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OBJECTIVE — To examine differences in telomere (terminal restriction fragment [TRF])
length and pulse wave velocity (PWV)—an index of arterial stiffness—in patients with type 2
diabetes with and without microalbuminuria (MA).

RESEARCH DESIGN AND METHODS — A total of 84 men with type 2 diabetes, 40
with MA and 44 without MA (aged 63.5 � 9.0 vs. 61.2 � 9.8 years), were studied. TRF length
was determined in white blood cells. MA was defined as albumin excretion rate (AER) in the
range of 30–300 mg/24 h in at least two of three 24-h urine collections. PWV was assessed using
applanation tonometry. Markers of oxidative stress were also measured.

RESULTS — TRF length was shorter in patients with MA than in those without MA (6.64 �
0.74 vs. 7.23 � 1.01 kb, respectively, P � 0.004). PWV was significantly higher in the patients
with MA. Multivariate linear regression analysis in the total sample demonstrated an indepen-
dent association between TRF length and age (P � 0.02), MA status (P � 0.04) or AER (P �
0.002), and plasma nitrotyrosine levels (P � 0.02). AER was associated significantly with PWV
(P � 0.01).

CONCLUSIONS — Subjects with type 2 diabetes and MA have shorter TRF length and
increased arterial stiffness than those without MA. Additionally, TRF length is associated with
age, AER, and nitrosative stress. As shorter TRF length indicates older biological age, the in-
creased arterial stiffness in patients with type 2 diabetes who have MA may be due to the more
pronounced “aging ” of these subjects.
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M icroalbuminuria (MA) is a com-
mon complication of diabetes, af-
fecting almost 30 –50% of the

patients with type 2 diabetes (1,2). MA is
a strong predictor of cardiovascular mor-
bidity and mortality in individuals with
diabetes (3,4). Although a number of ab-

normalities have been described in pa-
tients with MA, including high blood
pressure, dyslipidemia, increased oxida-
tive stress, inflammation, endothelial dys-
function, left ventricular hypertrophy,
and hypercoagulation (rev. in 5), they do
not seem adequate to explain the in-

creased cardiovascular risk in this group
of patients.

Telomeres, the tandem repeats of
TTAGGG of the DNA sequence at the
ends of eukaryotic chromosomes, un-
dergo attrition with each cell division, and
their length is an indicator of the replica-
tive potential of somatic cells (6). Telo-
mere length reflects the biological age of
humans, which may differ from the chro-
nological age (6). Inflammation and oxi-
dative stress accelerate the rate of
telomere attrition in different cell types
(6–8). Telomere attrition has been asso-
ciated with hypertension, endothelial
dysfunction, arterial stiffening, athero-
sclerosis, and cardiovascular mortality
(9–14). Diabetes is marked by increased
oxidative stress and low-grade inflamma-
tion (15,16), phenomena which are fur-
ther enhanced in the presence of MA
(5,17,18).

The hypothesis we tested herein is
that the mean length of telomeres, ex-
pressed as the mean length of the termi-
nal restriction fragments (TRFs) of
white blood cells (WBCs), is shorter in
subjects with type 2 diabetes who have
MA in comparison with diabetic sub-
jects without MA. In addition, we
looked for differences in pulse wave ve-
locity (PWV)—an index of arterial stiff-
ness— between the studied groups.
Furthermore, potential relationships
between TRF and PWV, low-grade in-
flammation, and markers of oxidative
stress were also examined.

RESEARCH DESIGN AND
METHODS

Subjects, blood pressure, and PWV
measurements
A total of 84 subjects with type 2 diabetes
(40 with MA and 44 without MA), con-
secutively attending the outpatient diabe-
tes clinic of our hospital, were recruited in
the study. To avoid the confounding ef-
fect of sex on TRF length (11), only men
were included. Inclusion criteria required
that their A1C was �8.5%, estimated glo-
merular filtration rate (eGFR) was �60
ml/min per 1.73 m2, serum urea and cre-
atinine concentrations were in the normal
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range, and participants were free of clini-
cally apparent macrovascular disease,
malignancy, or other chronic diseases.
Subjects with proteinuria, hematuria, or
nephropathy from other causes were ex-
cluded.

All subjects gave written informed
consent before entering the study, which
was conducted according to the princi-
ples of the declaration of Helsinki. The
study was approved by the ethics com-
mittee of the Laiko Hospital, Athens,
Greece.

All participants underwent complete
physical examination in the morning of
the study. They were questioned about
previous and current diseases, use of
medications and their smoking habits; ex-
smokers who had given up smoking for a
period of at least 3 years were considered
as nonsmokers. Retinopathy was reported
from the medical records. BMI, waist cir-
cumference, and waist-to-hip ratio were
measured and calculated.

Measurements of blood pressure
and PWV were performed under a con-
stant temperature (20 –22°C). Blood
pressure was measured in the nondomi-
nant arm three consecutive times, 2 min
apart in the sitting position, using an
appropriate cuff size. The mean value of
the last two measurements was used in
the statistical analysis. Arterial hyper-
tension was defined as systolic blood
pressure �140 mmHg and/or diastolic
blood pressure �90 mmHg or use of
antihypertensive medications. After an-
thropometric and blood pressure deter-
mination, PWV was measured by the
same experienced person who was
blind to the albuminuric status of the
subjects, after they had remained in the
supine position for 20 min using the
SphygmoCor pulse wave analysis sys-
tem (AtCor Medical, Sydney, Australia).
This automatic device records online
pulse wave and calculates PWV with
two transducers— one positioned at the
base of the neck for the common carotid
artery and the other over the femoral
artery for determination of PWV be-
tween the carotid-femoral segment
(PWVcf) first, and subsequently over
the right radial artery for determination
of PWV between the carotid-radial seg-
ment (PWVcr) (19). PWVcf reflects aor-
tic stiffness, while PWVcr reflects the
stiffness of the arteries of the right up-
per limb (19). The intra-observer coef-
ficient of variation of the SphygmoCor
device tested in 30 subjects in our de-
partment was 6.4% for the PWVcf and

7.2% for the PWVcr. Afterward, fasting
blood samples were collected, centri-
fuged, and either used immediately for
measurement of biochemical parame-
ters or stored in �80°C until deter-
mination of TRF length and plasma ox-
idative markers.

Analytical methods
Blood was collected after an overnight fast
of at least 12 h. Serum glucose, lipids (to-
tal cholesterol, HDL cholesterol, and trig-
lycerides), and creatinine were measured
enzymatically on a Technicon RA-XT an-
alyzer (Technicon, Dublin, Ireland). LDL
cholesterol was calculated using the for-
mula of Friedwald et al. and eGFR using
the four-variable Modification of Diet in
Renal Disease Study equation. A1C was
measured by HPLC (Roche Diagnostics,
Mannheim, Germany) with a nondiabetic
reference range of 4.1–6.0%. Microalbu-
minuria was diagnosed when albumin
excretion rate (AER), measured by radio-
immunoassay (Pharmacia and Upjon Di-
agnostics, Upsala, Sweden), was in the
range of 30–300 mg/24 h in at least two of
three 24-h urine collections over a
3-month period. The average value of at
least two determinations of AER was used
in the analysis and is shown in tables.
Plasma concentrations of high-sensitivity
C-reactive protein (hsCRP) were deter-
mined by ELISA (IMTEC, Berlin, Ger-
many). Plasma insulin concentrations
were measured by radioimmunoassay
(Biosure, Brussels, Belgium). Homeosta-
sis model assessment was used to calcu-
late insulin resistance (HOMA-IR) (20).

Measurement of the TRF length
DNA samples were extracted from white
blood cells, and TRF length was measured
as previously described (9,11). Briefly,
DNA samples were digested overnight
with restriction enzymes HinfI and RsaI
(40 units) and resolved on a 0.8% agarose
gel (15 � 25 cm) at 40 V (PowerPac Basic,
Bio-Rad). After 20 h, the DNA was de-
purinated, denatured, and neutralized
and then transferred for 1.5 h to a posi-
tively charged nylon membrane (Amer-
sham). The membranes were hybridized
with the telomeric probe [digoxigenin 3�-
end labeled 5�-(CCTAAA)3] overnight
and washed in a sodium chloride and so-
dium citrate buffer. The digoxigenin-
labeled probe was detected by the
digoxigenin luminescent detection proce-
dure (Roche) and exposed on X-ray film.
Each DNA sample was measured in
duplicate.

Oxidative stress determination
Total protein carbonyls in plasma were
determined by using the Cayman assay kit
according to the manufacturer’s instruc-
tions (Cayman Chemical, Ann Arbor,
MI). Protein carbonyls content was ex-
pressed in nanomoles per milligram of to-
tal protein. Nitrotyrosine in plasma was
measured with a specific enzyme immu-
noassay (Cayman Chemical).

To access lipid peroxidation, we ana-
lyzed the levels of thiobarbituric acid–
reactive substances in plasma by colori-
metric assay (� � 535 nm) (21).

Oxidative DNA damage
Reactive oxygen species alter deox-
yguanosine, one of the constituents of
DNA, into 8-hydroxy-2�-deoxyguanosine
(8-OHdG), which is excised from DNA by
the repair enzyme system and ultimately
released into blood. Before 8-OHdG mea-
surement (expressed in nanograms per
milliliter), serum samples were thawed,
applied to spin filters (10,000 Mw cutoff;
Sartorius, Mannheim, Germany), and
centrifuged at 12,000g in a benchtop cen-
trifuge for 20 min. Flow-through was ap-
plied to a Gentaur highly sensitive
competitive ELISA kit according to the
manufacturer’s instructions (Gentaur,
Brussels, Belgium).

Statistical analysis
Analyses were performed using the SPSS
10.0 (SPSS) statistical package. All vari-
ables were tested for normal distribution
of the data. Data are shown as means �
SD or as medians (interquartile range), as
appropriate. Differences between the
groups of patients with and without MA
were examined using the Student’s t test
or the Mann-Whitney U test for paramet-
ric and nonparametric data, respectively,
while a 	2 test was used for categorical
data. Analysis of covariance was used to
test differences in TRF length between the
studied groups adjusted for the effect of
various confounding factors. Bivariate
correlations were performed using the
Pearson or the Spearman correlation co-
efficient, as appropriate. Univariate linear
regression analyses were performed to
look for relationships between TRF length
and the studied parameters. Variables that
were found to have a significant associa-
tion in univariate analyses and PWVcr as
well as PWVcf were entered in the multi-
variate analyses models (stepwise back-
ward method). P values �0.05 (two-
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sided) were considered statistically
significant.

RESULTS

Main clinical, biological, and
hemodynamic parameters in
subjects with and without MA
Patients with and without MA did not dif-
fer significantly in terms of age. BMI, waist
circumference, waist-to-hip ratio, mean
arterial pressure (MAP), and HOMA-IR
values were higher in the patients with
MA (Table 1). More patients with MA had
hypertension. Participants with MA were
more often on treatment with lipid-
lowering medications and with ACE in-
hibitors and/or angiotensin II receptor
blockers (ARBs) and had lower total and
LDL cholesterol levels than those without
MA. Pulse pressure, duration of diabetes,
glycemic control, eGFR, and treatment
for diabetes was not significantly different
between the two groups (Table 1).

TRF length was significantly shorter

in the patients with MA than in those
without MA (6.64 � 0.74 vs. 7.23 � 1.01
kb, respectively, P � 0.004). This differ-
ence persisted after adjustment for BMI
(P � 0.006), waist-to-hip ratio (P �
0.01), smoking status (P � 0.005), hyper-
tension status (P � 0.01), use of statins
(P � 0.01), use of ACE inhibitors and/or
ARBs (P � 0.005), treatment with diet
alone (P � 0.007), treatment with an-
tidiabetes tablets other than glitazones
(P � 0.005), treatment with glitazones
(P � 0.004), and use of insulin (P �
0.004). PWVcf was significantly higher in
the patients with than in those without
MA (10.2 � 1.9 vs. 9.1 � 2.3 m/s, respec-
tively, P � 0.01); the same was valid for
the PWVcr (7.7 � 1.3 vs. 6.6 � 1.4 m/s,
respectively, P � 0.001) (Fig. 1).

Plasma hsCRP values did not differ
significantly between participants with
and without MA (1.40 � 0.72 vs. 1.41 �
0.83 mg/dl, respectively, P � 0.98). Sim-
ilarly, no significant difference was found
between the two groups in plasma nitro-

tyrosine (1,140.8 � 70.1 vs. 1,127.0 �
59.4 nmol/l, P � 0.35), 8-OHdG (0.42 �
0.12 vs. 0.44 � 0.13 ng/ml, P � 0.62),
and thiobarbituric acid reactive substance
concentrations (2.86 � 0.80 vs. 2.75 �
0.56 
mol/l, P � 0.48). Plasma levels of
protein carbonyls were higher in the pa-
tients with MA, but the difference did not
reach the statistically significant level
(0.82 [0.65–0.98] vs. 0.70 [0.51–0.91]
nmol/mg, median [interquartile range],
P � 0.07).

No significant correlations were
found between AER and plasma hsCRP or
the studied oxidative markers (P � 0.05).
AER was associated significantly with
both PWVcr (r � 0.26, P � 0.01) and
PWVcf (r � 0.38, P � 0.001), and there
was a suggestive association with pulse
pressure (r � 0.20, P � 0.06).

Determinants of TRF length in the
total sample population
Univariate linear regression analysis in
the total sample population showed sig-
nificant relationships between TRF length
and age [unstandardized regression coef-
ficient (b) � SE (b) � �0.023 � 0.011,
P � 0.03)], waist-to-hip ratio (b �
�3.761 � 1.691, P � 0.02), triglycerides
(b � �0.003 � 0.001, P � 0.02), AER
(b � �0.007 � 0.002, P � 0.007), MA
status (b � �0.605 � 0.204, P � 0.004),
PWVcr (b � �0.248 � 0.069, P �
0.001), and plasma nitrotyrosine concen-
trations (b � �0.004 � 0.002, P � 0.03).
No significant associations were found
between TRF length and BMI, waist cir-
cumference, hypertension or smoking
status, MAP, the other plasma lipids, du-
ration and degree of glycemia, type of an-
tidiabetic treatment, eGFR, HOMA-IR,
use of ACE inhibitors and/or ARBs, use of
statins, PWVcf, pulse pressure, hsCRP,
protein carbonyls, 8-OHdG, and thiobar-
bituric acid–reactive substances. Multi-
variate linear regression analysis, after
adjustment for all these associated factors
and for PWVcf, showed a significant and
independent association only between
TRF length and age (b � �0.021 �
0.010, P � 0.02), AER (b � �0.007 �
0.002, P � 0.002) or MA status (b �
�0.421 � 0.202, P � 0.04), PWVcr (b �
�0.149 � 0.064, P � 0.02), and plasma
nitrotyrosine levels (b � �0.004 �
0.002, P � 0.02).

Determinants of the TRF length in
the subjects without MA
Univariate linear regression analysis in
the normoalbuminuric subjects showed

Table 1—Demographic, clinical, and biochemical parameters of the study subjects according
to the presence (MA�) or absence (MA�) of microalbuminuria

MA� MA� P

n (%) 44 (52.5) 40 (47.6) —
Age (years) 61.2 � 9.8 63.5 � 9.0 0.27
BMI (kg/m2) 27.08 � 3.70 29.48 � 4.54 0.009
Waist circumference (cm) 99.57 � 9.93 106.85 � 11.38 0.002
Waist-to-hip ratio 0.97 � 0.063 1.00 � 0.05 0.05
Mean arterial blood pressure

(mmHg)
95.1 � 12.2 100.2 � 11.6 0.053

Pulse pressure (mmHg) 59.3 � 14.1 63.6 � 12.3 0.14
Duration of diabetes (years) 6.0 (3.0–13.0) 8.0 (4.0–16.5) 0.42
A1C (%) 6.86 � 0.86 7.24 � 1.38 0.14
Glucose (mg/dl) 145.9 � 45.0 159.1 � 53.3 0.22
Total cholesterol (mg/dl) 215.34 � 38.81 196.87 � 35.36 0.02
HDL cholesterol (mg/dl) 41.02 � 9.46 39.87 � 6.71 0.53
LDL cholesterol (mg/dl) 147.12 � 32.91 125.27 � 31.09 0.003
Triglycerides (mg/dl) 128.02 � 64.83 161.40 � 93.11 0.05
Estimated GFR (ml/min

per 1.73 m2)
84.6 � 18.2 86.7 � 19.1 0.60

HOMA-IR 2.91 (1.75–5.49) 4.40 (3.50–7.03) 0.01
Current smokers 3 (6.8) 4 (10.0) 0.70
Hypertension (yes) 17 (38.6) 27 (67.5) 0.008
Use of ACE inhibitors and/or

ARBs (yes)
15 (34.1) 23 (57.5) 0.03

Use of statins (yes) 8 (18.2) 18 (45) 0.008
Any retinopathy (yes) 7 (15.9) 8 (20.0) 0.62
Albumin excretion (mg/24 h) 5.5 (0.0–13.5) 88.6 (44.0–150.0) �0.001
Treatment for diabetes

Diet alone 7 (15.9) 3 (7.5)
Antidiabetes tablets 31 (70.5) 30 (75.0)
Insulin 6 (13.6) 7 (17.5) 0.47

Data are means � SD, n (%), or median (interquartile range) unless otherwise indicated.
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significant relationships between TRF
length and age (b � �0.035 � 0.013,
P � 0.01) and a suggestive association

with eGFR (b � 0.010 � 0.006, P �
0.08). No significant associations were
found between TRF length and PWVcr,

PWVcf, pulse pressure, and demo-
graphic, clinical, or laboratory parame-
ters. Multivariate linear regression
analysis, after adjustment for all these as-
sociated factors and for PWVcr as well as
PWVcf, showed a significant independent
association only between TRF length and
age (b � �0.031 � 0.014, P � 0.02).

Determinants of the TRF length in
the subjects with MA
Univariate linear regression analysis in
the microalbuminuric group showed sig-
nificant associations between TRF length
and AER (b � �0.005 � 0.002, P �
0.01) as well as triglycerides (b �
�0.003 � 0.001, P � 0.04). No signifi-
cant relationships were found between
TRF length and PWVcr, PWVcf, pulse
pressure, demographic, clinical, or labo-
ratory parameters. Multivariate linear re-
gression analysis, after adjustment for
triglycerides and for PWVcf and PWVcr,
showed a significant association only be-
tween TRF length and AER (b �
�0.004 � 0.001, P � 0.03).

CONCLUSIONS — The main find-
ings of the present study are 1) subjects
with type 2 diabetes and MA have shorter
TRF length and increased arterial stiffness
than diabetic individuals without MA and
2) in addition to age, AER and nitrosative
stress are associated with TRF length.

Telomere shortening is emerging as
an important molecular mechanism of
vascular aging (6,22). Telomeres are in-
volved in the maintenance of cellular sta-
bility (23). As DNA polymerases cannot
fully repair the replication of the 3�-end of
a linear DNA molecule to its very end,
telomeres shorten with repeated cell divi-
sion. Thus, in cultured somatic cells, telo-
meres act as a mitotic clock registering the
number of cell divisions; when the telo-
mere length reaches a critical value, se-
nescence occurs (23). Shorter TRF length
in either WBCs or monocytes has been
described in patients with type 1 diabetes
(24) and type 2 diabetes (25,26). In addi-
tion, recent data showed that the TRF
length in patients with type 2 diabetes is
associated with oxidative DNA damage
(25) and insulin resistance (26). Collec-
tively, these data suggest that in patients
with diabetes, the enhanced telomere at-
trition could serve as a biomarker of ad-
vanced biological aging.

The present study demonstrates for
the first time that patients with type 2 di-
abetes who have MA have shorter TRF
length than diabetic individuals without

Figure 1—Bars represent mean values � SD of TRF and PWV in the subjects according to the
presence (MA�) or absence (MA�) of microalbuminuria.
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this complication. One previous study re-
ported no difference in TRF length in
WBCs between subjects with and without
MA in either individuals with type 1 or
type 2 diabetes (24). However, that study
was designed to look for differences in
TRF length between subjects with and
without diabetes, and it was underpow-
ered to confirm differences in TRF length
according to microalbuminuric status,
since a small number of the participants
(10 with type 1 diabetes and 22 with type
2 diabetes) had MA.

Excessive production of reactive oxy-
gen species has been described in the
mononuclear cells of microalbuminuric
hypertensive patients proportional to the
degree of albuminuria (27). In addition,
lower plasma antioxidant concentrations
have been demonstrated in adults with
MA (18). Increased oxidative stress is
strongly associated with enhanced telo-
mere attrition in WBCs (7,12,24,25), vas-
cular smooth muscle cells (8), and
endothelial cells (28). Additionally, low-
grade inflammation has also been associ-
ated with shorter WBC telomeres (29).

We did not find significant differ-
ences in the oxidative markers studied or
low-grade inflammation between patients
with and without MA. Moreover, with the
exception of plasma nitrotyrosine levels,
oxidative markers or hsCRP were not as-
sociated with TRF length in WBCs. This
finding may have several explanations.
There is strong evidence that oxidative
stress is responsible for accelerated telo-
mere attrition in cultured human fibro-
blast and endothelial cells in vitro
(23,28). Only one clinical study has
found an association between TRF length
and urinary isoprostane so far; this was
described in male subjects from the Fra-
mingham study and suggests that oxida-
tive stress may accelerate telomere
erosion not only in vitro but also in vivo
(7). However, other studies have failed to
show an association between TRF length
and oxidative stress in vivo, probably due
to the complexity of the regulation of TRF
length in this condition (23). Moreover,
most of our patients have been treated
with medications like statins and ACE in-
hibitors/ARBs, all of which possess anti-
inflammatory and antioxidant properties
(30–34). To the best of our knowledge,
no data exist to suggest an effect of ACE
inhibitors/ARBs on TRF length, while
clinical and experimental data suggest
that treatment with statins may have a
protective effect on TRF attrition in hu-
man progenitor endothelial cells (35).

Thus, it is possible that these associated
treatments may have masked relation-
ships between oxidative or inflammatory
markers and TRF length.

The present study demonstrated a
significant independent association be-
tween plasma nitrotyrosine levels with
TRF length in the total sample population
but not in the patients with MA. Increased
nitrotyrosine concentrations accelerate
apoptosis of myocytes, endothelial cells,
fibroblasts, and chondrocytes (36). In ad-
dition, nitrosative stress is considered as a
major pathogenetic mechanism in the de-
velopment and progression of diabetic
nephropathy, and previous reports de-
scribed intense immunohistochemical
staining for nitrotyrosine in both human
and experimental diabetic renal disease
(37,38). On the other hand, statins and
ACE inhibitors/ARBs may reduce plasma
and urine nitrotyrosine levels and attenu-
ate the expression of nitrotyrosine in renal
tissue (39–41). The high percentage of
the microalbuminuric patients treated
with such medications in our study prob-
ably explains the lack of association be-
tween TRF length and plasma
nitrotyrosine levels in the patients with
MA.

We did not find significant associa-
tion between TRF length in WBCs and
plasma 8-OHdG, which is a sensitive and
specific indicator of oxidative DNA dam-
age. Sampson et al. (25) showed a direct
relationship between oxidative DNA
damage, assessed by determination of
plasma 8-oxoguanin levels and TRF
length in the peripheral blood monocyte
cells. The divergent results may be be-
cause the monocyte cells have a high turn-
over rate as their adherence to the
endothelium, entrance to the vascular
wall, and macrophage transformation are
enhanced (25). Additionally, recent data
suggest that the macrophage-mononu-
clear cells within vascular plaque have a
senescent and apoptotic phenotype (42).
Moreover, Sampson et al. (25) studied a
highly selected group of patients with type
2 diabetes without MA and not treated with
ACE inhibitors; therefore, the results of
the two studies are not comparable.

Our findings corroborate previous re-
ports showing that in patients with type 2
diabetes, MA is associated with increased
vascular aging, manifested either as in-
creased carotid wall thickness or PWV
(43,44). The profound difference in TRF
length (of 590 bp) between the two
groups and the expected (as it was shown
by the present study in the normoalbu-

minuric group and previous studies
[6,9]) decline of 24–35 bp per year in
TRF length implies a much older biolog-
ical age (despite the similar chronological
age) of microalbuminuric patients. Thus,
the increased arterial stiffness in patients
with MA may be due to the more pro-
nounced “aging ” of these patients. No sig-
nificant independent associations
between TRF length and measures of ar-
terial stiffness were found in our study, as
previously described in male hyperten-
sive subjects without diabetes and not
treated with antihypertensive medica-
tions (11). An association between PWVcf
and TRF length was observed in subjects
not receiving any antihypertensive treat-
ment (11). Actually, antihypertensive
treatment has profound effects on PWVcf,
while, as we mentioned before, the effects
of such treatment on TRF length is un-
known. The high percentage of the pa-
tients treated with statins and ACE
inhibitors/ARBs in our study, medications
with known favorable effects on arterial
stiffness (32,45), may have affected the dis-
crepancy in the association between TRF
length and indexes of arterial stiffness.

In agreement with previous reports
(24–26), we did not find significant rela-
tionships between TRF and duration as
well as degree of glycemia. This finding
implies that the consequences of hyper-
glycemia, such as oxidative stress and in-
flammation, rather than hyperglycemia
per se may be more important factor af-
fecting telomeres. Within the constraints
of the limited numbers, we showed that
the type of antidiabetic treatment was not
associated with TRF length.

This study does not explain the mech-
anisms responsible for the short TRF
length in the microalbuminuric patients.
A plausible explanation is that the shorter
TRF length reflects an increased WBC
turnover as a consequence of the chronic
inflammation and oxidative stress that ac-
company MA. The importance of MA on
telomere attrition is suggested by the in-
dependent association in the total sample
between MA with TRF length. In addi-
tion, in the group of patients with MA,
only AER, and not age, which is consis-
tently associated with TRF length in pre-
vious studies (6,9,11), emerged as a
predictor of TRF length, suggesting a car-
dinal role for MA in the enhanced telo-
mere attrition. However, other expla-
nations need to be considered. As TRF
length is genetically determined (6), pa-
tients with type 2 diabetes and MA may be
preprogrammed to both shorter TRF and
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MA. Alternatively, the shorter TRF length
in WBCs in the patients with MA could
reflect more developmental cell divisions
during the uterine or early postnatal pe-
riod (6).

Because no previous data were avail-
able to allow sample size calculations at
the initiation of the study, power calcula-
tions were performed at the end of the
study. A sample size of 80 subjects would
have 88% power at the 0.001 level to de-
tect the observed difference of 590 bp in
the mean values of the TRF length be-
tween participants with and without MA.

This study is not without limitations.
Most of the participants were on treat-
ment with medications with effect on ox-
idative stress, inflammation, and arterial
stiffness, and these associated treatments
may have blunted potential associations
between these markers and TRF length as
well as PWV. Moreover, the cross-
sectional design of our study does not
provide evidence for a cause and effect
relationship between MA and telomere
shortening. Furthermore, our study was
underpowered to examine relationships
between TRF length or AER and either
low-grade inflammation or oxidative
markers, all of which were secondary end
points.

In conclusion, patients with type 2 di-
abetes who have MA have enhanced WBC
telomere attrition and increased arterial
stiffness than patients with type 2 diabetes
without MA. In addition, TRF length is
associated with age, AER, and nitrosative
stress. As shorter WBC telomere length
indicates an older biological age, the in-
creased arterial stiffness in patients with
type 2 diabetes and MA may be due to the
more pronounced “aging ” of these pa-
tients. MA should be considered in the
design of studies exploring the links be-
tween WBC telomere length and diseases
of aging.

References
1. American Diabetes Association: Diabetic

nephropathy. Diabetes Care 26 (Suppl. 1):
S94–S98, 2003

2. Ritz E, Orth SR: Nephropathy in patients
with type 2 diabetes mellitus. N Engl J Med
341:1127–1133, 1999

3. Schmitz A, Vaeth M: Microalbuminuria: a
major risk factor in non-insulin-depen-
dent diabetes: a 10-year follow-up study
of 503 patients. Diabet Med 5:126–134,
1988

4. Dinneen SF, Gerstein HC: The association
of microalbuminuria and mortality in
non-insulin-dependent diabetes mellitus:

a systematic review of the literature. Arch
Intern Med 157:1413–1418, 1997

5. MacIsaac RJ, Cooper ME: Microalbumin-
uria and diabetic cardiovascular disease.
Curr Atheroscler Rep 5:350–357, 2003

6. Aviv A: Telomeres and human aging: facts
and fibs. Sci Aging Knowledge Environ 22:
pe43, 2004

7. Demissie S, Levy D, Benjamin EJ, Cupples
LA, Gardner JP, Herbert A, Kimura M,
Larson MG, Meigs JB, Keaney JF, Aviv A:
Insulin resistance, oxidative stress, hyper-
tension, and leukocyte telomere length in
men from the Framingham Heart Study.
Aging Cell 5:325–330, 2006

8. Matthews C, Gorenne I, Scott S, Figg N,
Kirkpatrick P, Ritchie A, Goddard M,
Bennett M: Vascular smooth muscle cells
undergo telomere-based senescence in
human atherosclerosis: effects of telomer-
ase and oxidative stress. Circ Res 99:156–
164, 2006

9. Benetos A, Gardner JP, Zureik M, Labat C,
Xiaobin L, Adamopoulos C, Temmar M,
Bean KE, Thomas F, Aviv A: Short telo-
meres are associated with increased ca-
rotid atherosclerosis in hypertensive
subjects. Hypertension 43:182–185, 2004

10. Jeanclos E, Schork NJ, Kyvik KO, Kimura
M, Skurnick JH, Aviv A: Telomere length
inversely correlates with pulse pressure
and is highly familial. Hypertension
36:195–200, 2000

11. Benetos A, Okuda K, Lajemi M, Kimura
M, Thomas F, Skurnick J, Labat C, Bean
K, Aviv A: Telomere length as an indicator
of biological aging: the gender effect and
relation with pulse pressure and pulse
wave velocity. Hypertension 37:381–385,
2001

12. Samani NJ, Boultby R, Butler R, Thomp-
son JR, Goodall AH: Telomere shortening
in atherosclerosis. Lancet 358:472–473,
2001

13. Cawthon RM, Smith KR, O’Brien E, Si-
vatchenko A, Kerber RA: Association be-
tween telomere length in blood and
mortality in people aged 60 years or older.
Lancet 361:393–395, 2003

14. Brouilette SW, Moore JS, McMahon AD,
Thompson JR, Ford I, Shepherd J, Pack-
ard CJ, Samani NJ, West of Scotland Cor-
onary Prevention Study Group: Telomere
length, risk of coronary heart disease, and
statin treatment in the West of Scotland
Primary Prevention Study: a nested case-
control study. Lancet 369:107–114, 2007

15. Ceriello A: Controlling oxidative stress as
a novel molecular approach to protecting
the vascular wall in diabetes. Curr Opin
Lipidol 17:510–518, 2006

16. Hotamisligil GK: Inflammation and met-
abolic disorders. Nature 860–867, 2006

17. Pedrinelli R, Dell’Omo G, Di Bello V, Pel-
legrini G, Pucci L, Del Prato S, Penno G:
Low-grade inflammation and microalbu-
minuria in hypertension. Arterioscler
Thromb Vasc Biol 24:2414–2419, 2004

18. Ford ES, Giles WH, Mokdad AH, Ajani
UA: Microalbuminuria and concentra-
tions of antioxidants among US adults.
Am J Kidney Dis 45:248–255, 2005

19. Laurent S, Cockcroft J, Van Bortel L, Bout-
ouyrie P, Giannattasio C, Hayoz D, Pan-
nier B, Vlachopoulos C, Wilkinson I,
Struijker-Boudier H, European Network
for Non-invasive Investigation of Large
Arteries: Expert consensus document on
arterial stiffness: methodological issues
and clinical applications. Eur Heart J 27:
2588–2605, 2006

20. Matthews DR, Hosker JP, Rudenski AS,
Naylor BA, Treacher DF, Turner RC: Ho-
meostasis model assessment: insulin re-
sistance and �-cell function from fasting
plasma glucose and insulin concentra-
tions in man. Diabetologia 28:412–419,
1985

21. Draper HH, Squires EJ, Mahmoodi H, Wu
J, Agarwal S, Hadley M: A comparative
evaluation of thiobarbituric acid methods
for the determination of malondialdehyde
in biological materials. Free Radic Biol Med
15:353–363, 1993

22. Serrano AL, Andres V: Telomeres and car-
diovascular disease: does size matter? Circ
Res 94:575–584, 2004

23. Saretzki G, Von Zglinicki T: Replicative
aging, telomeres, and oxidative stress.
Ann N Y Acad Sci 959:24–29, 2002

24. Jeanclos E, Krolewski A, Skurnick J,
Kimura M, Aviv H, Warram JH, Aviv A:
Shortened telomere length in white blood
cells of patients with IDDM. Diabetes 47:
482–486, 1998

25. Sampson MJ, Winterbone MS, Hughes
JC, Dozio N, Hughes DA: Monocyte telo-
mere shortening and oxidative DNA dam-
age in type 2 diabetes. Diabetes Care 29:
283–289, 2006

26. Adaikalakoteswari A, Balasubramanyam
M, Mohan V: Telomere shortening occurs
in Asian Indian type 2 diabetic patients.
Diabet Med 22:1151–1156, 2005

27. Giner V, Tormos C, Chaves FJ, Saez G,
Redon J: Microalbuminuria and oxidative
stress in essential hypertension. J Intern
Med 255:588–594, 2004

28. Kurz DJ, Decary S, Hong Y, Trivier E,
Akhmedov A, Erusalimsky JD: Chronic
oxidative stress compromises telomere in-
tegrity and accelerates the onset of senes-
cence in human endothelial cells. J Cell Sci
117:2417–2426, 2004

29. Fitzpatrick AL, Kronmal RA, Gardner JP,
Psaty BM, Jenny NS, Tracy RP, Walston J,
Kimura M, Aviv A: Leukocyte telomere
length and cardiovascular disease in the
cardiovascular health study. Am J Epide-
miol 165:14–21, 2007

30. Oyama T, Takeyoshi M, Shirai K: Probu-
col and atorvastatin decrease urinary
8-hydroxy-2�-deoxyguanosine in pa-
tients with diabetes and hypercholesterol-
emia. J Atheroscler Thromb 13:68–75,
2006

Telomere shortening in microalbuminuria

2914 DIABETES CARE, VOLUME 30, NUMBER 11, NOVEMBER 2007



31. Ceriello A, Assaloni R, Da Ros R, Maier A,
Piconi L, Quagliaro L, Esposito K, Giugli-
ano D: Effect of atorvastatin and irbesar-
tan, alone and in combination, on
postprandial endothelial dysfunction, ox-
idative stress, and inflammation in type 2
diabetic patients. Circulation 111:2518–
2524, 2005

32. Efrati S, Averbukh M, Dishy V, Faygenzo
M, Friedensohn L, Golik A: The effect of
simvastatin, ezetimibe and their combina-
tion on the lipid profile, arterial stiffness
and inflammatory markers. Eur J Clin
Pharmacol 63:113–121, 2007

33. Ceriello A, Assaloni R, Da Ros R, Maier A,
Quagliaro L, Piconi L, Esposito K, Giugli-
ano D: Effect of irbesartan on nitroty-
rosine generation in non-hypertensive
diabetic patients. Diabetologia 47:1535–
1540, 2004

34. Khan BV, Sola S, Lauten WB, Natarajan R,
Hooper WC, Menon RG, Lerakis S,
Helmy T: Quinapril, an ACE inhibitor,
reduces markers of oxidative stress in the
metabolic syndrome. Diabetes Care 27:
1712–1715, 2004

35. Spyridopoulos I, Haendeler J, Urbich C,
Brummendorf TH, Oh H, Schneider MD,
Zeiher AM, Dimmeler S: Statins enhance
migratory capacity by upregulation of the
telomere repeat-binding factor TRF2 in
endothelial progenitor cells. Circulation

110:3136–3142, 2004
36. Stadtman ER: Protein oxidation in aging

and age-related diseases. Ann N Y Acad Sci
928:22–38, 2001

37. Chander PN, Gealekman O, Brodsky SV,
Elitok S, Tojo A, Crabtree M, Gross SS,
Goligorsky MS: Nephropathy in Zucker
diabetic fat rat is associated with oxidative
and nitrosative stress: prevention by
chronic therapy with a peroxynitrite scav-
enger ebselen. J Am Soc Nephrol 15:2391–
2403, 2004

38. Onozato ML, Tojo A, Goto A, Fujita T,
Wilcox CS: Oxidative stress and nitric ox-
ide synthase in rat diabetic nephropathy:
effects of ACEI and ARB. Kidney Int 61:
186–194, 2002

39. Shishehbor MH, Aviles RJ, Brennan ML,
Fu X, Goormastic M, Pearce GL, Gokce N,
Keaney JF Jr, Penn MS, Sprecher DL, Vita
JA, Hazen SL: Association of nitrotyrosine
levels with cardiovascular disease and
modulation by statin therapy. JAMA 289:
1675–1680, 2003

40. Endo K, Miyashita Y, Sasaki H, Ebisuno
M, Ohira M, Saiki A, Koide N, Oyama T,
Takeyoshi M, Shirai K: Probucol and ator-
vastatin decrease urinary 8-hydroxy-2�-
deoxyguanosine in patients with diabetes
and hypercholesterolemia. J Atheroscler
Thromb 13:68–75, 2006

41. Fan Q, Liao J, Kobayashi M, Yamashita M,

Gu L, Gohda T, Suzuki Y, Wang LN, Hori-
koshi S, Tomino Y: Candesartan reduced
advanced glycation end-products accumu-
lation and diminished nitro-oxidative stress
in type 2 diabetic KK/Ta mice. Nephrol Dial
Transplant 19:3012–3020, 2004

42. Bjorkerud S, Bjorkerud B: Apoptosis is
abundant in human atherosclerotic le-
sions, especially in inflammatory cells
(macrophages and T cells), and may con-
tribute to the accumulation of gruel and
plaque instability. Am J Pathol 149:367–
380, 1996

43. Matsagoura M, Andreadis E, Diamanto-
poulos EJ, Vassilopoulos C, Tentolouris
N, Katsilambros N: Carotid intima-media
thickness in patients with type 2 diabetes:
the significance of microalbuminuria and
different risk factors for atherosclerosis.
Diabetes Care 26:2966, 2003

44. Smith A, Karalliedde J, De Angelis L,
Goldsmith D, Viberti G: Aortic pulse wave
velocity and albuminuria in patients with
type 2 diabetes. J Am Soc Nephrol 16:
1069–1075, 2005

45. Nakamura T, Fujii S, Hoshino J, Saito Y,
Mizuno H, Saito Y, Kurabayashi M: Selec-
tive angiotensin receptor antagonism with
valsartan decreases arterial stiffness inde-
pendently of blood pressure lowering in
hypertensive patients. Hypertens Res 28:
937–943, 2005

Tentolouris and Associates

DIABETES CARE, VOLUME 30, NUMBER 11, NOVEMBER 2007 2915


