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Summary
Aims—Skeletal muscle is a major metabolic organ and plays important roles in glucose
metabolism, insulin sensitivity, and insulin action. Muscle telomere length reflects the myocyte's
exposure to harmful environmental factors. Leukocyte telomere length is considered a marker of
muscle telomere length and is used in epidemiologic studies to assess associations with ageing-
related diseases where muscle physiology is important. However, the extent to which leucocyte
telomere length and muscle telomere length are correlated is unknown, as are their relative
correlations with glucose and insulin concentrations. The purpose of this study was to determine
the extent of these relationships.

Methods—Leucocyte telomere length and muscle telomere length were measured by quantitative
real-time PCR in participants from the Malmö Exercise Intervention (MEI; n=27) and the PPP-
Botnia studies (n=31). Participants in both studies were free from type 2 diabetes. We assessed the
association between leucocyte telomere length, muscle telomere length and metabolic traits using
Spearmen correlations and multivariate linear regression. Bland-Altman analysis was used to
assess agreement between leucocyte telomere length and muscle telomere length.

Results—In age-, study-, diabetes family history- and sex-adjusted models, leucocyte telomere
length and muscle telomere length were positively correlated (r=0.39, 95% CI: 0.15, 0.59).
Leucocyte telomere length was inversely associated with 2hr glucose concentrations (r= -0.58,
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95% CI: -1.0, -0.16), but there was no correlation between muscle telomere length and 2 hr
glucose concentrations (r=0.05, 95% CI: -0.35, 0.46) or between leucocyte telomere length or
muscle telomere length with other metabolic traits.

Conclusions—In summary, the current study supports the use of leucocyte telomere length as a
proxy for muscle telomere length in epidemiological studies of type 2 diabetes aetiology.

Keywords
Leukocyte telomere length; muscle telomere length; cardiometabolic; type 2 diabetes; skeletal
muscle physiology

Introduction
Telomeres, which are the tandem repeats of TTAGGG DNA sequences at the end of human
chromosomes, shorten with every cell division and their length is an indicator of the
replicative potential of each somatic cell. Telomere attrition is a normal part of ageing and
also reflects the cell's exposure to previous intrinsic and extrinsic stressors [1] such as
inflammation and oxidative stress, as well as the cell's chromosomal integrity and stability
[2]. Critically short telomeres lose functionality and lead to cell death or senescence [3],
implicating telomere attrition in ageing-related diseases such as type 2 diabetes mellitus
(T2DM).

Although muscle telomere length is relevant to T2DM aetiology, measuring muscle
telomere length necessitates biopsies, which are infeasible in large studies; thus, measuring
leucocyte telomere length may be a practical alternative [4]. However, it is unknown to what
extent leucocyte telomere length and muscle telomere length are correlated, which makes
inferences about epidemiological studies of leucocyte telomere length difficult.

The primary purpose of this study was to determine the extent of the relationship between
leucocyte telomere length and muscle telomere length. A secondary objective was to assess
the relationship between muscle telomere length, leucocyte telomere length, and diabetes-
related metabolic traits.

Research Design and Methods
Participants

Fifty-eight non-diabetic participants were selected from the Malmö Exercise Intervention
(MEI) study (N=27 men) and the Prevalence, Prediction and Prevention of diabetes (PPP)-
Botnia Study (N=15/16 men/women). Two participants from MEI study were using anti-
allergy drugs while in PPP-Botnia two participants were using lipid lowering drugs and two
participants were using anti-inflammatory drugs. Participants provided written informed
consent and the research protocols were approved by the research ethics committees of
Helsinki University Central Hospital and Lund University.

Measurements
All participants reported their personal history of T2DM, age, and sex. Blood was drawn
from a forearm vein after an overnight fast, from which plasma and buffy coat (for DNA
extraction) were separated. Height, weight, and fasting and 2hr glucose and fasting insulin
were measured according to methods described previously [5] and muscle biopsies were
obtained with a Bergström needle from the right vastrus lateralis [6]. Data for fasting insulin
in PPP-Botnia Study were unavailable for one participant.
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Mean telomere length
Isolation of DNA from muscle and blood samples was performed as described previously
[7]. Relative leucocyte telomere length and muscle telomere length were quantified by real-
time quantitative PCR on an ABI7900HT sequence detection system (Applied biosystems,
USA) [8]. Briefly, assays were run in triplicate in 10μl with 5ng template DNA, SYBR
Green master mix (Qiagen Laboratories, Sweden), Tel1 (270nM) and of Tel2 (900nM)
primers. For single copy gene 36Bμ (300nM) and 36Bd (500nM), primers were used instead
of Tel1 and Tel2 (primer sequence are reported in [8]). This quantitative assay determines
the amount of telomeric DNA (T) relative to the amount of a single copy control gene
(human b-globin) DNA (S), following which the T/S ratio is calculated. The standard curve
method was used to calculate an eight point standard curve for each leukocyte sample (0.31–
20ng) separately. The coefficient of variance was 0.06-2.75% (telomere assay) and
0.01-1.69% (single copy gene assay) in blood samples and 0.04-0.91% (telomere assay) and
0.02-0.86% (single copy gene assay) in skeletal muscle.

Statistical Analysis
Statistics were calculated using STATA (v8.0, Stata Corporation, College Station, TX,
USA). Study-specific z-scores (mean=0; SD=1) were calculated for muscle telomere length
and leucocyte telomere length and all comparisons were performed using these values.
Student's T-test (or Mann-Whitney U-test for non-normally distributed variables) was used
to test differences in continuous variables. The chi-squared test was used to assess
differences in frequencies of categorical variables. Data are expressed as mean (SD) for
continuous variables and % (number of participants) for categorical variables. We quantified
the strength of association between leucocyte telomere length and muscle telomere length
with the Spearman correlation coefficient (adjusted for age, sex, diabetes family history, and
study) and multivariate linear regression analysis (adjusted for age, sex, diabetes family
history, and study). Agreement between the two methods (mean bias) was assessed using
Bland–Altman and Pitman's tests. Difference in variance between leucocyte telomere length
and muscle telomere length was assessed with the Pitman's test. To assess whether the
relation between muscle telomere length and leucocyte telomere length differed by study,
sex, or family history of diabetes, pairwise interaction terms (variable* muscle telomere
length) were fitted to a linear model where leucocyte telomere length was the dependent
variable (all tests P>0.15; data not shown); therefore, data were combined and appropriately
adjusted. Finally, we assessed the association of leucocyte telomere length and muscle
telomere length with measures related to T2DM (blood glucose, and insulin). Because the
study involved only one primary hypothesis test, uncorrected P-values are reported.

Results
Participants in the MEI study were all men, were younger (38.3±4.2 years vs. 50.8±11.3
years; (P≤0.001) and had lower fasting glucose (4.23±0.49 vs. 5.33±0.45 mmol/l; (P≤0.001)
than those in the Botnia-PPP study, which included men (n=15) and women (n=16), but they
were otherwise comparable (Supplementary table 1).

Relationship of leucocyte telomere length and muscle telomere length (primary test)
Leucocyte telomere length and muscle telomere length were positively correlated (r=0.39;
P=0.003) after adjusting for age, sex, family history of diabetes and study (figure 1). In
multivariate linear regression models adjusted for age, sex family history of diabetes and
study, one z-score leucocyte telomere length unit was associated with 0.43 (95% CI: 0.15,
0.71) muscle telomere length z-score units.
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Bland-Altman analysis for muscle telomere length vs. leucocyte telomere length yielded
narrow limits of agreement of -0.056 to 0.056, with almost all data points falling within ±2
SD of the mean. Pitman's test showed no evidence of difference in variance between
leucocyte telomere length and muscle telomere length (P=0.79) and there was no systematic
bias in the relationship between muscle telomere length and leucocyte telomere length
across the spectrum of muscle telomere length values (Supplemental Figure 1).

Relationships of leucocyte telomere length and muscle telomere length with T2DM-related
traits (secondary tests)

An inverse relationship between leucocyte telomere length and 2hr glucose concentrations
was observed (Table 1a), with longer leucocyte telomere length being associated with lower
glucose. No statistically significant relationships were observed between muscle telomere
length and 2-hr glucose or between muscle telomere length or leucocyte telomere length and
any other diabetes-related traits (Tables 1a and 1b).

Discussion
In this study of young and middle-aged adults, who were free of diabetes, leucocyte
telomere length and muscle telomere length were modestly, positively correlated. A
statistically significant inverse relationship between leucocyte telomere length and post-
challenge glucose concentrations was also observed. No other statistically significant
relationships with diabetes-related traits were found, which may in part reflect the low
power of this study to detect small effects.

T2DM is a complex ageing-related disorder that results from genetic and environmental risk
factors. Cellular senescence contributes to T2DM-related defects in beta-cell function,
mitochondrial biogenesis, glycogen synthesis, peripheral insulin sensitivity, and glucose
transportation and metabolism [9]. A key aspect of cellular senescence involves skeletal
muscle telomere attrition [10]. It is, therefore, logical to hypothesize that telomere attrition
in organs that are involved in glucose metabolism and insulin action, including skeletal
muscle, liver, adipose tissue, and pancreas, impacts T2DM risk. However, because it is
infeasible to collect skeletal muscle biopsies in epidemiologic settings, studies of telomere
length and T2DM have generally used leucocyte telomere length as a surrogate marker of
telomere length in other tissues [7, 11-13]. For these studies to be appropriately interpreted,
it is important to ascertain how strongly correlated leucocyte telomere length and telomere
length in other relevant cell types are.

Our observations are in line with previous studies that examined the correlation of leucocyte
telomere length with telomere length in other tissues. For example, among new-borns
leucocyte telomere length was strongly correlated with telomere length in skin and umbilical
artery (r>0.90) [14]. In a small sample of elderly persons (aged 73-95 yrs), leucocyte
telomere length was also correlated with skin (r=0.84) and synovial tissue (r=0.73) [15].
That leucocyte telomere length is highly correlated with telomere length in multiple tissues
with varying replicative capacity and tissue renewal rates, suggests that telomere length
regulation is synchronized across human organs and tissues. The strong correlation of
telomere length among tissues from the same donor suggests that telomere length is
relatively similar for tissues at birth and that telomeres shorten at roughly similar rates
across these tissues [16]. Our results support the premise that leucocyte telomere length is a
reasonable marker of the “biological age” of other tissues involved in T2DM aetiology.

At the outset of our study, we hypothesized that muscle telomere length would be more
strongly related with glucose and insulin measures than leucocyte telomere length, owing to
the important role skeletal muscle plays in systemic glucose disposal. However, our results
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suggest the opposite is true. It is possible that leucocyte telomere length is more strongly
correlated with telomere length in other relevant tissues, such as pancreas, liver, and
adipose, and thus provides a strong proxy for telomere length in these tissues, as well as in
muscle telomere length. It is also possible that leucocyte telomere length reflects long-term
exposure to other diabetogenic factors to a greater extent than muscle telomere length. This
is possibly the most plausible explanation, as leukocyte cells divide more rapidly than other
human cells, with the shortest lifespan on average [17]; this is partly attributable to high
levels of oxidative stress in leukocytes [18], an important pathological factor in T2DM [12].

Blood consists of formed elements including erythrocytes, leucocytes and platelets.
Leukocytes are heterogeneous tissues and can be classified into granulocytes (neutrophils,
eosinophils and basophils) and agranulocytes (monocytes and lymphocytes) [19]. Telomere
length is likely to differ between these different elements, and controlling for the presence of
these elements when examining associations between blood telomere length and other
factors may improve the precision of the estimates. Cytomegalovirus (CMV) infection can
also impact senescence in CD8 T-cells [20] and controlling for CMV infection in analyses
of telomere length might also improve the precision of the estimates. However, in this study
and most epidemiologic studies information about tissue elements and the frequency of
CMV infection is unknown, although the latter is infrequent in the general population [21]
and may have minimal impact on telomere study results.

Telomeres may be longer in skeletal muscle than in blood owing to the higher replicative
capacity of the latter. However, epidemiological studies typically assess relative telomere
length using a PCR-based assay that does not quantify absolute telomere length [8]. Because
our study was designed to assess this specific approach, we are unable to examine
differences in absolute telomere length between study centers or tissues. Thus, future
epidemiological studies might benefit from utilizing.

Our study was restricted to middle-aged white adults and our findings may not generalize to
other age and ethnic groups. Moreover, the observed association between leucocyte telomere
length and muscle telomere length may be owing to confounding by unmeasured covariates
such as inflammation or lifestyle, factors which we could not control for. However, the
consistency with which telomere length in other tissues is correlated with leucocyte telomere
length, suggests this is unlikely.

In conclusion, the positive correlation and measurement agreement between leucocyte
telomere length and muscle telomere length supports the use of leucocyte telomere length as
a surrogate marker of telomere attrition in skeletal muscle. To our knowledge, this is the first
study to report on this relationship. Our study also sheds light on the relationship between
muscle and leukocyte telomere length, which may also improve our mechanistic
understanding of diabetes pathophysiology.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Scatter plot for relative telomere length in blood versus relative telomere length in muscle
from the MEI and Botnia-PPP studies (n = 58). Partial Correlation coefficient (p-value): r =
0.39 (0.003), Regression coefficient (95% CI): 0.43 (0.15; 0.71) standardized units of
muscle telomere length per standardized unit of leucocyte telomere length, R2 = 0.37.
Estimates are adjusted for age, sex and study.
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Table 1a

Correlation and association between leukocyte telomere length and cardiometabolic risk factors

n Partial correlation coefficient (95%; CI)
p-value

Regression coefficient (95%; CI)1

p-value

Age (years) 58 0.05 (-0.21; 0.30)
0.72

0.002 (-0.006; 0.010)
0.66

BMI (kg/m2) 58 0.07 (-0.19; 0.32)
0.63

0.26 (-1.01; 0.54)
0.68

Fasting glucose (mmol/l) 58 -0.06 (-0.31; 0.20)
0.66

-0.04 (-0.19; 0.12)
0.62

2h-glucose (mmol/l) 58 -0.34 (-0.55; -0.09)
0.013

-0.58 (-1.00; -0.16)
0.007

Fasting insulin (mU/l) 57 0.01 (-0.25, 0.27)
0.93

0.04 (-1.13; 1.21)
0.95

Multivariate linear regression with each cardiometabolic risk factor as the outcome and leukocyte telomere length (z-score) as the main exposure,
adjusting for age, sex, diabetes family history and study. The estimates for age are from a model where telomere length was the outcome and age
(z-score) the main exposure, adjusting for sex, diabetes family history and study. In theory, statins and anti-inflammatory drugs might affect
leucocyte telomere length. In the MEI study none of the participants reported using such drugs, whereas in the PPP-Botnia study two participants
reported using lipid-lowering drugs and two participants reported using anti-inflammatory drugs. Controlling for the use of these drugs in analyses
had no materially impact on the results of the study.
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Table 1b

Correlation and association between muscle telomere length and cardiometabolic risk factors

n Partial correlation coefficient (95%; CI)
p-value

Regression coefficient (95%; CI)1

p-value

Age (years) 58 0.03 (-0.23; 0.29)
0.84

0.001 (-0.009; 0.010)
0.83

BMI (kg/m2) 58 -0.12 (-0.37; 0.14)
0.38

-0.60 (-1.74; 0.55)
0.30

Fasting glucose (mmol/l) 58 0.20 (-0.06; 0.43)
0.15

0.10 (-0.04; 0.24)
0.15

2h-glucose (mmol/l) 58 0.03 (-0.23; 0.29)
0.84

0.05 (-0.35; 0.46)
0.79

Fasting insulin (mU/l) 57 0.05 (-0.21, 0.31)
0.72

-0.18 (-1.25; 0.89)
0.74

Multivariate linear regression with each cardiometabolic risk factor as the outcome and muscle telomere length (z-score) as the main exposure,
adjusting for age, sex, diabetes family history and study. The estimates for age are from a model where telomere length was the outcome and age
(z-score) the main exposure, adjusting for sex, diabetes family history and study
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