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OBJECTIVEdRecent studies have identified a set of serological markers for telomere dys-
function and DNA damage. The relevance of these serological markers in type 2 diabetes remains
elusive. We investigated the association of serological markers (elongation factor 1a [EF-1a],
stathmin, and N-acetyl-glucosaminidase) with leukocyte telomere length, a functional variant of
uncoupling protein-2 (UCP2), and susceptibility of type 2 diabetes.

RESEARCH DESIGN AND METHODSdA total of 930 patients and 867 control sub-
jects were recruited to examine the association between leukocyte telomere length,UCP2 variant
(2886G.A), recently identified serological markers, and type 2 diabetes. Telomere length was
determined by a quantitative real-time PCR–based assay. EF-1a, stathmin, and C-reactive pro-
teins were measured by enzyme-linked immunosorbent assays. N-acetyl-glucosaminidase was
measured by an enzyme activity assay. The UCP2 variant was determined by PCR and restriction
enzyme digestion.

RESULTSdThe average telomere length of type 2 diabetic patients was significantly shorter
than that of control subjects. Serological N-acetyl-glucosaminidase correlates with both age and
telomere length and was significantly higher in patients than in control subjects. Neither EF-1a
nor stathmin showed significant difference between patients and control subjects. The UCP2–
886G.A variant correlated with type 2 diabetes status but did not correlate with telomere
length or the serological markers. Multivariate analysis showed that higher serological
N-acetyl-glucosaminidase, shorter telomeres, and the UCP2–886G.A variant are independent
risk factors for type 2 diabetes.

CONCLUSIONSdSerological N-acetyl-glucosaminidase, telomere length, and the UCP2–
886G.Avariant are independent risk factors for type2diabetes. SerologicalN-acetyl-glucosaminidase
correlates with telomere length but not with the UCP2–886G.A variant.
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Type 2 diabetes is the most common
form of diabetes, characterized by
high blood glucose in the context

of insulin resistance and relative insulin
deficiency. In China, type 2 diabetes has
become a major public health problem
because of the rapid change of lifestyle in
the Chinese population (1). Epidemiology

studies have identified a number of clas-
sic risk factors for type 2 diabetes, includ-
ing age, obesity, and unhealthy lifestyles.
Recently, several cross-sectional studies
suggested that shorter telomeres correlate
not only with the risk of type 2 diabetes but
also with its complications, such as micro-
albuminuria and myocardial infarction

(2–4). Experimental evidence showed
that DNA damage responses and cellular
senescence induced by telomere dysfunc-
tion led to increased reactive oxygen spe-
cies (ROS) in fat cells, which ultimately
resulted in the activation of p53, inflam-
mation responses, and the promotion of
insulin resistance (5). Therefore, genomic
damage, accumulation of ROS, and shorter
telomeres may be linked to the onset and
progression of diabetes and its complica-
tions. A proper evaluation of the cumula-
tive burden of internal and external stress
from oxidative damage and telomere attri-
tion could be very useful in clinical settings.

The average telomere length of pe-
ripheral leukocytes reflects not only the
birth telomere length but also the accu-
mulation of inflammation (6) and oxi-
dative stresses of the body (7,8). Thus,
shorter telomeres could be considered
as a useful marker for assessing the accu-
mulative risk for aging-associated human
diseases. We have recently identified a set
of biomarkers (cathelin-related antimicro-
bial peptide [CRAMP], stathmin, elongation
factor 1a [EF-1a], and chitinase) that are
induced by telomere dysfunction or g-irra-
diation (9). Although the functional role of
these biomarkers in response to DNA dam-
age or telomere dysfunction remains to be
investigated, these proteins could represent
useful biomarkers in aging and associated
diseases because the expression of these pro-
teins can easily bemeasured in human blood
serumusing enzyme-linked immunosorbent
assays and enzyme activity assays.

Leukocyte telomere length is influ-
enced by both genetic and environmental
factors. Differences in leukocyte telomere
length have been observed in different
ethnic populations (10). Most of the epide-
miological studies about telomere length
and type 2 diabetes were conducted in
white populations. A studywith a relatively
small sample size was conducted in the
Asian-Indian population (3). Thus far, the
association of shorter telomeres and type
2 diabetes has not been identified in the
Chinese population.

Uncoupling protein-2 (UCP2) is a
widely expressed inner mitochondrial
membrane protein. Multiple variants of
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the UCP2 gene have been implicated in
obesity and diabetes (11,12). It was re-
ported that the common 2886G.A var-
iant in the promoter of the human UCP2
gene, which enhances its transcriptional
activity, is associated with reduced ATP
production and insulin secretion. A re-
cent study showed that those carrying
the functional promoter variant 2866A
of UCP2 have shorter telomeres (8). We
also investigated whether the UCP2–
886G.A variant is associated with telo-
mere length and type 2 diabetes in a
Chinese population.

In this study, we investigated the as-
sociation of leukocyte telomere length,
the biomarkers of telomere dysfunction
and DNA damage (stathmin, EF-1a, and
N-acetyl-glucosaminidase), the oxidative
stress–related functional variant (UCP2–
886G.A), C-reactive protein (CRP), and
lipid profile in type 2 diabetic (T2D) pa-
tients in a Chinese population. Our data
indicated that shorter telomeres and sero-
logical N-acetyl-glucosaminidase levels
are independent risk factors for type 2 di-
abetes. The UCP2–886G.A variant cor-
related with type 2 diabetes but not with
age-adjusted leukocyte telomere length
or serological N-acetyl-glucosaminidase
levels. These findings suggest that sero-
logical N-acetyl-glucosaminidase is a po-
tential indicator for shorter telomeres and
type 2 diabetes.

RESEARCH DESIGN AND
METHODSdT2D patients and 867
healthy control subjects were recruited
from urban community centers in China.
Informed consent was obtained from all
subjects at the start of the study. Patients’
data were evaluated anonymously. The
study was designed in accordance with the
principles of the Declaration of Helsinki
and was approved by an institutional re-
view committee. All participants under-
went complete physical examinations, as
well as hematological, biochemical, and
instrumental examinations at the time of
blood collection. Venous blood was ob-
tained from the antecubital vein from all
participants after a 10–12-h overnight fast
for the measurement of plasma glucose,
lipid panel, and DNA extraction. A de-
tailed medical history of each subject was
obtained, including past and present med-
ical history, list of current medications,
and smoking habits. Subjects were di-
vided into three groups (nonsmokers,
ex-smokers, and current smokers). Smok-
ing was used as a quantitative variable
(number of packs smoked per month) in

multivariable analysis. T2D patients were
diagnosed according to World Health
Organization criteria (13). Patients with
diabetic retinopathy or diabetic nephrop-
athy were excluded from the study. All
participants were free of infectious disea-
ses and malignancy.

Biochemical assays
Blood specimens were centrifuged imme-
diately; serum and plasma samples were
stored at 2808C without repeat freeze-
thaw cycles until they were analyzed
within 6 months. High-sensitivity CRP
levels were assayed by the immunoturbi-
dometric method (DiaSys Diagnostics,
Holzheim, Germany) on the Hitachi
7600-010 Automatic Clinical Analyzer.
The assay could detect a minimal CRP
concentration of 0.05 mg/L, and values
below this level were classified as unde-
tectable. Blood concentrations of total,
HDL, and LDL cholesterol; triglycerides
(TGs); and fasting glucose were measured
by routine laboratory methods. Serologi-
cal levels of stathmin and EF-1a were
determined by enzyme-linked immu-
nosorbent assays. Serological levels of
N-acetyl-glucosaminidase were measured
by the chitinase activity assay kit, as
described previously (9,14).

Measurement of telomere length
The integrity of the DNA sample was
assessed by the electrophoresis of 0.5 mg
of undigested DNA on 1.0% agarose
gel. The telomere length ratio (T/S ratio)
was measured using a quantitative PCR
method, as described previously (15). In-
dividual DNA samples were measured in
triplicate. A reference DNA sample (pool
of genomic DNA from 100 subjects) was
included in each measurement to control
interassay variability. The coefficients of
variation for the triplicate measurement
were 3.6% for telomere and 2.8% for
the single-gene assay. Test samples with
threshold cycle numbers that fell outside
the range defined by the standard curves
were rerun at different concentrations to
ensure that they were amplified within
the linear range. All analyses were con-
ducted blind to the disease status of the
individuals.

The relative telomere length was cal-
culated with slight modifications, accord-
ing to the previously published method
(15). The linear regression line between
mean telomere length (measured by ter-
minal restriction fragment analysis based
on Southern blotting) and the T/S ratio
(measured by the quantitative PCR–based

method) was obtained, as described pre-
viously (14,16), and used for the calcu-
lation of the corresponding telomere
length in base pairs (bp) from the T/S ratio
measured in each subject.

UCP2 single nucleotide
polymorphism genotyping
The 2866G.A promoter variant of the
UCP2 gene was genotyped using a PCR-
based method, followed by restriction
enzyme digestion and electrophoresis.
A 278-bp fragment was amplified by
forward primer 59-GAGCGGCCTGGCG-
TTTAGGG-39 and reverse primer 59- GT-
TTGTCCCGGCCAGAGGGC-39, followed
by MluI restriction enzyme digestion for
2 h. The genotypes were determined by
electrophoresis on a 2% agarose gel as
follows: GG genotypes were dissected by
MluI and showed two bands of 237 and
41 bp; AA genotypes were not dissected
and showed only one band of 278 bp; and
GA genotypes showed three bands of 278,
237, and 41 bp. All samples were analyzed
in duplicate.

Calculation and statistical analysis
Data were analyzed using the SAS pro-
gram (version 9.1). Statistical significance
was taken as P ,0.05, and all tests were
two-tailed. Telomere length was log-
transformed because of its skewed distri-
bution. The x2 test was used for categorical
variables, and one-way ANOVA was used
for quantitative variables. Partial correla-
tion coefficients and ANCOVA were used
to adjust the comparison between groups.
Furthermore, the multiple regression was
used to derive unbiased estimates by
controlling confounding factors. Logistic
regression models were performed to cal-
culate odds ratios (ORs) and 95% CIs on
the basis of unadjusted assessment and
then adjusted for age, sex, and other con-
ventional risk factors.

RESULTS

Characteristics of study samples
Characteristics of T2D patients and con-
trol subjects at the time of blood donation
are shown in Table 1. T2D patients and
control subjects were matched by age
and sex. BMI was significantly greater in
T2D patients (24.2 6 3.2 kg/m2) com-
pared with control subjects (23.1 6 3.1;
P , 0.001). T2D patients had signifi-
cantly higher fasting plasma glucose and
TGs and low HDL cholesterol compared
with control subjects. Of interest, the total
cholesterol (TC) level was not different
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between the two groups. It is not surpris-
ing that urea and creatinine levels were
higher in T2D patients compared with
control subjects, perhaps because of ad-
vanced disease. Family history of diabetes
was significantly higher in T2D patients
compared with control subjects (P ,
0.001).

Telomere length correlates with age
and type 2 diabetes
The telomere length was calculated as
described previously (14,16) and log-
transformed to achieve a normal distri-
bution before the following statistical
analysis. Leukocyte telomere length was
inversely correlated with age overall (r =
20.09; P , 0.001) as well as in the case
group (r =20.073; P = 0.023) and in the
control group (r = 20.115; P = 0.001).
Telomere length was shorter in male sub-
jects compared with female subjects in
the control group (8.37 vs. 8.69 kilobases
[kb]; P = 0.036), whereas in T2D patients
such a difference was not significant (P =
0.193). In the following analysis, telomere
length was adjusted for age and sex. Signif-
icant differences in age- and sex-adjusted
telomere length were observed between

T2D patients (8.012 kb [95% CI 7.901–
8.141) and control subjects (8.587
[8.444–8.730]; P, 0.001).

Serological N-acetyl-glucosaminidase
correlates with age and type 2
diabetes
The serological levels of DNA damage and
telomere dysfunction markers (EF-1a,
stathmin, and N-acetyl-glucosaminidase)
were log-transformed to achieve a nor-
mal distribution before the following
statistical analysis. Overall, only N-acetyl-
glucosaminidase was positively correlated
with age (r = 0.150; P, 0.001). N-acetyl-
glucosaminidase was positively correlated
with age in the case group (r = 0.085; P =
0.010) and in the control group (r = 0.226;
P , 0.001). Stathmin was only positively
correlated with age in the control group
(r = 0.114; P = 0.001) but not in the case
group. EF-1a did not show correlationwith
age in any of the groups. Therefore, both
stathmin and N-acetyl-glucosaminidase
were age- and sex-adjusted in the subse-
quent analyses. Significant differences in
serological N-acetyl-glucosaminidase were
observed in T2D patients (92.846 ng/mL
[95% CI 90.849–94.844]) compared with

control subjects (79.923 [78.254–81.592];
P , 0.001). The serological levels of
EF-1a or stathmin were not signifi-
cantly different between case and control
groups.

Correlation of telomere length and
serological N-acetyl-glucosaminidase
with conventional risk factors of
type 2 diabetes
We next analyzed confounding factors
that may affect the leukocyte telomere
length and serological level of N-acetyl-
glucosaminidase. The correlation be-
tween age-adjusted telomere length and
other conventional risk factors are shown
in Table 2. In total samples, sex, smoking
(number of packs smoked per month),
BMI, glucose, uric acid (UA), TC, stathmin,
EF-1a, and N-acetyl-glucosaminidase
were significantly correlated with age-
adjusted telomere length. Therefore,
ANCOVA was used to adjust the com-
parison among groups, taking into ac-
count the effects of sex, smoking, BMI,
UA, TC, stathmin, EF-1a, and N-acetyl-
glucosaminidase as covariates. After ad-
justment, the difference in age-adjusted
telomere length between T2D patients and
control subjects remained highly signifi-
cant (P, 0.001). The correlation between
age-adjusted N-acetyl-glucosaminidase
and other conventional risk factors are
shown in Table 3. In total samples, sex,
smoking, exercise, systolic blood pressure
(SBP), diastolic blood pressure (DBP), glu-
cose, urea, creatinine, TGs, HDL choles-
terol, CRP, stathmin, and telomere length
were significantly correlated with age-
adjusted N-acetyl-glucosaminidase. Thus,
ANCOVA was used to adjust the compar-
ison among groups, taking into account
the effects of sex, smoking, exercise, SBP,
DBP, urea, creatinine, TGs, HDL choles-
terol, CRP, stathmin, and telomere length
as covariates. After adjustment, difference
in age-adjusted N-acetyl-glucosaminidase
between T2D patients and control sub-
jects remained highly significant (P ,
0.001).

Telomere length and serological
N-acetyl-glucosaminidase are
independent risk factors of type 2
diabetes
Logistic regression was performed to
verify whether leukocyte telomere length
and serological N-acetyl-glucosaminidase
were independent risk factors of type 2 di-
abetes. Age-adjusted telomere length and
age-adjusted N-acetyl-glucosaminidase
were categorized according to the 50th

Table 1dCharacteristics of T2D patients and control subjects

Case subjects Control subjects P

N 930 867
Age (years) 64.3 6 8.6 64.1 6 8.9 0.804
Male subjects (%) 29.9 30.5 0.797
Age of type 2 diabetes onset 57.0 (51.4–64.3) d
Duration of type 2 diabetes 5 (2.3–9) d
Current smokers (%) 23.4 21.0 0.276
BMI (kg/m2) 24.2 6 3.2 23.1 6 3.1 ,0.001*
Glucose (mmol/L) 8.2 6 3.6 4.8 6 1.0 ,0.001*
TGs (mmol/L) 1.9 6 1.5 1.5 6 1.4 ,0.001*
TC (mmol/L) 4.64 6 1.03 4.69 6 1.00 0.222
HDL cholesterol (mmol/L) 1.2 6 0. 4 1.3 6 0.3 ,0.001*
LDL cholesterol (mmol/L) 3.0 6 0.9 2.9 6 0.9 0.282
CRP (mg/L) 2.5 6 5.4 2.4 6 6.9 0.671
UA (mmol/L) 280.7 6 107.7 279.0 6 92. 3 0.731
Urea (mmol/L) 6.4 6 2.0 5.8 6 1.5 ,0.001*
Creatinine (mmol/L) 84.3 6 30.6 81.3 6 15.7 0.010*
Hypertension (%) 54.6
SBP (mmHg) 133.7 6 17.5 124.6 6 15.1 ,0.001*
DBP (mmHg) 78.7 6 9.8 76.4 6 8.7 ,0.001*
Family history (%) 12.5 2.3 ,0.001*
Hypoglycemia medication (%)
None 39.8 d
Insulin 10.9 d
Oral 53.6 d
Both 4.2 d

Telomere length (kb) 8.01 6 1.83 8.59 6 2.11 ,0.001*
Data are means 6 SD or median (interquartile range), where appropriate. *P , 0.05.
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percentile. The unadjusted OR of type 2
diabetes was 1.597 (95%CI 1.325–1.924)
for individuals in the 50th percentile of
shorter telomeres compared with those
with longer telomeres (P , 0.001). In
the stepwise logistic regression model,
after adjusting for sex, smoking, BMI,
UA, TC, stathmin, EF-1a, and N-acetyl-
glucosaminidase, short telomere length

was confirmed as an independent risk
factor for type 2 diabetes (1.775 [1.401–
2.249]; P , 0.001). The unadjusted OR
of type 2 diabetes was 2.132 (1.760–
2.584) for individuals in the 50th percen-
tile of high N-acetyl-glucosaminidase
compared with whose with low N-acetyl-
glucosaminidase (P , 0.001). In the
stepwise logistic regression model, after

adjustment of sex, smoking, exercise,
SBP, DBP, urea, creatinine, TGs, HDL cho-
lesterol, CRP, stathmin, and telomere
length, high N-acetyl-glucosaminidase
was confirmed as an independent risk fac-
tor for type 2 diabetes (2.022 [1.589–
2.575]; P , 0.001). We did not observe
any significant interactions in the afore-
mentioned factors.

Table 2dCorrelation coefficients of age-adjusted telomere length with classical risk factors in T2D patients and control subjects

Total Case subjects Control subjects

Correlation coefficient P Correlation coefficient P Correlation coefficient P

Sex 0.056 0.017* 0.043 0.192 0.072 0.035*
Smoking 20.092 0.001* 20.045 0.250 20.132 0.001*
Exercise 0.027 0.332 0.026 0.505 0.032 0.420
BMI 20.059 0.036* 0.008 0.846 20.072 0.072
SBP 0.017 0.553 0.034 0.383 0.095 0.017*
DBP ,0.001 0.991 0.048 0.222 20.001 0.987
Glucose 20.098 ,0.001* 0.005 0.896 20.111 0.005*
Urea 20.004 0.897 0.047 0.230 20.014 0.718
Creatinine 20.023 0.412 20.031 0.431 ,0.001 0.999
UA 20.097 ,0.001* 20.105 0.007* 20.098 0.014*
TC 0.081 0.004* 0.037 0.341 0.103 0.010*
TGs 20.006 0.841 0.014 0.719 0.013 0.741
HDL cholesterol 0.037 0.183 20.048 0.219 0.063 0.114
LDL cholesterol 20.011 0.694 20.015 0.700 20.008 0.841
CRP 0.027 0.327 20.017 0.667 0.060 0.133
Stathmin 20.060 0.032* 20.035 0.379 20.077 0.054
EF-1a 20.096 0.001* 20.044 0.265 20.146 ,0.001*
N-acetyl-glucosaminidase 20.066 0.019* 0.014 0.717 20.087 0.029*
Stathmin, EF-1a, and N-acetyl-glucosaminidase are serological markers for telomere dysfunction and DNA damage. *P , 0.05.

Table 3dCorrelation coefficients of age-adjusted N-acetyl-glucosaminidase with classical risk factors in T2D patients
and control subjects

Total Case subjects Control subjects

Correlation coefficient P Correlation coefficient P Correlation coefficient P

Sex 20.063 0.009* 20.075 0.025* 20.058 0.096
Smoking 0.063 0.023* 0.067 0.088 0.051 0.200
Exercise 20.074 0.008* 20.093 0.017* 20.066 0.096
BMI 20.023 0.413 20.110 0.005* 0.001 0.984
SBP 0.084 0.003* 0.047 0.231 0.003 0.941
DBP 0.086 0.002* 0.025 0.517 0.096 0.017*
Glucose 0.275 ,0.001* 0.235 ,0.001* 0.164 ,0.001*
Urea 0.100 ,0.001* 0.064 0.103 0.089 0.026*
Creatinine 0.089 0.001* 0.095 0.015* 0.073 0.067
UA 0.038 0.175 0.049 0.210 0.032 0.431
TC 20.022 0.434 0.008 0.847 20.027 0.504
TGs 20.068 0.014* 20.119 0.002* 20.073 0.068
HDL cholesterol 0.057 0.040* 0.142 ,0.001* 0.045 0.263
LDL cholesterol 0.045 0.111 0.046 0.239 0.046 0.252
CRP 0.062 0.025* 0.097 0.013* 0.033 0.404
Stathmin 0.166 ,0.001* 0.139 ,0.001* 0.196 ,0.001*
EF-1a 0.043 0.128 20.024 0.542 0.121 0.002*
Terminal restriction fragment 20.066 0.019* 0.014 0.717 20.087 0.029*
Stathmin, EF-1a, and N-acetyl-glucosaminidase are serological markers for telomere dysfunction and DNA damage. *P , 0.05.
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UCP2–866G>A variants correlate
with type 2 diabetes but not with
telomere length or serological
N-acetyl-glucosaminidase
The genotype distribution for the UCP2–
866G.A variants was as expected from
Hardy-Weinberg equilibrium (P = 0.743
for case subjects and P = 0.066 for con-
trol subjects). The distribution of the
UCP2–866G.A variant between male
and female subjects was not different
(P = 0.253). The relationship between
the2866G.A variant and other conven-
tional risk factors was analyzed. There
were no significant correlations between
genotype distribution for the 2866G.A
variant and other conventional risk fac-
tors, with the exception of glucose (P =
0.001). The 2866G.A variants were
associated with type 2 diabetes (Cochran-
Armitage trend test; P = 0.017). The fre-
quency of the UCP2 2866A allele was
0.47 in case subjects and 0.51 in control
subjects. TheORof the2866A allele com-
pared with the 2866G allele for type 2
diabetes was 1.172 (95% CI 1.029–
1.335; P = 0.016). Carriers of the 2866A
allele have a 1.306-fold relative risk (OR)
of type 2 diabetes compared with subjects
with the GG genotype (1.058–1.612; P =
0.012). The difference of age-adjusted
telomere length was not significant among
different genotypes (P = 0.735 for case
subjects and P = 0.303 for control sub-
jects). Likewise, the age-adjusted serolog-
ical N-acetyl-glucosaminidase did not
show significant a difference between the
carriers of the 2866A allele and subjects
with the GG genotype (P = 0.087 for case
subjects and P = 0.142 for control sub-
jects).

CONCLUSIONSdWe investigated
the association between leukocyte telomere
length, theUCP2 variant (2886G.A), re-
cently identified serological markers, and
type 2 diabetes in a Chinese population.
We found an age-dependent increase of
serological N-acetyl-glucosaminidase and
stathmin (biomarkers for DNA damage
and telomere dysfunction) in control sub-
jects, which is consistent with our previ-
ous work in whites (9,14). In contrast, we
did not observe any significant correlation
between serological EF-1a and age. Such
discrepancy may be attributed to differ-
ences in ethnicity and age. The previous
study analyzed a cohort of 136 healthy
whites aged 18–80 years (14) compared
with 867 healthy Chinese subjects aged
45–89 years who were recruited from
community-based populations.

In addition to their correlation with
human aging, these serological markers
have been implicated in age-related
chronic diseases, such as liver cirrhosis
and myelodysplastic syndrome (9). In the
current study, we investigated the corre-
lation of these serological markers with
type 2 diabetes in a relatively large subject
group. Compared with healthy control
subjects, T2D patients showed signifi-
cantly higher serological levels of N-acetyl-
glucosaminidase but not stathmin or
EF-1a. After adjustment for age, sex, and
conventional risk factors, a higher level
of serological N-acetyl-glucosaminidase
seems to be an independent risk factor
for type 2 diabetes. The biological rele-
vance of increased serological N-acetyl-
glucosaminidase to the etiology of type 2
diabetes still is obscure. Increased activity
of N-acetyl-glucosaminidase has been re-
lated to inflammation (17) and diabetes
(18). Research done inmousemodels sug-
gested that insulin resistance and the re-
sultant type 2 diabetes can be prevented
by disabling the macrophage inflamma-
tory pathway (19,20). In humans, insulin
resistance is closely related to the presence
of inflammatory cells in fatty tissue, where
they produce cytokines (21). These cyto-
kines cause the neighboring liver, muscle,
or fat cells to become insulin resistant,
which in turn can lead to type 2 diabetes.
Recent experimental evidence suggested that
telomere attrition provokes senescence-
associated secretion of inflammatory cy-
tokines (22). Experimental evidence from
mouse models demonstrated that shorter
telomeres induce the overproduction of
cytokines leading to tissue stem-cell aging
(23) and abnormal hematopoiesis (im-
paired lymphopoiesis and accelerated
myelopoiesis) in telomerase knockout
mice (24). The accelerated myelopoiesis
induced by telomere dysfunction and ag-
ing could, in turn, enhance the activation
of the macrophage inflammatory pathway
in type 2 diabetes.

The UCP2 gene has been linked to
mitochondrial ROS overproduction and
diabetes (12). We examined the associa-
tion of a functional UCP2 variant with
telomere length and type 2 diabetes. In
the current study, the frequency of the
minor allele is much higher than in the
previous study involving whites (37.2%)
(11) but is similar to what has been
observed in the Japanese population
(48.9%) (25). In agreement with previous
study (8), our data prove that both telo-
mere length and the UCP2–866G.A var-
iant are significantly associated with type

2 diabetes. Furthermore, we did not ob-
serve any significant correlation between
telomere length and the UCP2–866G.A
variant. This discrepancy may well be at-
tributed to the ethnic difference in allele
frequency.

It is worth mentioning the limitations
of this study. First, there are multiple
variants for UCP2, and we only tested the
2866G.A variant. Therefore, we cannot
exclude the possibility that other variants
of UCP2 are associated with telomere
length. Second, we did not measure the
ROS, which is key in evaluating cross-talk
between telomere dysfunction and oxida-
tive stress. Third, population differences
may be quite large between different eth-
nic groups (10), rendering it difficult to
extrapolate to other Chinese populations,
with the exception of the Han population.
Last, the cross-sectional design of our
study does not provide evidence for a
causal relationship between T2D patients
and shorter telomeres. A definitive an-
swer to the question of whether telomere
attrition is a primary cause or a conse-
quence of type 2 diabetes requires prospec-
tive epidemiological studies. Considering
the relevance of the current findings,
telomere-associated biomarkers might be
potential biomarkers for human aging and
type 2 diabetes.

The current study investigated a
number of factors that may affect telo-
mere attrition in the analysis and con-
firmed the previous findings that shorter
telomeres and increased serological
N-acetyl-glucosaminidase levels correlate
with aging. More importantly, this study
is the first to identify that serological
N-acetyl-glucosaminidase represents an
independent risk factor for type 2 diabetes.

AcknowledgmentsdThis work was sup-
ported by the National Science and Techno-
logy Pillar Program (2007BAI24B08) and the
National Natural Science Foundation of China
(81130074). Z.J. is supported by the MPG
Partner Group Program on Stem Cell Aging.
No potential conflicts of interest relevant to

this article were reported.
F.X., X.Z., M.C., G.S., X.C., and R.L. re-

searcheddata. B.C. andZ.J.wrote themanuscript
and researched data. Z.S. and K.L.R. edited the
manuscript and contributed to the discussion.
The authors acknowledge the editorial as-

sistance of Hantz C. Hercule, Charite Univer-
sity of Medicine, Berlin, Germany.

References
1. Yang W, Lu J, Weng J, et al.; China Na-

tional Diabetes and Metabolic Disorders

care.diabetesjournals.org DIABETES CARE, VOLUME 34, OCTOBER 2011 2277

Xiao and Associates



Study Group. Prevalence of diabetes among
men and women in China. N Engl J Med
2010;362:1090–1101

2. Olivieri F, Lorenzi M, Antonicelli R, et al.
Leukocyte telomere shortening in elderly
type 2 DM patients with previous myo-
cardial infarction. Atherosclerosis 2009;
206:588–593

3. Adaikalakoteswari A, BalasubramanyamM,
Ravikumar R, Deepa R, Mohan V. Associ-
ation of telomere shortening with im-
paired glucose tolerance and diabetic
macroangiopathy. Atherosclerosis 2007;
195:83–89

4. Tentolouris N, Nzietchueng R, Cattan V,
et al. White blood cells telomere length is
shorter in males with type 2 diabetes and
microalbuminuria. Diabetes Care 2007;30:
2909–2915

5. Minamino T, Orimo M, Shimizu I, et al. A
crucial role for adipose tissue p53 in the
regulation of insulin resistance. Nat Med
2009;15:1082–1087

6. Carrero JJ, Stenvinkel P, Fellström B, et al.
Telomere attrition is associated with in-
flammation, low fetuin-A levels and high
mortality in prevalent haemodialysis pa-
tients. J Intern Med 2008;263:302–312

7. SampsonMJ,WinterboneMS, Hughes JC,
Dozio N, Hughes DA. Monocyte telomere
shortening and oxidative DNA damage in
type 2 diabetes. Diabetes Care 2006;29:
283–289

8. Salpea KD, Talmud PJ, Cooper JA, et al.
Association of telomere length with type
2 diabetes, oxidative stress and UCP2
gene variation. Atherosclerosis 2010;209:
42–50

9. Jiang H, Schiffer E, Song Z, et al. Proteins
induced by telomere dysfunction and DNA

damage represent biomarkers of human
aging and disease. Proc Natl Acad Sci USA
2008;105:11299–11304

10. Eisenberg DT, Salpea KD, Kuzawa CW,
Hayes MG, Humphries SE; European
Atherosclerosis Research Study II Group.
Substantial variation in qPCR measured
mean blood telomere lengths in young
men from eleven European countries. Am
J Hum Biol 2011;23:228–231

11. Esterbauer H, Schneitler C, Oberkofler H,
et al. A common polymorphism in the
promoter of UCP2 is associated with de-
creased risk of obesity in middle-aged
humans. Nat Genet 2001;28:178–183

12. Wang H, Chu WS, Lu T, Hasstedt SJ,
Kern PA, Elbein SC. Uncoupling protein-2
polymorphisms in type 2 diabetes, obesity,
and insulin secretion. Am J Physiol Endo-
crinol Metab 2004;286:E1–E7

13. Alberti KG, Zimmet PZ. Definition, di-
agnosis and classification of diabetes melli-
tus and its complications: part 1: diagnosis
and classification of diabetes mellitus pro-
visional report of a WHO consultation.
Diabet Med 1998;15:539–553

14. Song Z, von Figura G, Liu Y, et al. Lifestyle
impacts on the aging-associated expres-
sion of biomarkers of DNA damage and
telomere dysfunction in human blood.
Aging Cell 2010;9:607–615

15. Cawthon RM. Telomere measurement by
quantitative PCR. Nucleic Acids Res 2002;
30:e47

16. Yang Z, Huang X, Jiang H, et al. Short
telomeres and prognosis of hypertension
in a Chinese population. Hypertension
2009;53:639–645

17. Zhu Z, Zheng T, Homer RJ, et al. Acidic
mammalian chitinase in asthmatic Th2

inflammation and IL-13 pathway activa-
tion. Science 2004;304:1678–1682

18. Belfiore F, Vecchio LL, Napoli E, Borzi V.
Increased beta-N-acetyl-glucosaminidase
activity in diabetes mellitus. Clin Chem
1974;20:1229–1230

19. Solinas G, Vilcu C, Neels JG, et al. JNK1 in
hematopoietically derived cells contribu-
tes to diet-induced inflammation and in-
sulin resistance without affecting obesity.
Cell Metab 2007;6:386–397

20. McDuffie M, Maybee NA, Keller SR, et al.
Nonobese diabetic (NOD) mice congenic
for a targeted deletion of 12/15-lipoxygenase
are protected from autoimmune diabetes.
Diabetes 2008;57:199–208

21. Wentworth JM, Naselli G, Brown WA,
et al. Pro-inflammatory CD11c+CD206+
adipose tissue macrophages are associated
with insulin resistance in human obesity.
Diabetes 2010;59:1648–1656

22. Coppé JP, Patil CK, Rodier F, et al.
Senescence-associated secretory pheno-
types reveal cell-nonautonomous func-
tions of oncogenic RAS and the p53 tumor
suppressor. PLoS Biol 2008;6:2853–2868

23. Ju Z, Jiang H, Jaworski M, et al. Telomere
dysfunction induces environmental alter-
ations limiting hematopoietic stem cell
function and engraftment. Nat Med 2007;
13:742–747

24. Song Z, Wang J, Guachalla LM, et al. Al-
terations of the systemic environment are
the primary cause of impaired B and T
lymphopoiesis in telomere-dysfunctional
mice. Blood 2010;115:1481–1489

25. Ji Q, Ikegami H, Fujisawa T, et al. A
common polymorphism of uncoupling
protein 2 gene is associated with hyper-
tension. J Hypertens 2004;22:97–102

2278 DIABETES CARE, VOLUME 34, OCTOBER 2011 care.diabetesjournals.org

Telomere dysfunction–related markers and diabetes


