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Rise in Insulin Resistance Is Associated With Escalated
Telomere Attrition

Jeffrey P. Gardner, PhD; Shengxu Li, MD; Sathanur R. Srinivasan, PhD; Wei Chen, MD, PhD;
Masayuki Kimura, MD, PhD; Xiaobin Lu, MD; Gerald S. Berenson, MD; Abraham Aviv, MD

Background—Insulin resistance predisposes to cardiovascular disease and shortens human lifespan. We therefore tested
the hypothesis that a rise in insulin resistance in concert with gain in body mass is associated with accelerated white
blood cell telomere attrition.

Methods and Results—We measured white blood cell telomere dynamics and age-related changes in insulin resistance and
body mass index in young adults of the Bogalusa Heart Study. Over 10.1 to 12.8 years, the relative changes in telomere
length were correlated with the homeostasis model assessment of insulin resistance (r��0.531, P�0.001) and changes
in the body mass index (r��0.423, P�0.001).

Conclusions—These findings provide the first tangible nexus of telomere biology with insulin resistance and adiposity in
humans. (Circulation. 2005;111:2171-2177.)

Key Words: telomere � insulin � obesity � aging � stress

Obesity shortens the human lifespan because it frequently
causes metabolic derangements, including insulin resis-

tance, that lower the threshold for a host of aging-related
diseases, particularly cardiovascular disease.1–4 In contrast,
caloric restriction stalls aging, as evidenced by its ability to
extend both the median and maximal lifespan in many
organisms, including mammals.5 A battery of metabolic
indicators in rhesus monkeys describes the protection af-
forded by caloric restriction against risk factors, including
insulin resistance, that predispose to diseases of aging.6

Because experimental models of lifelong caloric restriction in
people are impractical, other venues may be explored to
assess the link between caloric intake and aging in humans.

It has been proposed that (excluding pregnancy), “not
gaining weight after early adulthood” may serve as an
epidemiological paradigm of caloric restriction in humans.7

Accordingly, gain in body mass (primarily due to adiposity)
may hasten biological aging. Because body fat reflects not
only caloric consumption but also energy expenditure, the
“not-gaining-weight” model is not strictly caloric restriction.
Still, elucidation of the impact of weight gain or loss during
adult life on a host of biological processes is likely to broaden
our understanding of human aging.

A number of specific markers of energy metabolism,
glucose regulation, inflammation, and oxidative stress have
been used to gauge biological aging in the caloric restriction
model.5,6 However, single measurements of some of these

indicators may not reflect the pace of aging over time but
display the metabolic status at the time of examination. Serial
measurements of such markers over a long period of time
may be necessary to chronicle the effect of caloric restriction
on aging.

An important question is whether variables other than
hormones or metabolic indicators may distinguish biological
from chronological age in models of human aging. A number
of studies have suggested that telomeres may be one of these
indicators. Telomeres, the TTAGGG tandem repeats at the
ends of chromosomes, become progressively shortened with
each replication of cultured human somatic cells (reviewed in
Wong and Collins8), and their loss is accelerated by oxidative
stress.9 Critically short telomeres may trigger replicative
senescence, albeit other processes, including the capped/
uncapped telomeric status and telomerase activity, are major
determinants in this phenomenon. Thus, telomere length
largely registers the replicative history, the cumulative oxi-
dative burden, and, in part, the proliferative potential of
somatic cells in culture.

Cross-sectional analyses have demonstrated that telomere
length of white blood cells (WBCs) is inversely correlated
with age.10–12 In addition, individuals with short telomeres in
WBCs are more likely to manifest accelerated vascular
aging,11 atherosclerosis,13,14 and premature death.15 These
observations suggest that by recording the cumulative impact
of somatic cell replication (due to growth and turnover) and
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the accruing burden of oxidative stress, telomere dynamics
may provide an account, above and beyond chronological
age, of the biology of human aging and age-related cardio-
vascular disease. A recent review article16 underscores this
concept and suggests that more epidemiological data are
necessary to establish the links between cardiovascular dis-
ease and telomere dynamics.

After age adjustment, variation in WBC telomere length
among humans may arise from variability in telomere length
at birth, levels of telomerase activity in progenitor compart-
ments, and patterns of cell divisions after birth. Telomere
length is highly variable in newborns17 and adults.10–12 It is
unknown whether the variability in telomere length during
adulthood simply reflects the variability observed at birth or
whether the rate of telomere erosion is different among adult
subjects. In addition, no information is available about WBC
telomere attrition rate and its relationship with cardiovascular
risk factors, including obesity and insulin resistance, among
adults.

To test the hypothesis that a rise in insulin resistance
accelerates telomere erosion and to explore individual varia-
tion in telomere attrition rate among humans, we measured
the terminal restriction fragment (TRF) length of WBC DNA
from males and females (ages 21.0 to 43.5 years) from the
Bogalusa Heart Study18 who donated 2 sequential blood
samples at a time interval of at least 10 years.

Methods
General Consideration and Biochemical Analyses
The study subjects included 22 white males, 28 white females, 8
black males, and 12 black females who participated in the 1988 to
1991 and 2000 to 2001 cross-sectional cardiovascular screenings of
young adults of the Bogalusa Heart Study. They were selected on the
basis of the availability of stored blood samples from both exami-
nations. Among those selected, 9 developed hypertension (blood
pressure �140/90 mm Hg or taking antihypertensive medication), 1
had been hypertensive since baseline, and 1 developed diabetes
(fasting glucose �125 mg/dL), which was untreated with medica-
tion. All participants gave informed consent to participate in the
study. The Institutional Review Boards of Tulane University and the
University of Medicine & Dentistry of New Jersey, New Jersey
Medical School, approved the research.

We examined 2 variables that describe the relationships between
telomere dynamics and other parameters, namely, change over time
and yearly change. Because TRF length was not the same among
individuals at baseline visit, we also examined the relationship
between the relative yearly change in TRF length (ie, the rate of
change in TRF length/TRF length at baseline) and parameters of
interest. In addition to measuring fasting glucose and insulin, we
determined the homeostasis model assessment of insulin resistance
(HOMA-IR), a highly reliable surrogate indicator of insulin resis-
tance.19 Only 49 of the 70 subjects had available fasting glucose and
insulin measurements both at baseline and at follow-up visits. For
this reason, correlations between TRF length change versus fasting
glucose, insulin, and HOMA-IR were performed for only 49 sub-
jects. A commercial radioimmunoassay kit was used to measure
plasma immunoreactive insulin (Padebas Pharmacia). Plasma glu-
cose was measured by an enzymatic method with the Beckman
Instant Glucose Analyzer (Beckman Instruments).

Measurements of TRF Length
Briefly, DNA isolated from frozen blood (Gentra Systems) was
digested overnight with the restriction enzymes Hinf I (10 U) and
RsaI (10 U; Roche Diagnostics Corp). A total of 28 DNA samples
(�3 �g each) and 4 DNA ladders (1-kb DNA ladder plus �DNA/
HindIII fragments; GIBCO BRL) were resolved on a 0.5% agarose
gel (20�20 cm) at 50 V. After 16 hours, the DNA was depurinated
for 30 minutes in 0.25 N HCl, denatured 30 minutes in 0.5 mol/L
NaOH/1.5 mol/L NaCl, and neutralized for 30 minutes in 0.5 mol/L
Tris (pH 8)/1.5 mol/L NaCl. The DNA was transferred for 1 hour to
a positively charged nylon membrane (Roche Diagnostics) with a
vacuum blotter. Membranes were hybridized at 65°C with the
telomeric probe [digoxigenin 3�-end labeled 5�-(CCCTAA)3] over-
night in 5� SSC, 0.1% Sarkosyl, 0.02% SDS, and 1% blocking
reagent (Roche Diagnostics). Membranes were washed 3 times at
room temperature in 2� SSC, 0.1% SDS each for 15 minutes and
once in 2� SSC for 15 minutes. The digoxigenin-labeled probe was
detected by the digoxigenin luminescent detection procedure (Roche
Diagnostics) and exposed on Hyperfilm (Amersham Biosciences).
Each DNA sample was resolved in duplicate on different gels.
Baseline and follow-up samples were run in adjacent lanes (Figure
1). If the difference between the duplicate results was �5%, a third
measurement was performed, and the mean of the 2 results with
�5% difference was taken. Fewer than 5% of the samples required
a third measurement. The coefficient of variation of samples re-
solved on different gels on different occasions was �1.5%.

Statistical Analysis
Statistical analyses were performed with SAS (version 8.0). General
linear model was used to examine the effect of race, sex, age, and

Figure 1. Illustration of Southern blot for
TRF length. Four molecular-weight lad-
ders are positioned at intervals on gel.
Vertical arrows denote TRF references
obtained from human kidney (left) and
human placenta (right) DNA. Baseline
(left) and follow-up (right) samples from
each individual are linked by brackets.
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time of screening and potential interactions on TRF length. Insulin
and HOMA-IR values were log transformed. Pairwise t test was used
to examine the difference between baseline and follow-up measure-
ments. Pearson correlation and multiple regression analysis were
used to examine the relation between change (or rate of change) in
variables of interest and TRF dynamics, with adjustment for covari-
ates where appropriate.

Results

General Characteristics of the Cohort
Physical and metabolic characteristics of the cohort at base-
line and follow-up visits are summarized in Table 1. Blacks
had longer age-adjusted TRF length than whites at baseline
and follow-up visits, but the difference was significant only at
the baseline visit (P�0.05). White males showed higher
insulin and HOMA-IR levels at the follow-up visit than at the
baseline visit. The lack of change in fasting insulin, glucose,
and HOMA-IR with age for other members of the cohort is
due to the fact that although some individuals showed
increased levels of fasting insulin and glucose, others showed
a decline in these parameters at the follow-up compared with
the baseline visits.

Individual Yearly Changes in Telomere Length
Are Highly Variable
Yearly TRF change was normally distributed, with 64 sub-
jects showing telomere attrition, 5 exhibiting telomere gain,
and 1 unchanged (Figure 2, a and b). Of those exhibiting
telomere gain, 2 subjects showed an increase in TRF length of
only 0.8 and 2.3 bp/y. Thus, for all practical purposes, their
TRF length was unchanged in the interim between baseline
and follow-up DNA analysis. Based on TRF attrition (or
gain) for each subject between the baseline and follow-up
DNA samples, the mean individual TRF attrition was 31.3
bp/y (0.0313 kb/y). This value is in agreement with reported
WBC telomere attrition rates (�20 to 40 bp/y) obtained from
cross-sectional analyses in larger adult cohorts.10,11,13

Yearly Changes in Telomere Length Highly
Correlate With Changes in Body Mass Index and
Insulin Resistance
Table 2 summarizes the main correlation coefficients of
association between changes in parameters of interest (gain
and loss in telomere length and rise and fall in body mass
index [BMI], fasting insulin, glucose, and HOMA-IR) over

TABLE 1. Mean�SD Values of Age, BMI, TRF Length, Glucose, Insulin, and HOMA-IR at
Baseline and Follow-Up by Race and Sex

White Black P†

Parameters* Male Female Male Female Race Sex

Age, y

Baseline 26.4�3.1 26.1�3.2 28.2�2.9 24.5�3.2 NS �0.05‡

Follow-up 37.9�3.3 37.6�3.2 40.0�3.0 35.9�3.0 NS �0.01‡

BMI, kg/m2

Baseline 25.7�4.4 23.3�3.4 24.9�4.1 25.0�6.6 NS NS

Follow-up 29.4�5.2 26.7�4.4 30.7�5.9 28.6�6.8 NS NS

P for change§ �0.001 �0.001 �0.01 �0.05

TRF length, kb

Baseline 7.45�0.718 7.46�0.82 7.67�0.73 8.02�0.80 �0.05 NS

Follow-up 7.13�0.80 7.11�0.77 7.29�0.64 7.58�0.94 NS NS

P for change§ �0.001 �0.001 �0.01 �0.01

Insulin, �U/mL

Baseline (n�61) 8.8�3.7 8.0�3.0 9.9�4.9 10.4�4.5 NS NS

Follow-up 15.6�13.2 10.8�8.9 12.8�6.9 10.8�5.3 NS NS

P for change§ 0.01 NS NS NS

Glucose, mg/dL

Baseline (n�49) 83.6�8.3 76.0�6.9 81.1�10.9 78.8�6.1 NS NS

Follow-up 89.5�14.5 81.3�10.7 83.3�12.4 83.1�12.5 NS NS

P for change§ NS NS NS NS

HOMA-IR

Baseline (n�49) 1.9�1.0 1.3�0.4 2.0�1.0 2.0�1.0 NS NS

Follow-up 3.7�3.7 2.3�2.3 2.8�1.8 2.3�1.2 NS NS

P for change§ �0.05 NS NS NS

*n�70 for those not specified in parentheses.
†P values were adjusted for covariates where appropriate.
‡Only in blacks.
§Pairwise t test was used.
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the time of follow-up. Changes in TRF length highly corre-
lated with changes in indices of body mass and glucose
regulation.

Figure 3 depicts the relationship of the relative change in
telomere length (loss or gain) per year and yearly changes in
BMI (n�70; Figure 3a) and HOMA-IR (n�49; Figure 3b)
and the yearly changes in BMI versus HOMA-IR (Figure 3c).
The relative yearly change in telomere length was signifi-
cantly correlated with yearly changes in BMI and HOMA-IR.
Moreover, the yearly change in HOMA-IR was highly
correlated with the yearly change in BMI. We therefore used

multiple regression analysis to determine which of the 2
variables (relative change in HOMA-IR or relative change in
BMI) independently accounted for the TRF length change.

Table 3 shows that after adjustment for covariates, change
in HOMA-IR but not change in BMI independently corre-
lated with the relative yearly change in TRF length. This
suggests that the relationship between yearly change in BMI
and telomere dynamics is largely explained by the yearly
change in HOMA-IR. Moreover, of the 3 individuals with
substantial gains in telomere length between baseline and
follow-up visits, 2 demonstrated BMI loss and a drop in
HOMA-IR.

Discussion
The central findings of this work are as follows: (1) yearly
telomere length change in WBCs is highly variable among
young adults, and (2) weight gain is associated with acceler-
ated telomere attrition. Moreover, a rise in HOMA-IR largely
accounts for the observed relationship between BMI change
and telomere dynamics.

If telomere length strictly tracked chronological age with
little interindividual variation in age-dependent telomere
attrition, telomere dynamics would offer little information
that explains disparity among humans in aging and age-
related diseases. We suggest that regardless of whether
telomeres are surrogate indicators of or determinants in
processes that shape human aging, the discordance among
individuals in age-dependent telomere attrition (or gain) may
be the key to gaining a better understanding of aging and
age-related diseases in humans. Because both telomere
length10,12 and BMI20 are highly heritable and change with
age, it is worth determining the concordance in habitability of
these entities at different ages.

It is unlikely that the higher rate of telomere attrition is a
cause rather than a consequence of the rise in HOMA-IR and

Figure 2. a, Change in individual TRF lengths in young adults.
Lines link TRF measurements of baseline and follow-up DNA
samples for periods ranging from 10.1 to 12.8 years. Open sym-
bols indicates whites; closed symbols, blacks; squares, males;
and circles, females. b, Distribution of yearly change in TRF
length in study cohort. Value of abscissa refers to attrition (�) or
gain (	) in TRF length �10/year. n�70.

TABLE 2. Correlation Coefficients Between TRF Length
Dynamic Measurements and Change in Variables of Interest,
Adjusted for Age, Follow-Up Period, Race, and Sex

TRF Length

Change Over Time
Change Over Time,

kb
Relative Change,

bp � y�1 � kb�1

BMI, kg/m2 �0.379* �0.410†

Systolic blood pressure, mm Hg �0.131 �0.131

Diastolic blood pressure, mm Hg �0.103 �0.110

Pulse pressure, mm Hg �0.067 �0.058

Insulin, �U/mL �0.436* �0.479†

Glucose, mg/dL �0.415* �0.484†

HOMA-IR �0.470* �0.522†

HDL cholesterol, mg/dL 0.201 0.179

LDL cholesterol, mg/dL �0.105 �0.098

Triglycerides, mg/dL �0.084 �0.111

*P�0.01; †P�0.001.
Relative change is expressed as change over time indexed to baseline TRF

length.

2174 Circulation May 3, 2005

 by on April 15, 2009 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


gain in adiposity, albeit causality cannot be inferred from
association. Insulin resistance and obesity are conditions
marked by a heightened oxidative stress.21–23 Obesity is also
associated with increased inflammation, because fat tissue is
a major source of inflammatory cytokines.24,25 Inflammation
promotes an increase in WBC turnover, which would enhance

telomere attrition. In addition, increased adiposity is accom-
panied by angiogenesis to accommodate the growing meta-
bolic needs of the expanding fat mass,26 which explains the
increased central and total blood volume of obese subjects.27

To maintain the peripheral WBC pool, obese persons may
hence need to increase the total number of circulating WBCs.

The present study cannot decipher whether oxidative
stress, inflammation, expanded blood volume, or their com-
bination contributes to accelerated telomere attrition that
accompanies weight gain. We note, nonetheless, that both
oxidative stress23,28,29 and inflammation30 are considered
pivotal factors in the biology of aging. We therefore speculate
that oxidative stress, by enhancing telomere erosion per
replication,9,31 and inflammation, through increasing WBC
turnover, are responsible for the increase in telomere erosion
with a rise in insulin resistance in the present study cohort. In
contrast, given the reported values of total blood volume in
obese and lean subjects,27 it is doubtful that a small increase
in blood volume in the Bogalusa Heart Study subjects who
gained weight would contribute considerably to overall telo-
mere erosion within the observation period. Further support
for this idea is derived from a study in a subset of the
offspring cohort of the Framingham Heart Study that showed
that WBC telomere length was inversely correlated not only
with HOMA-IR but also with systemic oxidative stress
(unpublished data). We note, however, that because telomere
length at any age is the product of telomere length at birth and
telomere attrition rate thereafter, cross-sectional analysis of
telomere length, based on single measurements, requires
large cohorts to capture links of biological variables with
telomere attrition. This may be the reason that Jeanclos et al32

did not observe significantly lower TRF length in patients
with non–insulin-dependent diabetes mellitus than in their
nondiabetic peers.

A central question is how much of weight gain or insulin
resistance–related telomere erosion is a reflection of periph-
eral WBC homeostasis. Little is known about the biological
half-life and turnover of different types of WBCs in humans.
Studies in rodents suggest that self-replication of peripheral
lymphocytes is a major contributor to the size of the periph-
eral WBC pool.33 For instance, the rates of thymocyte
production and the thymus output of naive T cells are not
influenced by the size of the peripheral T-cell pool. It follows
that maintenance of the peripheral pool depends on the

Figure 3. Yearly changes in BMI (a; n�70) and HOMA-IR (b; log
transformed; n�49) vs relative yearly change in TRF length, and
yearly change in HOMA-IR vs yearly change in BMI (c; n�49).
Open symbols indicate whites; closed symbols, blacks; squares,
males; and circles, females. r Values for A and B reflect adjust-
ment for follow-up period, age, race, and sex.

TABLE 3. Regression of Relative TRF Length Rates
(bp � y�1 � kb�1) on Yearly Changes in BMI and HOMA-IR

Independent Variables
Regression
Coefficient P

Age at follow-up, y 0.2 0.267

Follow-up period, y �0.1 0.932

Race �0.6 0.526

Sex �0.9 0.377

Yearly change in BMI, kg � m�2 � y�1 �1.7 0.309

Yearly change in HOMA-IR �25.6 0.008

Race: 1�white, 2�black; sex: 1�male, 2�female.
n�49.
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self-replication of peripheral cells. An unanswered question is
whether increased oxidative stress and chronic demand for
higher WBC production due to inflammation in adults, with a
rise in insulin resistance and increased adiposity, accelerate
telomere erosion in hematopoietic stem cells.

Telomerase activity is expressed in hematopoietic stem
cells and lymphocytes.34,35 It is theoretically possible that
under certain circumstances, telomerase activity in normal
stem cells may not only slow the rate of telomere erosion but
also produce considerable telomere elongation, as observed in
3 subjects in the present study cohort. Another possibility is
that a change in peripheral WBC homeostasis (due to reduced
oxidative stress, inflammation, or, less likely, blood volume)
may contribute to this process. At present, however, given the
small number of subjects demonstrating age-dependent telo-
meric gain, we do not ascribe much significance to this
finding.

Although stem cells express telomerase, they still exhibit
telomere erosion with aging. Could acceleration in telomere
attrition with insulin resistance be a factor in increased
morbidity and premature death? It has been proposed that
insulin resistance may serve as a predictor of age-related
diseases.36 In principle, insulin resistance–associated en-
hancement of telomere erosion, particularly if it accelerates
telomere erosion in hematopoietic stem cells, ultimately may
lead to premature replicative senescence of subsets of WBCs
(eg, CD8 T cells). Such a scenario is based on the assumption
that these cells may reach replicative senescence within the
human lifespan.37,38 Without the ability to undergo clonal
expansion in response to antigenic stimulation, immunity
would be compromised, as suggested by Cawthon et al.15

This would mean that variations among individuals in the
ability to mount clonal expansion later in life might depend
on both telomere length at birth and telomere attrition rate
throughout extrauterine life. We suspect that if it takes place,
the tipping point in telomere length beyond which clonal
expansion is severely compromised would occur only in the
elderly.

In conclusion, aging is the progressive derangement of the
individual’s internal environment, which leads to an in-
creased mortality risk with advancing age. This metabolic and
structural breakdown appears to result from diverse causes
that include the cumulative burden of oxidative stress23,28,29

and inflammation.30 Insulin resistance and obesity accelerate
aging because they are states of increased oxidative stress and
inflammation, which bring about a shorter lifespan. In bio-
logical terms, an accelerated WBC telomere attrition rate in
insulin resistance and obese states is an affirmation of this
concept. Our findings underscore the value of investigating
telomere dynamics in vivo through tracking changes over
time in telomere length in the same individuals.

Acknowledgments
This study was supported by National Institutes of Health grants
(AG-16592 from the National Institute of Aging and HL-38844 from
the National Heart, Lung, and Blood Institutes) and the Healthcare
Foundation of New Jersey. We thank the subjects of the Bogalusa
Heart Study, who have participated in this study for many years.

References
1. Allison DB, Fontaine KR, Manson JE, Stevens JE, VanItallie TB. Annual

deaths attributable to obesity in the United States. JAMA. 1999;282:
1530–1538.

2. Fontaine KR, Redden DT, Wang C, Westfall AO, Allison DB. Years of
life lost due to obesity. JAMA. 2003;289:187–193.

3. Stevens J, Cai J, Evenson KR, Thomas R. Fitness and fatness as pre-
dictors of mortality from all causes and from cardiovascular disease in
men and women in the lipid research clinics study. Am J Epidemiol.
2002;156:832–841.

4. Calle EE, Thun MJ, Petrelli JM, Rodriguez C, Heath CW Jr. Body-mass
index and mortality in a prospective cohort of U.S. adults. N Engl J Med.
2004;341:1097–1104.

5. Heilbronn LK, Ravussin E. Calorie restriction and aging: review of the
literature and implications for studies of humans. Am J Clin Nutr. 2003;
78:361–369.

6. Mattison JA, Lane MA, Roth GS, Ingram DK. Calorie restriction in
rhesus monkeys. Exp Gerontol. 2001;38:35–46.

7. Lee IM, Blair SN, Allison DB, Folsom AR, Harris TB, Manson JE, Wing
RR. Epidemiologic data on the relationships of caloric intake, energy
balance, and weight gain over the life span with longevity and morbidity.
J Gerontol. 2003;56A:7–19.

8. Wong JM, Collins K. Telomeres maintenance and disease. Lancet. 1994;
362:983–988.

9. Serra V, von Zglinicki T, Lorenz M, Saretzki G. Extracellular superoxide
dismutase is a major antioxidant in human fibroblasts and slows telomere
shortening. J Biol Chem. 2001;278:6824–6830.

10. Slagboom PE, Droog S, Boomsma DI. Genetic determination of telomere
size in humans: a twin study of three age groups. Am J Hum Genet.
2004;55:876–882.

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. 2003;37:381–385.

12. Nawrot TS, Staessen JA, Gardner JP, Aviv A. Telomere length and
possible link to X chromosome. Lancet. 2004;363:507–510.

13. Samani NJ, Boultby R, Butler R, Thompson JR, Goodall AH. Telomere
shortening in atherosclerosis. Lancet. 2002;358:472–473.

14. Benetos A, Gardner JP, Zureik M, Labat C, Xiaobin L, Adamopoulos C,
Temmar M, Bean KE, Thomas F, Aviv A. Short telomeres are associated
with increased carotid atherosclerosis in hypertensive subjects. Hyper-
tension. 2004;43:182–185.

15. Cawthon RM, Smith KR, O’Brien E, Sivatchenko A, Kerber RA. Asso-
ciation between telomere length in blood and mortality in people aged 60
years or older. Lancet. 2003;361:393–395.

16. Serrano AL, Andres V. Telomeres and cardiovascular disease: does size
matter? Circ Res. 2004;94:575–584.

17. Okuda K, Bardeguez A, Gardner JP, Rodriguez P, Ganesh V, Kimura M,
Skurnick J, Awad G, Aviv A. Telomere length in the newborn. Pediatr
Res. 2002;52:377–381.

18. The Bogalusa Heart Study 20th Anniversary Symposium. Am J Med Sci.
1995;310(suppl 1):S1–S138.

19. Yokoyama H, Emoto M, Fujiwara S, Motoyama K, Morioka T, Komatsu
M, Tahara H, Koyama H, Shoji T, Inaba M, Nishizawa Y. Quantitative
insulin sensitivity check index and the reciprocal index of homeostasis
model assessment are useful indexes of insulin resistance in type 2
diabetic patients with wide range of fasting plasma glucose. J Clin
Endocrinol Metab. 2004;89:1481–1484.

20. Schousboe K, Willemsen G, Kyvik KO, Mortensen J, Boomsma DI,
Cornes BK, Davis CJ, Fagnani C, Hjelmborg J, Kaprio J, De Lange M,
Luciano M, Martin NG, Pedersen N, Pietilainen KH, Rissanen A, Saarni
S, Sorensen TI, Van Baal GC, Harris JR. Sex differences in heritability of
BMI: a comparative study of results from twin studies in eight countries.
Twin Res. 2003;6:409–421.

21. Keaney JF Jr, Larson MG, Vasan RS, Wilson PW, Lipinska I, Corey D,
Massaro JM, Sutherland P, Vita JA, Benjamin EJ. Obesity and systemic
oxidative stress: clinical correlates of oxidative stress in the Framingham
Heart Study. Arterioscler Thromb Vasc Biol. 2003;23:434–439.

22. Higdon JV, Frei B. Obesity and oxidative stress. Arterioscler Thromb
Vasc Biol. 2003;23:365–367.

23. Julian D, Leeuwenburgh C. Linkage between insulin and the free radical
theory of aging. Am J Physiol. 2004;286:R20–R21.

24. Dandona P, Aljada A, Bandyopadhyay A. Inflammation: the link between
insulin resistance, obesity and diabetes. Trends Immunol. 2004;25:4–7.

2176 Circulation May 3, 2005

 by on April 15, 2009 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org


25. Das UN. Metabolic syndrome X: an inflammatory condition? Curr
Hypertens Rep. 2004;6:66–73.

26. Rupnick MA, Panigrahy D, Zhang CY, Dallabrida SM, Lowell BB,
Langer R, Folkman MJ. Adipose tissue mass can be regulated through the
vasculature. Proc Natl Acad Sci U S A. 2002;99:10730–10735.

27. Oren S, Grossman E, Frohlich ED. Arterial and venous compliance in
obese and nonobese subjects. Am J Cardiol. 1996;77:665–667.

28. Beckman KB, Ames BN. The free radical theory of aging markers.
Physiol Rev. 1998;78:547–581.

29. Barja G. Mitochondrial free radical production and aging in mammals and
birds. Ann N Y Acad Sci. 1998;854:224–238.

30. Finch CE, Crimming EM. Inflammatory exposure and historical changes
in human life-span. Science. 2004;35:1736–1739.

31. von Zglinicki T. Role of oxidative stress in telomere length regulation and
replicative senescence. Ann N Y Acad Sci. 2000;908:99–110.

32. 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. 1998;47:482–486.

33. Freitas AA, Rocha B. Population biology of lymphocytes: the flight for
survival. Annu Rev Immunol. 2000;18:83–111.

34. Liu K, Hodes RJ, Weng NP. Cutting edge: telomerase activation in
human T lymphocytes does not require increase in telomerase reverse
transcriptase (hTERT) protein but is associated with hTERT phosphory-
lation and nuclear translocation. J Immunol. 2001;166:4826–4830.

35. Chiu CP, Dragowska W, Kim NW, Vaziri H, Yui J, Thomas TE, Harley
CB, Lansdorp PM. Differential expression of telomerase activity in hema-
topoietic progenitors from adult human bone marrow. Stem Cells. 1996;
14:239–248.

36. Facchini FS, Hua N, Abrasi F, Reaven GM. Insulin resistance as a
predictor of age-related diseases. J Clin Endocrinol Metab. 2001;86:
3574–3578.

37. Effros RB, Dagarag M, Valenzuela HF. In vitro senescence of immune
cells. Exp Gerontol. 2003;38:1243–1249.

38. Kipling D, Davis T, Ostler EL, Faragher RG. What can progeroid syn-
dromes tell us about human aging? Science. 2004;305:1426–1431.

Gardner et al Telomere Dynamics and Insulin Resistance 2177

 by on April 15, 2009 circ.ahajournals.orgDownloaded from 

http://circ.ahajournals.org

