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Accelerated aging as evidenced by increased telomere shortening
and mitochondrial DNA depletion in patients with type 2 diabetes
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Abstract Although shortened telomeres were shown
associated with several risk factors of diabetes, there is lack
of data on their relationship with mitochondrial dysfunc-
tion. Therefore, we compared the relationship between
telomere length and mitochondrial DNA (mtDNA) content
in patients with type 2 diabetes mellitus (T2DM; n = 145)
and in subjects with normal glucose tolerance (NGT;
n = 145). Subjects were randomly recruited from the
Chennai Urban Rural Epidemiology Study. mtDNA con-
tent and telomere length were assessed by Real-Time PCR.
Malonodialdehyde, a marker of lipid peroxidation was
measured by thiobarbituric acid reactive substances
(TBARS) using fluorescence methodology. Adiponectin
levels were measured by radioimmunoassay. Oxidative
stress as determined by lipid peroxidation (TBARS) was
significantly (p < 0.001) higher in patients with T2DM
compared to NGT subjects. In contrast, the mean telomere
length, adiponectin and mtDNA content were significantly
(» <0.001) lower in patients with T2DM compared to
NGT subjects. Telomere length was positively correlated
with adiponectin, HDL, mtDNA content and good glyce-
mic/lipid control and negatively correlated with adiposity
and insulin resistance. On regression analysis, shortened
telomeres showed significant association with T2DM even
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after adjusting for waist circumference, insulin resistance,
triglyceride, HDL, adiponectin, mtDNA & TBARS.
mtDNA depletion showed significant association with
T2DM after adjusting for waist circumference and adipo-
nectin but lost its significance when further adjusted for
telomere length, TBARS and insulin resistance. Our study
emphasizes the clustering of accelerated aging features
viz., shortened telomeres, decreased mtDNA content,
hypoadiponectinemia, low HDL, and increased oxidative
stress in Asian Indian type 2 diabetes patients.
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Introduction

There is an upsurge in the prevalence of age-related dis-
eases such as type 2 diabetes mellitus (T2DM) globally and
more importantly in developing countries like India.
Recent studies imply that regulation of aging and energy
homeostasis share similar molecular pathways [1]. Many of
the genes recently discovered that can be manipulated to
slow the aging process belong to pathways involved in the
control of metabolism. Energy homeostasis dysregulation
occurs during the aging process and this appears to occur at
an accelerated way in metabolic diseases like type 2 dia-
betes. Diabetes mellitus has recently been recognized as a
cause of accelerated aging [2]. As the understanding of the
metabolic syndrome has evolved, it has been recognized
that the interaction of a panoply of factors in the presence
of insulin resistance results in accelerated aging. The the-
ory of aging [3] claims that the main place of production of
free radicals (oxidative stress) is in mitochondria and this
leads to mitochondrial DNA (mtDNA) damage and
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mutations in mtDNA which further leads to progressive
dysfunction in respiratory chain activity and mitochondrial
dysfunction. Free radicals in excess, damage the DNA and
in particular the guanine sites of the DNA are more vul-
nerable to this oxidative attack [4]. Telomere ends of the
DNA which protects the genomic integrity are enriched
with guanine sites and they are most susceptible to free
radical attack leading to shortening of telomeres [5].

Accumulating evidence suggests that increased oxida-
tive stress is considered as a unifying mechanism for the
genesis of diabetes and its progression to vascular com-
plications [6]. On the other hand, shortened telomeres have
been shown to be associated with several disease states
including cardiovascular diseases [7] and type 1 diabetes
[8]. Our group was the first to report shortening of telo-
meres in patients with T2DM [9] and this has been later
confirmed by several others [10-14]. Recently, it has been
suggested that combining multiple biomarkers and con-
ventional risk factors might substantially enhance the
understanding of the underlying causes of T2DM [15].
While telomere shortening has been shown to be associated
with T2DM, there is lack of studies that comprehensively
explored the relationship among telomere length, oxidative
stress, mtDNA content, and adiponectin levels. We rea-
soned that the higher insulin resistance and susceptibility to
develop type 2 diabetes and cardiovascular diseases in
Asian Indians could be explained by studying these
emerging biomarkers. Therefore, we made an attempt to
study some of the markers of accelerated aging with special
reference to telomere length and mitochondrial DNA
(mtDNA) content in Asian Indian subjects with type 2
diabetes and normal glucose tolerance.

Research design and methods

Study subjects were recruited from the Chennai Urban Rural
Epidemiology Study (CURES); the detailed study design are
described elsewhere [16]. In Phase 3 of CURES, every tenth
subject recruited in Phase 1 (n = 2,600) was invited to our
centre for detailed anthropometric measurements and bio-
chemical tests. Of these, 2,350 participated in the study
(response rate: 90.4 %) and they underwent an oral glucose
tolerance test using 75 g glucose load. Diagnosis of diabetes
was based on WHO Consulting group criteria, i.e., 2 h post
glucose load (plasma) (2 h PG) > 11.1 mmol/l or 200 mg/dl
and/or fasting plasma glucose (FPG) > 126 mg/dl or self
reported diabetic subjects on treatment by a physician. Normal
glucose tolerance (NGT) was diagnosed if 2 h PG was
<7.8 mmol/l or 140 mg/dl and/or FPG <100 mg/dl [17]. For
the present study, we randomly selected (using computer-
generated random numbers) 145 NGT subjects and 145 sub-
jects with type 2 diabetes mellitus (T2DM). Among the
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patients with type 2 diabetes, 90 % were on oral-antidiabetic
drugs and 10 % were on insulin along with oral-antidiabetic
drugs. None of them were on statins. Ethical committee
approval was obtained from the Madras Diabetes Research
Foundation’s institutional ethical committee and written
informed consent was obtained from all study subjects.

Anthropometric measurements

Anthropometric measurements including weight, height, and
waist circumference were obtained using standardized tech-
niques as detailed elsewhere [16]. Height was noted with a
tape measured to the nearest centimeter. Weight was mea-
sured with traditional spring balance that was kept on a firm
horizontal surface. Body mass index (BMI) was calculated
using the formula weight (kg)/height (m)?. Waist circumfer-
ence was measured using a non stretchable fiber measuring
tape. Waist girth was measured as the smallest horizontal girth
between the costal margins and the iliac crests at minimal
respiration. Blood pressure was recorded from the right arm in
a sitting position to the nearest 2 mm Hg with a mercury
sphygmomanometer (Diamond Deluxe BP apparatus, Pune,
India). Two readings were taken 5 min apart, and the mean of
the two was taken as the blood pressure.

Biochemical parameters

Fasting plasma glucose (glucose oxidase—peroxidase
method), serum cholesterol (cholesterol oxidase—peroxi-
dase-amidopyrine method), serum triglycerides (glycerol
phosphate oxidase—peroxidase-amidopyrine method), and
HDL cholesterol (direct method-polyethylene glycol-pre-
treated enzymes) were measured using Hitachi-912 Auto-
analyser (Hitachi, Mannheim, Germany). The intra- and
inter-assay co-efficient of variation for the biochemical
assays ranged between 3.1 and 7.6 %. Low-density lipo-
protein (LDL) cholesterol was calculated using the Friede-
wald formula. Glycated hemoglobin (HbA1c) was estimated
by high-pressure liquid chromatography using the Variant
analyzer (Bio-Rad, Hercules, Calif., USA). The intra- and
inter-assay co-efficient of variation of HbAlc was <10 %.
Insulin resistance was calculated using the homeostasis
assessment model (HOMA-IR) using the formula: fasting
insulin (WU/ml)* fasting glucose (mmol/1)/22.5. Adiponec-
tin levels were measured using radioimmunoassay method
(Linco Research, St Charles, MO, USA). The intra-assay and
the inter-assay co-efficient of variation were 3.8 and 7.4 %,
respectively, and the lower detection limit was 1 ng/ml.

Measurement of telomere length

For the measurement of telomere length, DNA was isolated
from whole blood by phenol-chloroform extraction and
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ethanol precipitation [18]. Relative telomere length was
determined by Real-time PCR approach as previously
described by Cawthon [19] with a minor modification in
the PCR temperature conditions. This method measures the
factor by which the ratio of telomere repeat copy number to
single—gene copy number differs between a sample and
that of a reference DNA sample. PCR amplification was
achieved using telomere (T) and single copy gene, 36B4
(encodes acidic ribosomal phosphoprotein) primers
(S) which serves as a quantitative control. The mean
telomere repeat gene sequence (T) to a reference single
copy gene (S) is represented as T/S ratio which was cal-
culated to determine the relative telomere length. In brief,
PCR reactions were performed in triplicate in 20 pl reac-
tion volumes (using 25 ng DNA sample per reaction) for
all the samples studied. The PCR mixture contained
10 pmol of each of the primers, 100 pM of each dNTPs,
and 0.3 x SYBR green dye and 0.5 Units of fast Taqg DNA
polymerase (Fermentas, USA). The PCR thermal condi-
tions for relative telomere length assay using telomeric
primers (T) and single copy gene primers (S) consisted of a
initial denaturation of 5 min at 95 °C, followed by a total
of 40 cycles at 95 °C for 5 s, 56 °C for 30 s, and 72 °C for
30 s and fluorescence acquisition. Crossing points (Cp)
were determined using the ABI 7000. A standard curve
derived from serially-diluted reference DNA was generated
to check PCR efficiency between the plates. The average of
telomere versus single copy gene (T/S) ratio was calculated
which is proportional to telomere length of each individual.
For quality control purposes, we have repeated many
samples that were separately PCR amplified. All mea-
surements were performed in a blinded fashion without
knowledge of the clinical data.

Measurement of mtDNA content

DNA samples were divided into aliquots of 100 pl and
were stored in —80 °C. The ABI PRISM 7000 Sequence
Detection System (Applied Biosystems, ABI) was used to
amplify the GAPDH (housekeeping) gene and the mito-
chondrial DNA encoded ATPase (MTATP) 8 gene. Prim-
ers used for detection of GAPDH and MTATP 8 gene
sequences were: GAPDH (forward): 5-CCC CAC ACA
CAT GCA CTT ACC; (reverse): 5'-CCT AGT CCC AGG
GCT TTG ATT; Mitochondrial DNA (forward): 5'-AAT
ATT AAA CAC AAA CTA CCA CCT ACC; (reverse):
5'-TGG TTC TCA GGG TTT GTT ATA. The Real-time
PCR was carried out in 25 pl of total reaction volume
containing 5 pl (40 ng) of DNA, 12.5 pl of SYBR green
master mix, an initial denaturation step at 95 °C for 10 min
and 40 cycles of 1 min at 60 °C and 15 s at 95 °C. All
samples were analyzed in triplicate. To determine the
quantities of mtDNA and nuclear DNA (nDNA) present in

blood samples, the average threshold cycle number (C,)
values of the nDNA and mtDNA were obtained from
each case. The mtDNA content was calculated using the
delta C, (AC)) of average C, of mtDNA and nDNA (AC, =
C:, mpna — Ci, npNa) in the same well as an exponent
of 2 2AC)).

TBARS measurement

Plasma levels of malonodialdehyde (MDA), a marker of
lipid peroxidation was measured by thiobarbituric acid
reactive substances (TBARS) using a fluorescence meth-
odology [9, 20]. Absolute MDA levels were calculated by
regression parameters using different concentrations of the
standard, 1,1’,3,3’ -tetramethoxypropane. Inter- and intra-
assay coefficients of variation of the above method were
<5 and 10 %, respectively.

Statistical analysis

All data are represented as mean =+ standard error mean
(SEM). Age was adjusted in the data analysis related to
mean and correlation determinations. Comparison between
groups were performed using one-way ANOVA with
p < 0.05 as the criterion for significance. Pearson corre-
lation was done between variables and the risk factors.
Multiple logistic regression analysis was carried out using
disease-state as dependent variable and all the other factors
(which reached significance in linear regression analysis)
as independent variables. All analysis were done using
windows based SPSS statistical package (version 12.0,
Chicago, IL).

Results

Age-adjusted clinical and biochemical characteristics of
the study subjects are presented in Table 1. Subjects with
type 2 diabetes had higher BMI (p < 0.001), systolic and
diastolic  blood pressure (p < 0.001), HOMA-IR
(p < 0.001), fasting plasma glucose (p < 0.001), HbAlc
(p < 0.001), total cholesterol (p < 0.001), serum triglyc-
erides (p < 0.001), LDL cholesterol (p < 0.01), and lower
HDL cholesterol (p = 0.04) levels compared to control
subjects.

Figure 1(a—d) presents the telomere length, mtDNA,
adiponectin, and TBARS levels, respectively, in T2DM
and control subjects. The mean telomere length (0.97 &
0.011 vs 1.2 £ 0.013; p < 0.001) (Fig. 1a), mtDNA con-
tent (6.6 &+ 0.17 vs 7.8 + 0.24; p < 0.001) (Fig. 1b) and
adiponectin (6.3 & 0.31 ng/ml vs 7.9 £ 0.36 ng/ml;
p < 0.001) (Fig. 1c) were significantly lower in T2DM
patients compared to control subjects. Oxidative stress as
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Table 1 Age-adjusted clinical and biochemical characteristics of the
study subjects

Parameters Control Type 2 DM p value
(n = 145) (n = 145)

Age (years) 414 £49 43.6 £44 <0.001

BMI (kg/m?) 245 £ 4.6 259+ 4.1 <0.001

Waist circumference (cm) 863 £ 11.2 91.1£99 <0.001

Systolic blood pressure 119.5 £ 153 125.6 £ 18.1 <0.001
(mm Hg)

Diastolic blood pressure 762 £ 104 793 £11.6 <0.001
(mm Hg)

HOMA-IR 190 £ 1.4 43 +£27 <0.001

Fasting plasma glucose 86.0 £ 85 163.6 £ 61.2 <0.001
(mg/dl)

HbAlc (%) 5.7 £ 0.51 88 +21 <0.001

Serum cholesterol (mg/dl) 184 + 38 202 + 43 <0.001

Serum triglycerides® 1.52 1.61 <0.001

LDL cholesterol (mg/dl) 116 4+ 33.2 124 + 39.1 <0.01

HDL cholesterol (mg/dl) 45 + 10.6 43 £ 9.1 0.04

* Log transformed Geometric mean

determined by TBARS was significantly higher in T2DM
compared to control subjects (7.8 = 0.25 nM/ml vs 5.3 +
0.34 nM/ml; p < 0.001) (Fig. 1d). Compared to males,
there was a slight but significant increase in telomere
length, mtDNA content, and adiponectin levels in females.

Pearson correlation analysis of age-adjusted telomere
length and mtDNA with metabolic risk factors in the total
subjects is presented in Table 2. Telomere length was posi-
tively correlated with adiponectin (p < 0.001), mtDNA

(p < 0.001), HDL cholesterol (p = 0.003) and negatively
correlated with BMI (p = 0.01), waist circumference
(p = 0.008), insulin resistance (p < 0.001), fasting plasma
glucose (p < 0.001), glycated hemoglobin (p < 0.001),
serum cholesterol (p = 0.006), serum triglycerides
(p < 0.001), and LDL cholesterol (p < 0.001). Multiple
logistic regression analysis was next done to determine the
association of telomere length/mtDNA depletion with type 2
diabetes (Table 3). Telomere length showed significant
negative association with T2DM even after adjusting for
waist circumference, insulin resistance, triglyceride, HDL,
adiponectin, mtDNA & TBARS levels (OR: 0.804, CI:
0.705-0.917; p < 0.001). mtDNA depletion showed signif-
icant association with T2DM after adjusting for waist cir-
cumference and adiponectin (OR: 0.875, CI: 0.778-0.983;
p = 0.024) but lost its significance when further adjusted for
telomere length, TBARS, and insulin resistance (OR: 1.03,
CI: 0.886-1.199; p = 0.698).

Discussion

The important finding from this study is that there is an
association among biomarkers of accelerated aging such as
shortened telomeres, hypoadiponectinemia, low HDL,
mtDNA depletion and increased oxidative stress in Asian
Indian type 2 diabetes patients.

Patients with type 2 diabetes in our study were charac-
terized with shortened telomeres and this feature showed
positive association with decreased mtDNA content, hyp-
oadiponectinemia, and increased oxidative stress. Telomere
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Table 2 Correlation of age-adjusted mtDNA, telomere length with
metabolic risk factors

Parameters Telomere length mtDNA
rvalue pvalue rvalue p value

Body mass index (BMI) —0.151 0.01 —0.170  0.004
Waist circumference —0.158  0.008 —0.203  0.001
Systolic blood pressure —0.115  0.053 —0.105  0.080
Diastolic blood pressure ~ —0.094  0.113 —0.094 0.116
HOMA IR —0.332  0.001 —0.224  0.001
Fasting plasma glucose —0.308  0.001 —0.124  0.038
Glycated hemoglobin —0.376  0.001 —0.138  0.022
Serum Cholesterol —0.161  0.006 —0.057 0.345
Serum Triglycerides —0.290  0.001 —-0.108  0.072
LDL Cholesterol —-0.091 0.126 —0.035  0.556
HDL Cholesterol 0.174  0.003 0.107  0.075
Adiponectin 0.466  0.001 0.277  0.001
Telomere length - - 0.194  0.001
mtDNA 0.194  0.001 - -
TBARS —0.312  0.001 —0.187  0.002

Table 3 Multiple logistic regression analysis using type 2 diabetes as
dependent variable

Parameter Odds 95 % p value
ratio Confidence
(OR) interval (CI)
Independent variable: Telomere length
Unadjusted 0.852 0.819-0.887 <0.001
Adjusted for waist 0.804 0.705-0.917 0.001
circumference, Insulin
resistance, triglyceride, HDL,
adiponectin, mtDNA &
TBARS
Independent variable: mtDNA
Unadjusted 0.830 0.744-0.926 0.001
Adjusted for waist 0.875 0.778-0.983 0.024
circumference and
adiponectin
Adjusted for waist 1.03 0.886-1.199 0.698

circumference, adiponectin,
telomere length, TBARS &
insulin resistance

shortening has been shown in patients with type 2 diabetes in
several populations [9-14]. Reactive oxygen species were
shown specifically to target the GGG triplets in telomeric
DNA and result in increased telomere attrition [21]. More-
over, adiponectin levels were shown positively correlated to
telomere length (13) implying protective effects of this
hormone from accelerated aging. Recently, it has been sug-
gested that shortening of telomeres could be the missing link
between aging and the type 2 Diabetes epidemic [22].

Telomerase deficiency and hence short telomeres has also
been shown to impair replicative capacity of pancreatic beta
cells resulting in defective insulin secretion and glucose
intolerance [23]. In a genetically defined mouse model
(C57BL/6 mTR™ 7), Guoetal. [24] have recently shown that
short telomeres are sufficient to impair glucose homeostasis.
Recent studies emphasize several genetic mechanisms for
the telomere length maintenance [25-27]. On the other hand
telomere length had association with diet and lifestyle
determinants [28]. Therefore, it appears that short telomere
could be a potential gene-environment risk factor for dia-
betes contributing to both its onset and pathogenesis.

It is unlikely that the antidiabetic drug regimen used by
the patients with type 2 diabetes had any influence on our
results and interpretation. If at all any subtle effect indi-
rectly by their anti-inflammatory or antioxidant actions,
drugs might have only improved the telomere length,
mtDNA content, and adiponectin levels. Despite this, we
observed shortened telomeres, lowered mtDNA and
adiponectin levels and increased oxidative stress in patients
with type 2 diabetes. In our study, HDL levels were posi-
tively correlated to telomere length. Increased HDL cho-
lesterol and telomere length were linked to increased
longevity in animal models [29]. HDL levels were also
positively correlated to mtDNA content in patients with
type 2 diabetes in a Chinese population [30]. However, the
correlation between HDL levels and mtDNA content was
weak in our study. In addition to reduced levels, it appears
that HDL particles themselves are dysfunctional in insulin-
resistant states as evidenced by a recent study wherein anti-
inflammatory and antioxidant properties of HDLs were
shown impaired in type 2 diabetes [31]. Further studies
should delineate whether dysfunctional HDL is linked to
accelerated aging. Consistent with the observations of
Harte et al. [32], triglyceride levels were seen inversely
correlated to telomere length in our study. While oxidative
stress is one of the underlying causes for the shortening of
telomeres, it has been shown that increased trigylceride
content in nonadipose tissue together with increased serum
levels of trigylcerides may play an important role in aug-
mentation of oxidative stress [33]. Therefore, the increased
predisposition of South Asians to age-related chronic dis-
eases such as type 2 diabetes can also be explained by lipid
alterations and their influence on telomere length.

Mitochondria are central players in cellular energy
metabolism and, consequently, defects in their function
result in many characterized metabolic diseases. Critical
for their function is mitochondrial DNA (mtDNA), which
encodes subunits of the oxidative phosphorylation (OX-
PHOS) complexes essential for cellular respiration and
ATP production. The mitochondrial genome is extremely
susceptible to damages from constant exposure to ROS
produced endogenously from oxidative phosphorylation.
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mtDNA is also vulnerable to damage by ROS, because it is
not protected by histone proteins and is located closed to
inner mitochondrial membrane, where ROS are generated
[34]. A role for mitochondrial dysfunction has been
implicated in insulin resistance and type 2 diabetes [35,
36]. In our study, mtDNA content (which is a surrogate
marker of mitochondrial function) was significantly
decreased in patients with type 2 diabetes compared to
control subjects. This is consistent with previous studies
which demonstrated lower mitochondrial density and
decreased mtDNA content in patients with type 2 diabetes
[37-41]. The decreased mtDNA content in peripheral
leukocytes was also shown to precede the development of
type 2 diabetes [42]. Higher mtDNA copy number was
shown associated with the lower prevalence of microal-
buminuria in a Korean study [43]. Depletion of mtDNA in
an insulin-sensitive cell line expressing an extracellular
myc epitope—tagged glucose transporter 4 (L6 GLUT4myc)
was directly correlated with a reduction in basal glucose
utilization and resistance to insulin stimulation [44].

We found that adiponectin was positively associated
with telomere length and mtDNA content and negatively
associated with oxidative stress. Hypoadiponectinemia is a
good marker of insulin resistance and an independent risk
factor for type 2 diabetes and coronary artery disease [45—
47]. As an adipocytokine with insulin-sensitizing and anti-
inflammatory properties, this hormone has protective
effects against metabolic abnormalities that accelerate
aging. The negative association observed between adipo-
nectin levels and oxidative stress in our study deserves
attention. Apart from its insulin-sensitizing, antiathero-
genic, and anti-inflammatory actions, adiponectin also
appears to offer antioxidant function [48-52]. Detopoulou
et al. [53] have recently proposed an adiponectin-mediated
route through which antioxidant-rich foods exert beneficial
effects in humans. While adiponectin expression was
shown induced by Vitamin E via a peroxisome proliferator-
activated receptor y-dependent mechanism [54], adipo-
nectin also prevented diabetic premature senescence in
endothelial progenitor cells via suppression of ROS [55].
Apart from its role in metabolism, adiponectin also has a
protective effect against metabolic abnormalities that
accelerate aging [13]. These studies imply that strategies to
upregulate adiponectin expression or to potentiate adipo-
nectin signaling may favorably modulate cellular redox
state and therefore reduce metabolic disease risk.

Multiple biological processes driven by diverse molec-
ular factors conspire progressively to diminish organ
function with advancing age. It is in this context the find-
ings in our study assumes significance as we show an
association between shortened telomeres, decreased
mtDNA content and hypoadiponectinemia in patients with
type 2 diabetes. Increased ROS and oxidative stress
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pathway could be the root-cause for cellular and molecular
alterations that leads to accelerated aging. Mitochondrial
DNA (mtDNA) damage is closely interrelated with mito-
chondrial ROS production, and this might also play a
causal role for cellular senescence. Improvement of mito-
chondrial function results in less telomeric damage and
slower telomere shortening, while telomere-dependent
growth arrest is associated with increased mitochondrial
dysfunction [56]. Adiponectin treatment of human myo-
tubes in primary culture induced mitochondrial biogenesis,
palmitate oxidation, and citrate synthase activity, and
reduced the production of reactive oxygen species [57].
Decreased level of adiponectin has been demonstrated to
have a causal role in mitochondrial dysfunction and insulin
resistance via alterations in PGCla [58]. Moreover, an
essential role of mitochondrial function has been impli-
cated in adiponectin synthesis in adipocytes [59], and
impaired mitochondrial function in adipose tissue may
explain decreased plasma adiponectin levels in diabetes. In
our study, the negative association of mtDNA content with
type 2 diabetes was lost when adjusted for telomere length
or oxidative stress. This implies that there might be a
connection between telomere length maintenance and
appropriate mitochondrial function. In support of this, Sa-
hin et al. [60] have demonstrated that telomere-dysfunc-
tion-induced repression of the PGC (PPARy coactivator)
network is associated with mitochondrial dysfunction as
evidenced by compromised OXPHOS and respiration,
decreased ATP generation capacity, and increased oxida-
tive stress. Adopting a mouse model with impaired telo-
mere maintenance caused by a targeted deletion of the
enzyme telomerase, Sahin et al. [60] have demonstrated
that telomere-dysfunction activates p53 which in turn binds
and represses PGC-1oo and PGC-1f promoters, thereby
forging a direct link between telomere and mitochondrial
biology. It is also plausible that mtDNA depletion in type 2
diabetes might be originated from an imbalance of mito-
chondrial fusion and fission dynamics as a consequence of
PGC-1 alterations [61, 62]. As suggested by Kelly [63], the
mitochondrial derangements driven by telomere-dysfunc-
tion and the subsequent loss of PGC-1 activity may lower
the threshold for the generation of ROS (oxidative stress),
which damage mitochondrial DNA, thus setting up a
vicious cycle of further mitochondrial dysfunction. Our
findings in a clinical setting support this potentially uni-
fying mechanism for cellular aging.

To conclude, there is an association of shortened telo-
meres with decreased mtDNA, hypoadiponectinemia and
increased oxidative stress pointing toward the existence of
a molecular connection between the nuclear and mito-
chondrial aging processes in patients with type 2 diabetes.
It appears that maintenance of appropriate mitochondrial
function and telomere length either by pharmacological
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means or lifestyle modification will have promising ther-
apeutic potential for type 2 diabetes and associated disor-
ders. While our findings expand the existing knowledge on
the molecular pathogenesis of type 2 diabetes, prospective
studies are needed to prove whether lifestyle modifications
could counteract accelerated aging and thereby prevent
diabetes and its associated complications.
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