
Fruiting vegetables Vitamins C, E 0.165 0.023 0.024 0.306
Tomatoes Beta-carotene 0.433 0.082 �0.057 0.923
Root vegetables Beta-carotene 0.161 0.014 0.034 0.288
Cabbages Vitamin C,

calcium
0.229 0.259 �0.174 0.632

Peppers Vitamin C 0.173 0.022 0.026 0.320
Carrots Beta-carotene 0.161 0.022 0.024 0.298
Spinaches Folic acid 0.164 0.039 0.008 0.320

Adjusted by age, gender and energy. 95% CI, 95% confidence interval.

Table V. Correlations between mean TL in peripheral blood lymphocytes and
intake of selected nutrients in the study population

Variables ra (P value)

Age �0.444 (0.001)
Smoke (cigarettes/day) 0.413 (0.269)
Proteins (g/day) 0.104 (0.444)
Lipids (g/day) 0.238 (0.077)
Glucids (g/day) 0.077 (0.574)
Alcohol (g/day) �0.006 (0.962)
Caloric intake (kcal/day) 0.148 (0.278)
Vitamin A (lg/day) 0.321 (0.016)
Vitamin B1 (mg/day) 0.195 (0.150)
Vitamin B2 (mg/day) 0.132 (0.333)
Vitamin B3 (mg/day) 0.116 (0.393)
Vitamin B6 (mg/day) 0.127 (0.349)
Vitamin B9 (folic acid) (lg/day) 0.312 (0.019)
Vitamin C (mg/day) 0.320 (0.016)
Vitamin D (lg/day) 0.208 (0.124)
Vitamin E (mg/day) 0.326 (0.014)
Beta-carotene (lg/day) 0.422 (0.001)

aPearson correlation.
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which could hamper to detect mild differences among
individuals, the occurrence of radiation-induced NPBs was
also evaluated. In first instance, subjects were dichotomised
below and above the mean group TL (6.01 kb) and data on
NPB frequencies were compared by univariate analysis. No
significant difference could be observed (Table VII).

Additionally, the frequency of NPBs was analysed keeping
into account the distribution of TRFs in size classes of different
molecular weight. As the analysis of TL by Southern blotting is
an hybridisation-based technique in which the shorter telomeric
repeats are associated with the lower hybridisation signal, it is
likely that critically short telomeres be below the threshold of
detection of the method; however, the examination of changes
in the distribution of TRFs would help overcome this technical
limit (39); in particular, the shortest TRFs are expected to

represent the fraction of telomeres with lowest size, in the
range of the natural heterogeneity of TLs (36,40,41).

In this analysis, subjects were dichotomised based on the
relative incidence (above and below the median) of TRFs in
each of the five size classes, and data on spontaneous and
radiation-induced NPBs were contrasted and evaluated by
univariate analysis (Figure 6). No significant difference could
be detected for spontaneous NPBs (data not shown), while
a significant prevalence of radiation-induced NPBs (P 5 0.03)
was observed in subjects with an incidence of shortest TRFs
(,2 kb) above the median. A multiple regression analysis was
carried out to verify the strength of this observation while
controlling for any bias due to interactive effects among related
variables. The results confirmed a slight statistically significant
association (P 5 0.044) between the incidence of shortest
TRFs and radiation-induced NPBs (Table VIII).

Finally, a correlation analysis was performed to investigate
the influence of selected dietary components on the shortest
TRFs. Apart from age, none of the variables considered was
significantly correlated with TRFs of the shortest size range
(Table IX).

Discussion

In the present study, the influence of dietary habits on TL and
the functional consequences of diet-related shortening of
telomeres on chromosome stability were investigated. To this
aim, TL was determined by TRF analysis in a well-characterised
study population and data were compared with dietary habits as
well as with the incidence of spontaneous and radiation-induced
NPBs, a marker of chromosome end-fusions associated with
chromosome instability. Both mean TRF length and the
percentage distribution of TRFs in size classes were considered.
Care was taken to control for potential confounding factors that

Table VI. Modulation of mean TL by diet and individual characteristics of
study subjects

Included variables Ba SEb P valuec

Costantd 7.785 0.616 ,0.001
Agee �0.033 0.009 0.001
Beta-carotenef 0.178 0.059 0.004
hTERT genotypeg �0.467 0.163 0.006

Multiple regression analysis. Significance of the model: P , 0.001,
F 5 11.376, R2 5 0.361. Variables not included in the model: gender, smoke,
food categories and micronutrients described in Table II.
aSlope of the regression line.
bStandard error of the regression line.
cSignificance of the variable.
dEstimated intercept value.
eAge of subjects in years (continuous variable).
fDaily beta-carotene intake (continuous variable).
ghTERT (TT, TC and CC).

Fig. 4. Relationship between TL and daily beta-carotene intake; correlation analysis performed on residual mean TL values after removing the effect of age (Pearson
correlation coefficient 5 0.348, P value 5 0.009).
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might influence TL, viz. age, hTERT genotype and smoking
status.

Previous investigations demonstrated that telomeres shorten
by 20–200 b.p.s. per cell division (42,43), and indeed, leucocyte
TL has been proposed as a biomarker of human ageing (16). The
results of this study confirm the recognised association between
ageing and telomere erosion since a significant age-related
decrease of mean TRF length was observed in the population
investigated.

Telomerase activity has a pivotal role in preventing accelerated
telomere erosion and represents another factor that can modulate
individual TL. Telomerase activity can be regulated by the
expression of the catalytic reverse transcriptase subunit (hTERT),
and functional polymorphisms in its promoter region have been
identified (44). The hTERT�1327 T/C polymorphism, in
particular, was shown to affect TL as an association between
the C/C genotype and shorter telomeres in peripheral
leucocytes has been reported (45). Also in this work, a tendency
to lower mean TRF length in hTERT�1327 C/C homozygotes
was observed, even though such association did not reach

statistical significance, possibly because of the limited number
of C/C homozygotes. For the same reason, i.e. the low number
of relevant study subjects, no firm conclusion on the effect of
smoking can be drawn. On the other hand, previous studies
indicate that smoking only marginally affects TL, being
detected as a significant modifier only in large population
studies (10,20,46–48).

To evaluate the effect of diet on TL, firstly, detailed
information on dietary habits was retrieved for all subjects from
the EPIC questionnaire. The latter provided quantitative
information on daily intake of main food categories and
micronutrients, which was previously shown to be significantly
correlated with blood micronutrient levels (49). A initial
inspection of data showed that higher consumption of
vegetables, mainly tomatoes, peppers, roots, was related with
higher mean TRF length, while the analysis of the association
between micronutrients and mean TRF length highlighted
a significant role of antioxidant intake, especially beta-
carotene, on telomere maintenance. These results add to the
indications provided by recent studies on the influence of
lifestyle-related factors on TL and support the view that diets
rich in fruits and vegetables tend to be associated with longer
telomeres (18–20).

A protective role of dietary antioxidants on telomere
integrity is plausible, as telomeres are known to be very
sensitive to oxidative stress (50), due to the positioning of three
guanines next to one another (51); besides, numerous studies
demonstrated that antioxidant treatments or overexpression of
antioxidant enzymes prevent telomere attrition (52). The exact
mechanism(s) of oxidation-induced telomere erosion has not
yet been elucidated: accumulation of base damage on telomeric
DNA has been proposed as a possible mechanism since the
presence of damaged bases might interfere with the progress of
replication fork at telomeres (50) or attenuate telomere binding
by the shelterin components TRF1 and TRF2, thus altering the
maintenance of telomeres (53,54). The incomplete repair of
oxidised bases, due to the decreased DNA repair capacity at
telomeres (35,55), may also result in a high density of single-
strand breaks (55) which promote telomere erosion (56). In
addition to the direct effect on telomere sequence, reactive
oxygens species (ROS) have also been proposed to affect TL
interacting with telomerase activity (57) and with several
regulatory factors involved in cell signalling pathways (57,58).

In the present investigation, the protective effect of beta-
carotene on TL was mainly observed in younger individuals.
This suggests that the balance between oxidative damage and
antioxidant defense capacity, a well-known determinant of TL
(50), can be critically influenced by dietary supplements in
young subjects, while in older individuals, the increased
endogenous ROS generation and the physiological decrease of
antioxidant defenses lead to a severe unbalance between pro-
and antioxidant processes which cannot easily be restored by

<56 years
>56 years

Fig. 5. Effect of beta-carotene daily intake on mean TL in younger (,56 years)
and older (.56 years) individuals. Low tertile , 1841 lg/day; mid-tertile:
1841–2863 lg/day; high tertile . 2863 lg/day beta-carotene intake.
Correlation of mean TL and beta-carotene daily intake in younger subjects
(Pearson coefficient 5 0.567, P value 5 0.005) and older subjects (Pearson
coefficient 5 0.168, P value 5 0.351).

Table VII. Frequencies of spontaneous and radiation-induced NPBs in subjects dichotomised by mean group TL

Number of
subjects

Baseline
NPBs&
(mean � SD)

Ranges
(minimum–maximum)

c-ray-induced
NPBs&
(mean � SD)

Ranges
(minimum–maximum)

TL
�6.01 kba 30 0.24 � 0.4 0–1 3.57 � 4.2 0–21
.6.01 kb 26 0.15 � 0.5 0–2 2.84 � 2.7 0–11

aPopulation mean.
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the supply of antioxidants with the diet. In addition, the
intervention in the process of ageing of mechanisms different
from the accumulation of oxidative damage could be
considered (59).

The influence of diet components on TL has been pointed out
also by recent studies in healthy subjects; however, the biological

consequences of this effect at genome level have not yet been
investigated. The decreased mean TFR length observed herein
can provide an indication of telomere shortening, which may
eventually result in chromosome instability. In principle,
telomere shortening can lead to the loss of the end-capping
function with subsequent telomere fusion, an event triggering
breakage–fusion–bridge cycles, which have been implicated in
tumorigenesis and cancer. Telomere fusions can be visualised in
mitotic cells as sticky chromosomes, dicentrics, sister chromatid
fusions, anaphase bridges (53), while in interphase cells, they
may be detected as NPBs (60), structures extending between the
two daughter nuclei at the end of mitosis. Actually the analysis of
NPBs does not allow alone to discriminate between chromosome
end-to-end fusion (resulting from critical telomere shortening or
loss) and telomere fusion (in which telomere sequence remains at
breakpoint), unless telomere-specific probes are used. Anyway
both events indicate the loss of telomere function, and indeed, the
joint analysis of TL and NPBs has recently been recommended as
a convenient approach to assess the influence of telomere
shortening on chromosome integrity (27).

Accordingly, in this study, the incidence of both spontaneous
and radiation-induced NPBs was compared with mean TRF
length to investigate the possible association between the two
end points and evaluate whether the influence of diet on TL had
adverse effects on chromosome stability. The results obtained
suggest that the shortening of TL, consequent to poor intake of
vegetables and antioxidants, does not lead to a significant
impairment of chromosome stability as indicated by the lack of
association between mean TRF length and spontaneous or
radiation-induced NPBs. This experimental observation can be
explained taking into account that shorter telomeres are not
necessarily dysfunctional telomeres (61) and that a critical TL
has to be reached before chromosome ends become fusogenic
(62). Thus, it can be hypothesised that the mild degree of
telomere erosion associated with low dietary intake of
antioxidants observed herein is not so extensive to result in
telomere dysfunction.

The absence of correlation between mean TRF length and
NPBs can be also explained on the light of recent evidences
showing that it is the shortest telomere and not the average TL,
which affects chromosome stability (63). It could be hypoth-
esised that a marker associated with the presence of short
telomeres could be a more suitable measure than average TL to
be compared with NPBs. In the present study to test this idea,
the distribution of TRFs in various molecular size regions has
been determined following the rationale that this end point may
better describe the presence of short telomeres compared to
mean TL. Indeed, the distribution of TRFs has previously been
used to detect small changes in telomere size that can be
masked when using the mean TRF conventional method. It has
been shown, in fact, that the mean TRF length method could be
unable to visualise the length of individual short telomeres in
a distribution of TRFs, as the TRFs with few telomeric repeats
could be obscured by the strong signal from other TRFs with
long telomeres (36,39). Besides, it has been demonstrated the
ability of telomere percentage profile to detect small changes in
TRF distribution, while the analysis of the same Southern blots
based on the mean TRF length did not show any difference
(36,40,41). The results obtained in the present study highlighted
a positive association between very low-molecular weight TRFs
and increased radiation-induced NPBs. These finding, however,
should be interpreted with caution because of the marginal
significance of the association, which needs confirmation in

Fig. 6. Comparison of the frequencies of radiation-induced NPBs in subjects
with the percentage of TRFs above (grey) and below (white) median values in
different molecular weight (MW) ranges. *P value 5 0.03 (non-parametric
Mann–Whitney U test).

Table VIII. Modulation of radiation-induced NPBs by study variables

Included variables Ba SEb P valuec

Costantd 2.120 0.712 0.004
%psl 2–0.9e 0.490 0.237 0.044

Multiple regression analysis. Significance of the model: P , 0.044, F 5 4.264,
R2 5 0.073. Independent variables not included in the model: age, sex, beta-
carotene, %psl 12–8.6, %psl 8.6–5, %psl 5–3.5, %psl 3.5–2 kb.
aSlope of the regression line.
bStandard error of the regression line.
cSignificance of the variable.
dEstimated intercept value.
e%photo-stimulated fluorescence in the range of terminal restriction fragments
from 2 to 0.9 kb.

Table IX. Coefficients of correlation between the percentage of TRFs in the
range from 2 to 0.9 kb and the intake of selected nutrients in the study
population

Variables ra (P value)

Age 0.352 (0.008)
Smoke (cigarettes/day) �0.012 (0.976)
Proteins (g/day) �0.059 (0.666)
Lipids (g/day) �0.102 (0.454)
Glucids (g/day) 0.023 (0.869)
Alcohol (g/day) 0.259 (0.054)
Caloric intake (kcal/day) 0.017 (0.900)
Vitamin A (lg/day) �0176 (0194)
Vitamin B1 (mg/day) �0.002 (0.990)
Vitamin B2 (mg/day) 0.054 (0.691)
Vitamin B3 (mg/day) 0.000 (1.000)
Vitamin B6 (mg/day) �0.003 (0.985)
Vitamin B9 (folic acid) (lg/day) �0.164 (0.227)
Vitamin C (mg/day) �0.151 (0.265)
Vitamin D (lg/day) �0.150 (0.270)
Vitamin E (mg/day) �0.119 (0.383)
Beta-carotene (lg/day) �0.191 (0.159)

aPearson correlation.
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independent studies. It is worth considering that even though this
size range (i.e. 2–0.9 kb) may exceed the threshold reported for
telomere dysfunction (63), because of TRFs content of a sizeable
amount of subtelomeric DNA (64), this low-molecular weight
range can also include critically short telomeres (65). For the
time being, it can be observed that the frequency of small size
TRFs was apparently unrelated to dietary habits such as
vegetables and antioxidants intake, confirming that no functional
consequences on chromosome integrity of diet-related variations
in TL could be detected in this study population. This may
indicate the involvement of mechanisms different from oxidative
damage in their generation. In this respect, it can be noted that
several alternative mechanisms, based on unequal recombination
or replication slippage, have been implicated in sporadic
telomere deletion or as responsible of significant changes in
TL (66,67).

Overall, the results obtained in this study indicate that high
dietary intake of vegetables and beta-carotene is positively
associated with mean TL in blood lymphocytes, confirming the
implication of oxidative damage in telomere erosion (17). This
investigation also evaluated for the first time whether the diet-
related variation in TL had any detectable effect on
chromosome stability in a healthy population. The results
obtained suggest that the degree of telomere erosion associated
with low dietary intake of antioxidants may be not so extensive
to result in telomere dysfunction and related chromosome
instability. However, further investigation is needed to
elucidate whether more severe antioxidant deficit, or malnour-
ishment, can negatively affect telomere function beyond TL.
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