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Short Leukocyte Telomere
Length Predicts Risk of
Diabetes in American Indians:
the Strong Heart Family Study

Telomeres play a central role in cellular aging, and
shorter telomere length has been associated with
age-related disorders including diabetes. However,
a causal link between telomere shortening and
diabetes risk has not been established. In a wellcharacterized longitudinal cohort of American
Indians participating in the Strong Heart Family
Study, we examined whether leukocyte telomere
length (LTL) at baseline predicts incident diabetes
independent of known diabetes risk factors. Among
2,328 participants free of diabetes at baseline, 292
subjects developed diabetes during an average 5.5
years of follow-up. Compared with subjects in the
highest quartile (longest) of LTL, those in the lowest
quartile (shortest) had an almost twofold increased
risk of incident diabetes (hazard ratio [HR] 1.83
[95% CI 1.26–2.66]), whereas the risk for those in
the second (HR 0.87 [95% CI 0.59–1.29]) and the
third (HR 0.95 [95% CI 0.65–1.38]) quartiles was
statistically nonsigniﬁcant. These ﬁndings suggest
a nonlinear association between LTL and incident
diabetes and indicate that LTL could serve as
a predictive marker for diabetes development in

American Indians, who suffer from
disproportionately high rates of diabetes.
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Telomeres are specialized DNA sequences and their associated protective proteins at the end of chromosomes.
Telomere length shortens progressively during each
round of cell division to a critical length, called the
Hayﬂick limit (1), beyond which replicative senescence
will be triggered. In humans, telomere length declines
signiﬁcantly with age, and shorter leukocyte telomere
length (LTL) has been associated with type 2 diabetes
(T2D) (2–4) and its related conditions, such as obesity
(5,6), insulin resistance (7), impaired glucose tolerance
(8), and atherosclerosis (9,10). However, these results
were primarily derived from cross-sectional analyses and
therefore raise an important question as to whether
telomere loss is a cause or a consequence of diabetes or
whether it is simply an epiphenomenon. To date, we are
aware of only one prior study investigating the prospective association of LTL with risk of diabetes in
postmenopausal women participating in the Women’s
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Health Initiative (WHI), but the association substantially
attenuated after accounting for known risk factors (11).
The prospective association of telomere shortening with
diabetes risk remains largely undetermined. The goal of
this study was to evaluate the prospective association
between baseline LTL and incident diabetes after 5.5
years of follow-up in a longitudinal study of American
Indians participating in the Strong Heart Family Study
(SHFS).
RESEARCH DESIGN AND METHODS

The SHFS is a family-based prospective study designed to
identify genetic factors for cardiovascular disease (CVD),
diabetes, and associated risk factors in American Indians.
The study was initiated in 2001–2003 by recruiting 3,665
individuals (14–93 years old) from 94 multigenerational
families residing in Arizona, North and South Dakota,
and Oklahoma. Study design and methods of the SHFS
have previously been described (12,13). The SHFS protocol was approved by the Institutional Review Boards
from the Indian Health Service and the participating
centers. All subjects gave informed consent.
The current study included 3,190 participants who
attended clinical examinations at both baseline (2001–
2003) and 5-years’ follow-up (2006–2009). After exclusion of subjects with prevalent diabetes (N = 638) or CVD
(N = 156) at baseline and those with missing clinical data
(N = 68), a total of 2,328 American Indian men and
women were included in the current analysis.
Deﬁnition of Incident Diabetes

According to the 1997 American Diabetes Association
criteria (14), diabetes was deﬁned as fasting plasma
glucose $7.0 mmol/L) or receiving insulin or oral hyperglycemic treatment. Impaired fasting glucose (IFG)
was deﬁned as a fasting glucose of 6.1–7.0 mmol/L.
Fasting glucose ,6.1 mmol/L was deﬁned as normal.
Incident diabetes was deﬁned as subjects who were free
of diabetes at baseline and developed T2D at the end of
follow-up. Incident cases of diabetes were identiﬁed
through follow-up of participants in examinations conducted at the end of follow-up and veriﬁed by review of
medical records as previously described (15–17). Incidence of diabetes was also conﬁrmed by record review
by the SHFS Morbidity Committee (15). Over a mean 5.5
years of follow-up, 292 subjects (among 2,328 subjects
free of diabetes and CVD at baseline) were conﬁrmed to
have incident diabetes, resulting in a 5-year incident rate
of 12.5%.
Assessments of Diabetes Risk Factors

Fasting plasma glucose, insulin, lipids, lipoproteins, and
inﬂammatory biomarkers were measured by standard
laboratory methods (13,18). Subjects were classiﬁed as
normal (BMI ,25 kg/m2), overweight (25–29.9 kg/m2),
or obese (BMI $30 kg/m2) according to National Institutes of Health guidelines (19). Hypertension was deﬁned as blood pressure levels $140/90 mmHg or use of
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antihypertension medications. Cigarette smoking was
classiﬁed as current smokers, former smokers, and nonsmokers. Alcohol consumption was determined by selfreported history of alcohol intake, the type of alcoholic
beverages consumed, frequency of alcohol consumption,
and average quantity consumed per day and per week.
Participants are classiﬁed as current drinkers, former
drinkers, and never drinkers. Dietary intake was assessed
using the block food frequency questionnaire (20). Level
of physical activity was assessed by the mean number of
steps per day on a pedometer calculated by averaging the
total number of steps recorded each day during the 7-day
period.
Measurement of LTL

Genomic DNA from peripheral blood was isolated
according to standard methods. LTL, as measured by the
ratio of telomeric product/single copy gene (T/S ratio),
was assessed by E.B.’s laboratory at the University of
California, San Francisco, using a high-throughput telomere length assay system. Primers for the telomere PCR
(T runs) are tel1b [59-CGGTTT(GTTTGG)5GTT-39] with a
ﬁnal concentration of 100 nmol/L and tel2b [59-GGCTTG
(CCTTAC)5CCT-39] with a ﬁnal concentration of 900
nmol/L. The primers for the single-copy gene (human
b-globin) PCR (S runs) are hbg1 [59 GCTTCTGACACAACTGTGTTCACTAGC-39] at a ﬁnal concentration of
300 nmol/L and hbg2 [59-CACCAACTTCATCCACGTTCACC-39] at a ﬁnal concentration of 700 nmol/L. All
primers were purchased from the Integrated DNA
Technologies (Coralville, Iowa) in a standard desalted
form. The LTL assay determines the T/S ratio obtained
using quantitative PCR (qPCR) according to protocols
described previously (21,22).
The rationale of this method is that the longer the
telomeres are in each sample, the more PCR product will
be generated in PCR reactions using primers speciﬁc for
the telomeric DNA. This can be quantiﬁed by qPCR using
a serially diluted standard DNA and the standard curve
method. To normalize the quantity of the input DNA,
a single-copy gene was ampliﬁed in parallel as well. The
ratio of the telomeric product versus the single-copy gene
reﬂects the average length of the telomeres. The qPCR
ampliﬁcation curves were analyzed by the Roche LightCycler software (Roche Applied Science, Indianapolis,
IN), which uses the second derivative maximum method
to determine the crossing point (Cp) values. All standard
serial dilution Cps from all 182 qPCR runs were averaged
to form the reference set of Cps to which all runs were
normalized. This was done for the S runs and T runs
separately. The average PCR efﬁciencies of S and T runs
were 95 and 84%, respectively, and the Cp values were
scaled accordingly. Each DNA sample was assayed three
times. For the ﬁrst assay, the DNA sample was diluted
and aliquoted into a well in four separate 384-well PCR
plates: two for T measurements (T1 and T2) and two for
S measurements (S1 and S2). This was done two more
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times for T3–6 and S3–6 measurements. T/S ratio was
calculated by dividing the mean of the two T concentrations and the two S concentrations [for the ﬁrst assay,
(T/S)1 = (T1 + T2) / (S1 + S2)]. Three of these T/S ratios,
(T/S)1–3, were averaged, and SD and percentage of coefﬁcient of variation (%CV) were calculated. In cases
where this interassay %CV were .7%, an individual S or
T Cp value (S1–6 or T1–6) that reduced the %CV most if
removed was discounted; 3.3% of Cp values were considered outliers by this criteria. The T/S ratios were
normalized to the mean of all samples and reported.
For quality control, seven control DNA samples from
various cancer cell lines were included in each assay plate.
These control samples allowed us to create standard
curves, which were then integrated into a composite
standard curve used for T and S concentration calculations. In addition, 4.1% of the total sample was assayed
in duplicate. Telomere lengths of the replicate samples
were highly correlated (r = 0.95, P , 0.0001). Laboratory
technicians were blinded to any knowledge of clinical
data. In our analysis, the intra-assay %CV was 4.6% and
the interassay %CV (assay to assay) was 6.9%. Methods
for the calculation of intra- and interassay CV are described in Supplementary Data.
Statistical Analyses

Descriptive data analyses were conducted using a generalized estimating equation (GEE) for continuous variables and x2 test for categorical variables. A GEE was
used here to account for the lack of independence among
family members. All analyses were performed using SAS,
version 9.3 (SAS Institute)
To evaluate whether baseline LTL predicts future onset of diabetes, we ﬁrst conducted spline regression using
continuous LTL as a predictor in the Cox proportional
hazards model according to methods previously described (23). The rationale of this analysis is based on
previous studies demonstrating a nonlinear relationship
of LTL with risk of several diseases, e.g., cancer (24),
coronary heart disease (25), and anemia (26). Thus, it is
possible that the effect of telomeric aging on diabetes
risk may also be nonlinear, which should be better
characterized by spline regression. We then constructed
a Cox regression model, in which time (in days) to incident diabetes was the dependent variable and LTL
(quartiles) was the independent variable, adjusting for
signiﬁcant predictors selected by the Bayesian information criterion. The quadratic term of age was added
to the model to capture nonlinearity of age with LTL or
risk of diabetes and to minimize possible collinearity in
the regression function.
In this study, we are interested in both the process of
diabetes development (i.e., diabetes-free time) and diabetes outcome (i.e., occurrence of diabetes) at the end of
follow-up. For this purpose, we used Cox proportional
hazards regression analysis to capture both the “time”
and the “event” components. In the Cox regression
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model, we used the clinical examination date on which
a new case of diabetes was identiﬁed as the date of diagnosis; otherwise, follow-up was censored at the end of
follow-up for participants who remained free of diabetes
(27). The correlation among family members was
accounted for using the frailty model implemented in
SAS PROC PHREG, which has been extended to interval
censored data for survival analysis (28). The proportional
hazards assumption was tested by Schoenfeld residuals.
Sensitivity Analyses

To examine whether outliers of LTL inﬂuence our results,
we excluded participants whose telomere lengths were
outside 63 SD. To investigate whether menopausal status affects the association between LTL and diabetes risk,
we conducted a separate analysis among postmenopausal
women, deﬁned as those who had undergone either
natural or surgical menopause. Natural menopause was
deﬁned as at least 12 months since the last menstrual
period. If menopause was surgical, the participants were
asked if only their uterus had been removed. Women
who reported hysterectomy but no oophorectomy or who
did not know whether their ovaries had been removed
were included if they were $53 years old (29). The rationale for including these subjects was based on the fact
that 90% of the menopausal women in the Strong Heart
Study had attained natural menopause by age 53 years
(30). To examine whether including patients on diabetes
treatment inﬂuenced our results, we further adjusted for
diabetes medication (insulin, oral hyperglycemic agents,
both insulin and oral hyperglycemic agents, or none) in
the statistical analysis. The potential batch effect
(interassay variability) was controlled by including
a covariate indicating assay plates.
RESULTS
Baseline Characteristics According to Study Center
and Diabetes Status in 3,665 American Indians
Participating in the SHFS

Table 1 presents the baseline characteristics of SHFS
study participants according to study center. The participants were aged 14–93 years at baseline, with an
average (SD) age of 39.9 (17) years. The mean follow-up
period was 5.5 years. Compared with subjects from
Oklahoma or North and South Dakota, participants from
Arizona were younger, more likely to be physically inactive and obese, and had lower HDL, higher plasma
high-sensitivity C-reactive protein (hsCRP), and a higher
rate of diabetes. However, their LDL and total cholesterol
levels were lower compared with participants from
Oklahoma and North and South Dakota. In contrast,
subjects from North and South Dakota were more likely
to be current smokers and current drinkers compared
with those from Oklahoma and Arizona.
Mean LTL at baseline varied across study centers.
Participants from Arizona had the shortest telomere
length (mean T/S ratio = 0.95) compared with those from
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Table 1—Baseline characteristics according to study center in 3,665 American Indian men and women participating in the
SHFS (2001–2003)
Arizona
Oklahoma
North and South Dakota
N
Age (years)
Female sex (%)
BMI (kg/m2)

1,235

1,210

1,220

37.15 6 15.96

43.64 6 17.29

38.98 6 17.10

62.20

58.78

58.76

35.43 6 8.78

31.15 6 6.88

30.14 6 6.83

111.87 6 19.11

102.15 6 17.12

99.63 6 17.09

Prevalent diabetes (%)

33.22

20.55

14.31

Current smoker (%)

25.60

33.17

42.64

WC (cm)

Current drinker (%)

59.42

47.60

66.36

Physical activity level (steps/day)

4,993.3 6 3,542.5

5,722.6 6 3,992.4

6,186.4 6 3,941.2

Systolic blood pressure (mmHg)

120.96 6 17.07

126.70 6 17.27

120.19 6 16.29

Diastolic blood pressure (mmHg)

76.56 6 11.52

76.82 6 11.49

75.29 6 10.52

HDL (mg/dL)

48.54 6 14.07

52.94 6 15.37

50.81 6 13.82

93.80 6 25.82

99.89 6 30.44

100.66 6 31.05

Total triglyceride (mg/dL)

169.33 6 133.51

172.51 6 170.54

160.92 6 200.36

Total cholesterol (mg/dL)

174.33 6 34.08

185.79 6 37.18

181.83 6 39.01

LDL (mg/dL)

hsCRP (mg/L)

8.06 6 9.17

6.40 6 9.60

6.29 6 9.56

LTL (T/S ratio)*

0.9545 6 0.2116

0.9706 6 0.2236

1.0199 6 0.2564

Data are means 6 SD unless otherwise indicated. *Adjusted for age.

OK (mean T/S ratio = 0.97) and DK (mean T/S ratio =
1.02). Within each center, diabetic individuals were older,
had signiﬁcantly shorter LTL, higher BMI, larger waist
circumference (WC), higher systolic blood pressure,
higher levels of hsCRP and triglyceride, and lower levels
of HDL. However, there appears to be no statistically
signiﬁcant difference in LDL level between diabetic and
nondiabetic participants. In addition, diabetic individuals
were physically inactive and less likely to be current
drinkers than nondiabetic subjects. Demographic characteristics stratiﬁed by diabetes status in each center are
shown in Supplementary Tables 1–3.
Baseline Characteristics According to LTL Quartiles
Among 2,328 Participants Who Attended Both of the
SHFS Clinical Visits at Baseline (2001–2003) and
Follow-up (2006–2009)

Table 2 illustrates the distribution of diabetes-related
factors according to LTL quartiles among participants
attending both clinical visits at baseline and 5-year
follow-up. As expected, LTL signiﬁcantly decreases with
age in that older American Indians had shorter LTL
than their younger counterparts (P , 0.0001). LTL also
signiﬁcantly differs by traditional T2D risk factors
including BMI, WC, systolic blood pressure, and hsCRP
(age-adjusted P for trend #0.02). However, there was
no signiﬁcant difference in other risk factors across the
LTL quartiles.

Table 3 presents the clinical correlates of LTL among
2,328 subjects participating in both clinical visits. LTL
was inversely correlated with age, BMI, WC, LDL, blood
pressure, total cholesterol, total triglyceride, fasting glucose, and hsCRP and positively correlated with level of
physical activity, but LTL was not correlated with HDL or
fasting insulin. Apart from BMI, WC, and hsCRP, most of
these correlations substantially attenuated after adjusting for age. Women appeared to have longer LTL than
men (1.012 vs. 1.005, age-adjusted P = 0.02) in the entire
sample, but this sex difference disappeared among participants who developed diabetes during follow-up (ageadjusted P = 0.49), probably due to the small number of
participants who developed incident diabetes. LTL did
not differ in terms of the status for cigarette smoking
and alcohol drinking.
Prospective Association of LTL With Incident Diabetes

Proportional hazards assumptions are met for telomere
length and all other variables. Among 2,328 initially
nondiabetic participants who attended both clinical
examinations, 292 developed T2D at the end of followup. Participants who developed diabetes exhibited signiﬁcantly shorter LTL at baseline compared with those
remaining free of the disease (mean T/S ratio 0.96 vs.
1.02, age-adjusted P value = 0.007). Except for LTL, sex,
age, BMI, fasting glucose, and plasma triglyceride at
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Table 2—Baseline characteristics according to LTL quartiles among 2,328 study participants attending both clinical visits
at baseline (2001–2003) and follow-up (2006–2009) of the SHFS
T/S ratio
Q1
N

Q2

Q3

Q4

579

585

580

584

Mean

0.7277

0.9423

1.0701

1.2940

Median

0.7585

0.9446

1.0684

1.2527

Interquartile range

0.1707

0.0622

0.0654

0.1588

Age (years)

42.57

37.59

33.77

29.09

2

P for trend*

,0.0001

BMI (kg/m )

32.63

31.83

31.60

30.15

0.002

WC (cm)

105.34

102.43

101.63

97.82

0.0003

Current smoker (%)

24.97

25.21

25.92

23.99

0.192

Current drinker (%)

23.81

24.88

24.55

26.76

0.808

Physical activity level (steps/day)

5,603.75

5,969.96

6,434.52

6,650.67

0.212

Systolic blood pressure (mmHg)

121.81

121.24

120.88

117.22

0.022

Diastolic blood pressure (mmHg)

76.59

76.42

76.43

74.83

0.405

HDL (mg/dL)

52.76

52.01

50.77

51.49

0.301

LDL (mg/dL)

100.91

98.63

99.47

92.76

0.093

Total triglyceride (mg/dL)

153.02

154.42

144.58

135.73

0.295

Total cholesterol (mg/dL)

183.56

180.66

178.71

171.12

0.255

hsCRP (mg/L)

6.84

6.37

5.84

4.94

0.020

Fasting insulin (mU/mL)

16.53

16.33

16.33

16.46

0.893

Fasting glucose (mg/dL)

95.46

94.30

93.45

92.36

0.962

Q, quartile. *Estimated using GEEs to account for family relatedness.

baseline were selected to be signiﬁcant predictors of diabetes risk based on the Bayesian information criterion.
Cox spline regression using LTL as a continuous variable showed that longer LTL was signiﬁcantly associated
with reduced risk of diabetes (b = 22.78; hazard ratio
[HR] 0.06 [95% CI 0.01–0.42], multivariate-adjusted P =
0.004) after adjustment for sex, age, BMI, fasting glucose, and plasma triglyceride at baseline. Results of
multivariate Cox spline regression using LTL as a continuous variable are shown in Table 4.
Results of Cox regression according to LTL quartiles
demonstrate that subjects in the lowest quartile of LTL
(shortest) had an almost twofold increased risk of developing diabetes compared with those in the highest
(longest) LTL quartile (HR 1.83 [95% CI 1.26–2.66],
multivariate-adjusted P , 0.0001). However, subjects in
the second (HR 0.87 [95% CI 0.59–1.29]) and the third
(HR 0.95 [95% CI 0.65–1.38]) quartiles did not show
signiﬁcantly elevated risk for diabetes in comparison
with those in the fourth quartile, suggesting that subjects
in the higher LTL quartiles (quartiles 2–4) had similar
survival probabilities. As such, we combined subjects in
the second, third, and fourth quartiles into one group
and compared them with those in the ﬁrst quartile,

which showed that subjects in the lowest quartile of LTL
are almost twice as likely to develop diabetes as those in
higher quartiles [HR 1.98 (95% CI 1.51–2.60), quartile
1 vs. (quartiles 2 + 3 + 4)]. Similar results were observed
when LTL was categorized into tertiles [HR 1.57 (95% CI
1.21–2.05), tertile 1 vs. (tertiles 2 + 3)]. Multivariateadjusted HRs and corresponding 95% CIs according to
LTL quartiles are shown in Table 5. Kaplan-Meier survival curves are plotted in Figure 1.
Results of Sensitivity Analyses

To assess the robustness of our ﬁndings, we conducted
a series of sensitivity analyses; these showed that removing outliers of LTL did not affect our results (Supplementary Table 4), suggesting that the observed
association between LTL and diabetes risk is unlikely to
be driven by outliers. Secondary analysis in postmenopausal women (N = 281) indicated that shorter LTL
remained a signiﬁcant predictor of diabetes risk (Supplementary Table 5). Additional adjustment for diabetes
treatment did not affect our results.
DISCUSSION

In a large, family-based longitudinal cohort of American
Indians, LTL signiﬁcantly predicted the onset of future
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Table 3—Clinical correlates of LTL among 2,328 participants
who attended both SHFS clinical visits
Correlation
AgeVariables
coefﬁcient*
P
adjusted P
Age

20.331

,0.0001

—

Sex‡

—

0.449

0.020

BMI

20.121

,0.0001

,0.0001

WC

20.154

,0.0001

,0.0001

LDL

20.103

,0.0001

0.251

HDL

20.031

0.139

0.332

SBP

20.108

,0.0001

0.202

DBP

20.049

0.018

0.271

Total cholesterol

20.135

,0.0001

0.369

Total triglyceride

20.075

0.0003

0.402

hsCRP (mg/L)

20.089

,0.0001

0.001
0.205

Fasting insulin (mU/mL)

20.002

0.908

Fasting glucose (mg/dL)

20.109

,0.0001

0.551

Physical activity

0.082

0.0002

0.312

Smoking status‡

—

0.031

0.998

Alcohol drinking‡

—

,0.0001

0.065

DBP, diastolic blood pressure; SBP, systolic blood pressure.
*Pearson correlation. ‡P values obtained by GEE.

T2D. During an average 5.5 years of follow-up, subjects
in the lowest quartile were almost twice as likely to develop diabetes as those in the highest quartile. Participants who developed diabetes exhibited signiﬁcantly
shorter LTL at baseline compared with those remaining
free of the disease, suggesting that shorter LTL may be
not the result of diabetes but, rather, an early risk factor
that predisposes to disease manifestation later in life.
This corroborates the research ﬁndings of previous work
in this ﬁeld (31,32) and supports a potential causal or
contributory role of LTL in the development of diabetes
in American Indians. The prognostic signiﬁcance of LTL
in diabetes development was independent of known
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diabetes risk factors, suggesting that it may inﬂuence
diabetes risk through biological pathways beyond established risk factors.
Shorter LTL has been an important characteristic of
T2D in cross-sectional studies (3,8,33–36). However,
none of these analyses have been able to conclusively
distinguish causal from consequential telomere attrition.
To date, longitudinal studies examining the causal relationship between LTL and development of diabetes are
scarce. A recent study in postmenopausal women participating in the WHI study (11) found a modest association between LTL and diabetes risk, but this
association was substantially attenuated after adjustment for known risk factors. The authors postulated that
the lack of an independent association between LTL and
diabetes risk may be due to the relatively short period of
follow-up (6 years). This explanation, however, seems
inconsistent with our study, which has a similar—even
shorter—follow-up period (average 5.5 years). Several
possible mechanisms may underlie the discrepant results
between WHI and our study. First, based on a previous
report, it is probable that menopause may alter the trajectory of telomere attrition and thus could possibly
offset the relationship between telomere length and diabetes as well as indices that accompany diabetes (e.g.,
inﬂammation) (37). But this seems unlikely because in
our study the effect of telomere shortening on diabetes
risk remains signiﬁcant in postmenopausal women. Second, genetic factors may contribute, at least in part, to
the inconsistent ﬁndings between WHI and the current
study. LTL has been shown to be highly heritable, with
heritability estimates ranging from 36 to 84% (38–41).
American Indians may have different genetic background
from other ethnicities, which could result in a differential
effect of telomere shortening on disease risk. Third, our
study participants are ~20 years younger (mean age ;40
years old) than subjects participating in the WHI study
(mean age ;62 years old). The questions of whether and
how this age difference affects the relationship between
LTL and diabetes risk warrant further investigation.
Moreover, random measurement error of telomere
length could also mask an association between telomere

Table 4—Multivariate Cox spline regression for telomere length (continuous) and diabetes risk among 2,328 American Indians
participating in both clinical visits of the SHFS
Regression coefﬁcient b

HR (95% CI)

Multivariate-adjusted P

LTL

22.777

0.062 (0.009–0.423)

0.004

Age

0.062

1.064 (1.019–1.112)

0.005

Female sex

0.352

1.422 (1.098–1.843)

0.007

Age2

20.653

0.520 (0.316–0.858)

0.010

BMI

0.048

1.049 (1.034–1.064)

,0.0001

Fasting glucose

0.063

1.065 (1.053–1.078)

,0.0001

Total triglyceride

0.002

1.002 (1.001–1.003)

0.003
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Table 5—Multivariate-adjusted HR (95% CI) for diabetes risk
according to LTL quartiles among 2,328 American Indians
participating in both clinical visits of the SHFS
LTL quartiles

HR

95% CI

Q1 vs. Q4

1.83

1.26–2.66

Q2 vs. Q4

0.87

0.59–1.29

Q3 vs. Q4

0.95

0.65–1.38

Q1 vs. (Q2 + Q3 + Q4)

1.98

1.51–2.60

Multivariateadjusted P

,0.0001

Adjusted for sex, age, age2, BMI, fasting glucose, and total
triglyceride level at baseline. Q, quartile.

attrition and disease risk. In addition, the nonuniform
results may also be partially explained by the not entirely
similar characteristics of the studied populations in the
two studies. It is also probable that the different ﬁndings
between WHI and our study could be attributable to
other as yet unknown mechanisms.
Compared with participants in the fourth quartile of
LTL, subjects in the ﬁrst quartile had signiﬁcantly increased risk of incident diabetes, but those in the second
and third quartiles showed no signiﬁcant difference in
survival probability, indicating a nonlinear relationship
of LTL with diabetes risk in American Indians. This observation corroborates previous studies demonstrating
a nonlinear association of telomere length with cancer
(24), incident coronary heart disease (25), and severe
aplastic anemia (26). The nonlinear relationship between
LTL and diabetes risk suggests a potential threshold
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effect of telomeric aging on disease risk, providing support for the Hayﬂick limit hypothesis of telomeres (1).
In our study, there appears to be a critical threshold
value for LTL between the ﬁrst and the second telomere
quartiles, across which diabetes risk will increase significantly. Study participants appear to form two distinct
groups (quartile 1 vs. quartiles 2–4), and risk of diabetes
differs signiﬁcantly between groups, but subjects within
the same group share similar survival probability.
Therefore, comparison of the ﬁrst LTL quartile with
other quartiles (Q2–Q4) exhibited signiﬁcant difference
in diabetes risk, but comparisons within the higher
quartiles (Q2–Q4) showed no signiﬁcant results. This
observation is consistent with the threshold hypothesis
of telomere length (i.e., the Hayﬂick limit), beyond which
replicative senescence is triggered, and a cascade of
negative biological processes, such as loss of telomere
capping activity, chromosomal instability, and apoptosis,
will occur, thereby contributing to diseases.
Inﬂammation and oxidative stress have been postulated as important contributors to biological aging and
diabetes (42). Risk factors associated with these two
processes may affect the relationship between telomeres
and diabetes. Apart from LTL and age, the current study
also identiﬁed several T2D predictors, such as BMI,
fasting glucose, and total triglyceride. The precise biological mechanisms that are responsible for such effects
remain to be determined. It is possible that these unfavorable factors could promote inﬂammation, oxidative
stress, and insulin resistance by provoking agedependent telomere shortening, thereby contributing to
increased risk of diabetes. In our analysis, most of the
associations between traditional diabetes risk factors and

Figure 1—Kaplan-Meier plots for survival function of diabetes in American Indians, stratiﬁed by quartiles of LTL (T/S ratio). Quartile 1,
0.2780–0.8706; quartile 2, 0.8706–1.0059; quartile 3, 1.0059–1.1431; quartile 4, 1.1431–2.2173.
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LTL substantially attenuated after adjustment for age,
providing support that telomeric aging may be a harbinger
of diabetes. Our ﬁndings highlight enhanced biological
aging among American Indians, which appear to be
tracked by changes in BMI and elevated levels of fasting
glucose and triglyceride, suggesting that these factors may
also contribute to premature aging and subsequent diabetes risk.
Several previous studies reported sex difference in
LTL among diabetic patients. In this study, women
exhibited longer LTL than men in the entire cohort, but
there was no sex difference among participants who
developed diabetes, probably due to the small number of
cases of incident diabetes. We identiﬁed a marginal difference in LTL between never and ever smokers (1.02 vs.
1.00, P = 0.05), supporting the pro-aging effect of cigarette smoking reported in a previous study (43).
Our study has several limitations. First, we measured
LTL using a PCR-based assay that does not quantify absolute telomere length; hence, we were unable to examine
the differences in absolute telomere length. Although the
%CV of telomere length is relatively low in our study,
random measurement error still exists, and this may
result in an inability to capture differences in LTL between subsets of our study participants. Second, telomere lengths exhibit a wide range of interindividual
variation, and they also vary among cells in the same
tissue and among chromosomes in the same cell (44). In
this study, we only measured telomere length in blood
leukocytes—not the target organs of diabetes such as
pancreas, skeleton muscle, and liver. However, existing
studies have demonstrated that telomere length in different tissues may be highly correlated (45). Moreover,
the current study does not explain the mechanisms responsible for linking the shortened telomere length to
the development of diabetes. Third, our ﬁndings were
derived from a cohort of American Indians who suffer
from a disproportionately higher rate of diabetes. As
such, the observed association of LTL with diabetes risk
might be suggestive rather than deﬁnitive. Generalization to other populations with low prevalence of diabetes
should be approached cautiously. Finally, the prospective
association of LTL with diabetes risk identiﬁed in our
study may not necessarily mean causality because baseline factors inﬂuencing diabetes, either unmeasured or
improperly measured, may inﬂuence this apparently
causal relationship.
In summary, this study demonstrates that shorter
LTL signiﬁcantly and independently predicts increased
risk of future diabetes among American Indians participating in the SHFS, suggesting that LTL may serve as
a prognostic biomarker of diabetes in American Indians.
Though our ﬁndings are derived in a single ethnic group
and conﬁrmation in other ethnic origins and different
environment are necessary, the discovery of LTL as
a prognostic determinant, independent of known diabetes risk factors, may improve our ability to predict

Zhao and Associates

361

disease risk and may lead to a better understanding of
the mechanisms underlying the association between biological aging and diabetes as well as a wide range of
metabolic disorders.
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