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Abstract

Telomeres are essential in maintaining chromosome integrity and in controlling cellular 

replication. Attrition of telomere length in peripheral blood mononuclear cells (PBMCs) with age 

is well documented from cross-sectional studies. But the actual in vivo changes in telomere 

lengths and its relationship with the contributing factors within the individuals with age have not 

been fully addressed. In the present paper, we report a longitudinal analysis of telomere length in 

the PBMCs, lymphocytes and monocytes of 216 human subjects aged from 20–90 years assessed 

at 0-, 5- and 12-year follow-up. For the 5- and 12-year follow-up, telomere length in the PBMCs 

decreased in 34 % and 46 %, exhibited no detectable change in 56 % and 47 % and increased in 

10 % and 7 % of the subjects respectively. The rate of telomere change was distinct for T-cells, B-

cells and monocytes for any given subject. Telomerase activity declined with age in the resting T-

cells and B-cells and the activated T-cells. Finally, a significant portion of telomere attrition in T-
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cells with age was explained by a decline in the telomerase activity, decreased naïve cells and the 

change in physiological conditions such as elevated blood glucose and interleukin (IL)-6 levels. 

These findings show that changes in the telomere length of the PBMCs with age in vivo occur at 

different rates in different individuals and cell types and reveal that changes in the telomere length 

in the T-cells with age is influenced by the telomerase activity, naïve T-cell percentage and 

changes in health conditions.
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INTRODUCTION

Telomeres, the termini of linear chromosomes, consist of a tandem repeat of the DNA 

sequence (TTAGGG)n and binding proteins and function to protect the integrity of 

chromosomes [1-3]. Studies of human primary cells in culture show loss of a small portion 

of telomere DNA repeats, ranging from 15–70 bp per cell division [4-6]. With the advance in 

age, the telomeres of blood leucocytes or lymphocytes shorten by 15–50 bp/year, as 

analysed primarily by cross-sectional analysis [7-9]. Telomere length attrition in a cell 

accumulates over the course of history of cell divisions and critically shortened or 

‘uncapped’ telomeres cause the cell to exit the active cell cycle (senescence) or undergo 

apoptosis [4,5,10]. The intact function of telomeres is a key determinant of the finite 

proliferative capacity of primary cells in culture known as the ‘Hayflick limit’. 

Epidemiological studies reveal that short telomeres correlates with changes in physiological 

conditions, such as inflammation, [11] and various chronic illnesses, such as cardiovascular 

diseases [12] and diabetes [13]. However, whether the telomere attrition causes an age-

related decline of immune function in humans remains to be determined.

Telomerase is an enzyme that synthesizes telomeres and compensates for telomere loss that 

occurs with cell division [14,15]. Telomerase activity is highly expressed in haematopoietic 

stem cells [16,17] during T-cell development in the thymus [18] and during B-cell 

differentiation in the germinal centre [19-21], but is reduced to low or undetectable levels in 

the resting lymphocytes [18,22]. Upon activation, telomerase activity is rapidly up-regulated 

in the lymphocytes (both T-cells and B-cells) and partially compensates for the loss of 

telomere length in the actively dividing T-cells [18,23]. The importance of telomerase is 

further demonstrated by its ability to extend the replicative lifespan of the T-cells when the 

ectopic expression of the telomerase reverse transcriptase (TERT) is introduced in T-cells 

[24,25], as well as by those genetic defects of telomerase components that show reduced 

cellular proliferation that leads to the loss of functions of proliferating tissues and organs 

such as bone marrow and skin [26,27].

It is known that absolute numbers and relative percentages of human-lymphocyte subsets 

and monocytes in the blood change with age [28]. In cross-sectional analyses, the proportion 

of naïve lymphocytes in the blood is progressively lower with increased age, whereas the 

proportion of memory lymphocytes, particularly, CD28− T-cells, is progressively higher with 
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older ages [29]. Whether such changes of lymphocytes and monocytes occur at a constant 

rate or are non-linear over the lifespan has not been determined. More importantly, it is 

unknown how changes in the lymphocyte subset composition, possibly in conjunction with 

age-related changes in telomerase activity, may account for the observed average telomere 

length shortening in leucocytes/lymphocytes with older ages.

To address these questions, we conducted a longitudinal analysis of telomere length in 

peripheral blood mononuclear cells (PBMCs), T-cells, B-cells and monocytes to study 

parallel compositional changes of lymphocyte subsets in 216 participants from the Baltimore 

Longitudinal Study of Aging (BLSA) (http://www.blsa.nih.gov) assessed at baseline and at 

5-year follow-up. For 158 of these participants, we also report data for a 12-year follow-up. 

In a subset of this sample, we explored longitudinal changes in the telomerase activity in 

resting and activated T-cells and B-cells.

MATERIALS AND METHODS

Study design and participants

We performed a longitudinal study with PBMCs, lymphocytes (T-cells and B-cells) and 

monocytes isolated from PBMCs of BLSA participants at first visit and 5-year (n = 216) or 

12-year (n = 158) follow-up under an Institutional Review Board (IRB)-approved protocol 

(protocol number 03-AG-0325). Demographic characterization of these participants is 

summarized in Supplementary Table S1. At each visit, 50 ml of blood was drawn from the 

participants under fasting condition. PBMCs were isolated from blood and cryopreserved in 

liquid nitrogen. Two cryopreserved PBMCs with an average of 5 years apart or 2–3 DNA 

samples 12 years apart were used in the experiments. For the 5-year follow-up, PB-MCs 

from both time-points were thawed and counted on the day of the experiment. The recovery 

of frozen PBMC was 77 ± 0.3% (mean ± S.E.M.). B-cells, monocytes and T-cells were 

sequentially isolated from the thawed PBMC by magnetic-bead conjugated antibodies 

against CD19, CD14 and CD2 (Life Technologies). Isolated T-cells and B-cells were 

allowed to recover in an incubator for 3–4 h before being stimulated with anti-CD3 plus 

interleukin (IL)-2 (20 unit/ml; Hoffmann-La Roche) and pokeweed mitogen (PWM; 20 

μg/ml; Sigma-Aldrich) for 72 h respectively, for telomerase measurement.

Analysis of PBMC composition by flow cytometry

Antibodies used for flow cytometry analysis included: CD2–Tri-Colour (TC); CD4–

phycoerythrin (PE) and CD4–allophycocyanin (APC); CD28–FITC; CD8–TC; CD19–APC; 

CD45RA–APC from Life Technologies; CD14–PE; CD27–PE and IgM–FITC from BD 

Biosciences. Freshly thawed PBMCs of each visit were stained with 3–4 antibodies: T-cells 

(CD2, CD4, CD8, CD45RA and CD28); B-cells (CD19, IgM and CD27); monocytes 

(CD14). The data were collected on a BD FAC-SCalibur or BD FACSCanto II and analysed 

by Cell-Quest (BD Biosciences).

Telomere length measurement

The procedures for telomere length measurement by the terminal restriction fragment (TRF) 

[30] and by the quantitative PCR (qPCR)-based method [31] were as described previously. 
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The TRF method was used for all 5-year follow-up samples and the qPCR method was used 

for the 12-year follow-up samples. The mean TRF was calculated from 2–40 kb. DNA from 

Jurkat cells was loaded on every gel and used for normalization within (2–3 Jurkat samples 

per gel) and among gels. The coefficient of variation of telomere length of Jurkat cells 

measured at different times was 10.6 % (n = 146). The qPCR method was carried out in 

triplicates. A conversion equation was generated between the TRF and the qPCR method 

based on the measurement of 130 samples by both methods with the correlation of R2 = 0.5. 

The rates of telomere length change were calculated by dividing telomere length differences 

over the corresponding time lag (in years) between the two subsequent samples for the 5-

year follow-up and by the slope of data of three time-points for the 12-year follow-up. The 

reproducibility of telomere measurement was further examined by repeated measure of the 

same sample and the difference in telomere length between the two measurements was 52 

± 281 bp (mean ± S.D., n = 147) or 52 bp/year as one S.D. (average 5.4 ± 1.2 year). We 

postulated that changes within one S.D. (50 bp/year) could be considered as part of normal 

random variation and, thus, a rate of telomere length change between −50 bp/year and +50 

bp/year was considered no measurable change. The yearly percentage of telomere length 

change over time was calculated by dividing the percentage of telomere length changes over 

the corresponding span of years between the two samples.

Telomerase activity measurement

The procedure for the telomerase assay was previously described [30]. A serial dilution of 

Jurkat cells (6–333 cell equivalents/PCR) was carried out for establishing the sensitivity and 

linearity of the telomerase assay. Under our conditions, telomerase activity (presented as the 

number of Jurkat cells) was detected at the lowest number of Jurkat cells as six and the 

linearity was determined by regression analysis (R2 = 0.96). The reproducibility of the 

telomerase activity measurement was verified by the repeated measurements of the Jurkat 

cells as well as the samples. The coefficient of variation of telomerase activity from the 

Jurkat cells measured at different times is 57.7 % (n = 27).

Statistical analysis

Figures were plotted as scatterplots with a linear regression line for telomere length and rates 

of change in these measures by age. The regression lines were tested using mixed effects 

linear regression on age to address the within-subject correlation with the repeated 

measurement with no adjustments. The inclusion of the time difference between the 

measurements did not affect the assessment. Multiple regression was used to examine a 

sequence of models of the association of telomere length and rate of change in length by 

age, telomerase and covariates that might affect the relationships. For model 4 in the Tables, 

only covariates were included that were found to be of importance in the model (P < 0.10) 

after backward elimination. The initial covariates included cancer status (or interval 

diagnosis), baseline body mass index (BMI), triacylglycerols (triglycerides), high-density 

lipoprotein (HDL), low-density lipoprotein (LDL), diabetes mellitus status and smoking 

status. To further examine the relationship of the telomere length with these variables, 

Bayesian Model Averaging [32] was utilized to identify which variables were most 

associated with telomere length. For the regression models, all tests were performed with a P 
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< 0.05. For the multiple regressions with backward elimination, all variables were 

maintained in the parsimonious model with a P < 0.1.

Telomerase activity was not normally distributed with a high percentage of samples showing 

no activity and other data being quite high. We explored the distributional aspects of the high 

and zero values. The majority of the high values were in the youngest age-group, whereas 

the number of subjects with no activity increased with increasing age. We found no evidence 

that the highest values could be distributed by chance using a permutation test. Analyses 

relating telomerase activity to age and telomere length were modelled both using linear 

regression with permutation tests and considering the activity as a count variable using 

mixed effects negative binomial regression using the package glmmADMB in R [33]. The 

regression model using the negative binomial distribution fit the data better than the Poisson 

and the normal distributions. All statistical analyses were done using R version 2.12.1 

(http://www.r-project.org). For general comparison, the Student’s t test was used.

RESULTS

Dynamic changes in telomere length in human blood lymphocytes and monocytes in vivo 
with age

We followed 216 participants from ~1000 active participants of the ongoing BLSA with an 

average follow-up of 5 years. The age range (23–91 years old; mean 71.1 years) and gender 

distribution (male = 53%; female = 47%) roughly reflected the whole BLSA study 

population (Supplementary Table S1). To determine the telomere length changes in vivo 
with age, we measured telomere lengths of PBMCs and isolated T-cells and B-cells and 

monocytes from PBMCs at the beginning and at 5-year follow-up. The analyses of telomere 

length as a function of age showed shortening of the telomeres in PBMCs, lymphocytes (T-

cells and B-cells) and monocytes with age as has been reported (Supplementary Figure S1A) 

[7-9]. Telomere length was closely correlated between PB-MCs and T-cells as 

approximately half of the PBMCs are T-cells (R2 = 0.72, P < 0.01) (Figure 1A). Correlations 

between PBMCs and B-cells (R2 = 0.59, P < 0.01), T-cells and B-cells (R2 = 0.64, P < 0.01) 

and T-cells and monocytes (R2 = 0.57, P < 0.01) were significant but less tight than the 

correlations between PBMCs and T-cells. B-cells had the longest telomeres with an average 

of ~0.6 kb longer than the PBMCs (P < 0.01), T-cells (P < 0.01) and the monocytes (P < 

0.01), whereas T-cells and monocytes had similar telomere length (P = 0.97) 

(Supplementary Figure S1B).

To address how telomere length changes with aging in different types of cells in vivo , we 

calculated the rates of telomere length-change over time and found that the rates of telomere 

attrition in all four types of cells were reduced with age at slightly different rates (Figure 

1B). Interestingly, the average rates of telomere loss computed from this longitudinal 

analysis (−28 bp/year in PBMC, −25 bp/year in T-cells, −52 bp/year in B-cells and −28 bp/

year in monocytes) were comparable with those estimated from cross-sectional analyses 

(Supplementary Figure S2). To further study the distribution of telomere length changes in 
vivo, we considered that changes within 50 bp/year (see the Materials and methods section 

for details) could be attributed to chance error. Using this criterion, participants with the 

rates of telomere length change between <50 bp/year and >−50 bp/year were designated as 
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no measurable change. Rates ≥50 bp/year were designated as an increase whereas rates less 

than or equal to −50 bp/year were designated as a decrease. We found that 31% of the 

subjects had decreased telomere length in PBMC (27% for T-cells, 50% for B-cells and 30% 

for monocytes) over 5 years whereas 58% of the subjects exhibited no measurable telomere 

length change in PBMC (63% for T-cells, 35% for B-cells and 56% for monocytes) (Figure 

1B). However, we also observed that 11% of the subjects had increased telomere length in 

the PBMC (10% for T-cells, 15% for B-cells and 14% for monocytes; Figure 1B).

Although telomere lengths exhibited correlations among PB-MCs, T-cells and B-cells and 

monocytes in an individual, the rates of change of telomere length for PBMCs, T-cells, B-

cells and monocytes were not correlated (Figure 1C). Furthermore, a proportion of 

individuals who did not have detectable changes in telomere length of total PBMCs did have 

significant changes in telomere lengths of their isolated T-cells and B-cells and monocytes 

(23%, 55% and 36% respectively) (Supplementary Figure S2). This suggests that different 

types of cells have different rates of telomere length changes with age in vivo and the rates 

changes across cell types do not always cluster in the same individual.

Alteration of telomere length in human PBMCs in vivo with age at ~12-year follow-up

The changes in the telomere length in PBMCs from individual subjects showed decrease or 

no change or increase during the initial 5-year follow-up based on the measurement at two 

visits. To examine the stability of telomere length change in an individual over a longer time, 

we extended telomere length measurement of PBMCs of the available participants (n = 158) 

to an average of 12 years based on the measurements at three or more visits. Comparing 5-

year and 12-year follow-ups, the percentage of subjects who had a decrease in telomere 

length in PBMCs from baseline measurement increased from 30% to 46%; subjects with no 

change decreased from 59% to 47%; and subjects with increased telomere length decreased 

from 11% to 7%. In addition, the average rates of telomere length changes for the subjects 

who had a decreased telomere length were −105 bp/year at 5-year and −73 bp/year at 12-

year follow-up and for the no change telomere length group were −10 bp/year and −32 bp/

year, for 5- and 12-year follow-up respectively (Figure 2A). Interestingly, those with an 

increase in telomere length in the 5-year follow-up (average = 88 bp/year) showed an 

average decrease (−24 bp/year) at the 12-year follow-up (Figure 2A). This increase in the 

loss of telomere length over a longer time-period is further evident from higher telomere 

length attrition at the 12-year follow-up (−44 bp/year) than at the 5-year follow-up (−29 bp/

year) in these 158 subjects.

A previous study of cross-sectional telomere changes with age suggested that telomere 

length shortening accelerates in individuals of advanced age [34]. To test this finding in our 

longitudinal data, we compared the average rate of telomere loss in four age groups (≤40, 

41–69, 70–79 and ≥80 years old). The average rates of telomere attrition for each age group 

were −21 bp/year, −43 bp/year, −42 bp/year and −61 bp/year respectively. Although the 

trend of telomere shortening with age appeared to increase among the different age groups, 

they did not reach statistical significance (Supplementary Figure S3). As older age is 

generally associated with shorter telomeres, loss of the same absolute amount of telomeres 

could have a higher percentage of loss from the initial telomere length and may thus have 
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more severe consequences in those with short telomeres than those with long telomeres. To 

address this issue, we calculated the rates of telomere length change as a percentage of the 

initial telomere length. Indeed, the percentage of telomere loss was significantly greater in 

the ≥80 years old group than in the ≤40 years old young group (P < 0.05) (Figure 2B), 

suggesting that the affect of telomere loss at a similar rate may be significantly greater in 

subjects with short telomeres or in older adults than in long telomere or young adults.

Reduction in telomerase activity in T-cells and B-cells with age

To determine whether there is a change of telomerase activity with age, we measured the 

telomerase activity of resting and activated T-cells and B-cells at baseline and at the 5-year 

follow-up in participants. Quantification of telomerase activity is a challenging task as the 

coefficient of variation is high in the cells with high telomerase activity but measures 

obtained in the cells with low telomerase activity are quite reproducible. In good agreement 

with previous reports [18,22], we found that more than half of the subjects did not have 

detectable telomerase activity in resting T-cells and B-cells. Subjects who had detectable 

telomerase activity were more frequent among young subjects than old subjects. Overall, 

there was a significant decline of telomerase activity with age in both the resting T-cells and 

the resting B-cells (Figure 3A). These findings were further confirmed using different 

statistical methods (see the Materials and methods section for details). The rate of 

telomerase activity change appeared to be relatively stable across age groups from the 

second to the ninth decades in T-cells and B-cells (Figure 3B).

The relationship between telomerase activity and telomere length was further analysed and 

there was a significant correlation between telomerase activity and telomere length in resting 

T-cells and B-cells (Figure 3C). Activation-induced proliferation of lymphocytes is 

associated with the induction of telomerase [18,21]. To determine if induced telomerase 

during lymphocyte activation changes with age, we measured telomerase activity in isolated 

T-cells and B-cells stimulated in vitro by anti-CD3 plus IL-2 or PWM for 72 h respectively. 

We observed significant reduction in induced telomerase activity in activated T-cells but not 

in activated B-cells with age (Figure 3D).

Age-associated changes in lymphocytes and monocytes and their influence in telomere 
length measurement

As described, B-cells have longer telomeres than T-cells and naïve T-cells have longer 

telomeres than memory T-cells [6,7] and CD28− T-cells have shorter telomeres [35]. To 

determine the age-associated compositional changes of lymphocytes and monocytes in 

PMBCs, we analysed cross-sectional data and observed a decrease in the percentages of T-

cells and B-cells but an increase in the percentage of monocytes in PBMCs with age (Figure 

4A). The reduction in B-cells (long telomeres) and increase in monocytes (relatively shorter 

telomeres compared with B-cells) in PBMCs could contribute to the average telomere 

shortening in PBMCs with age. In lymphocytes, there was a dramatic decrease in naïve T-

cells (−0.3%/year, P < 0.001), a significant increase in CD28− T-cells (0.24%/year, P < 

0.001) and a significant decrease in naïve B-cells (−0.36%/year, P < 0.001) with age (Figure 

4B). The decrease in naïve T-cells and increase in CD28− T-cells could also contribute to 

telomere shortening of total T-cells with age. From the longitudinal analysis, we observed a 
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significant change in the rate of change in T-cells but not in B-cells, monocytes, naïve and 

CD28− T-cells or naïve B-cells (Figures 4C and 4D).

Association of changes in naïve T-cell percentage and health parameters and changes in 
telomere length in T-cells

To further analyse the affect of the age-associated changes on the telomere length in T-cells, 

we used multiple linear regression models to test the hypothesis that telomere attrition 

attributed to aging could be explained, at least in part, by age-related changes in telomerase 

activity, lymphocyte subset composition and other physiological changes during aging. As 

expected, telomere length of T-cells was significantly associated with age (coefficient range 

from −0.61 to −0.40, P < 0.05) (Table 1, Models 1–4). Furthermore, telomere length of T-

cells was positively correlated with the level of telomerase activity in resting T-cells 

(coefficient = 0.16 ± 0.04, P < 0.05) and with the percentage of naïve T-cells (coefficient = 

0.23 ± 0.05, P < 0.05) but was negatively correlated with the plasma level of glucose and 

IL-6 (P < 0.05) (Table 1). Finally, using Bayesian Model Averaging [32], we found the 

probabilities that the coefficients for telomerase activity of resting T-cells and percentage of 

naïve T-cells were high (P = 0.7 and P = 1.0 respectively). Together, the changes in 

telomerase activity, naïve-cell percentage and certain physiological measurements account 

for approximately one-third of the telomere attrition in T-cells that was attributed to 

chronological aging in the unadjusted model.

DISCUSSION

In the present longitudinal study, we showed that the percentage of subjects with a reduction 

in telomere length with age increased from 34% to 46%, the subjects with no obvious 

change in telomere length were reduced from 56% to 47% and the subjects with an increase 

in telomere length decreased from 10% to 7% in 5- to 12-year follow-up. These findings 

suggest that telomere attrition in PBMCs is relatively slow in vivo. However, even a slow 

rate of telomere attrition could have a significant affect on the old populations who have 

generally shorter telomeres than do younger subjects. In addition, we also found a small 

fraction of subjects with slightly increased telomere length in the 5- and 12-year follow-up, 

which was also reported [36-38]. It remains to be determined whether those subjects who 

did not have detectable telomere loss in the present study will continue to maintain 

unchanged telomere length or will display telomere attrition over a longer time follow-up.

Telomerase plays a critical role in the telomere length maintenance of haematopoietic cells 

[39]. However, it is unknown whether there is an age-associated decline of telomerase 

activity in lymphocytes and whether telomerase plays any role in age-associated telomere 

attrition. In the present study, we demonstrated that telomerase activity in both the resting T-

cells and the resting B- cells is significantly decreased with age. The reason behind this age-

associated loss of telomerase activity is not completely understood. Since mature 

thymocytes (CD4+CD8− and CD4−CD8+) express high levels of telomerase activity [18] and 

there are more new thymic emigrants (naïve T-cells) in the periphery in young than in old 

participants [40], it is possible that the significantly lower levels of telomerase in 

lymphocytes in elderly may be due to the reduction in new thymic emigrants the periphery. 
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Interestingly, in contrast with the telomerase activity decline with age in the resting T-cells 

and B-cells, in vitro activation-induced telomerase activity in T-cells does appear to decline 

with age but activation-induced telomerase activity in B-cells does not decline at all. Clearly, 

more studies are needed to understand the difference in activation-induced telomerase 

activity in T-cells and B-cells with age.

Prospective epidemiological analyses of telomere length in leucocytes or PBMC have shown 

an association of short telomeres with certain diseases [12,41], lifespan and age [31,42], but 

their mechanistic relationships have not been firmly established. Since these studies are 

performed on telomeres obtained from mixed populations [white blood cell (WBC) or 

PBMC], they lack sufficient resolution to determine if the telomere length changes in all or 

some of the sub-populations of cells. Our findings, in the present study, show that telomere 

length in T-cells is correlated positively with the percentage of naïve T-cells in total T-cells 

and negatively with the percentage of CD28− T-cells in total T-cells, indicating that the 

composition of T-cell subsets constitutes one of the major factors of telomere length change 

in T-cells with age. It is, thus, necessary to further delineate whether lymphocyte 

composition change correlates with or may even contribute to the telomere length shortening 

associated pathologies suggested by epidemiological analyses.

Multiple factors can potentially influence changes of telomere length in lymphocytes in vivo 
with age. We demonstrated that telomerase activity, composition of lymphocytes and certain 

health conditions (plasma glucose and IL-6 levels) account for approximately 30% of the 

age-associated telomere length attrition in T-cells, presenting a more comprehensive picture 

of telomere length regulation in vivo with age. Obesity associated with shorter telomeres 

was reported from a cross-sectional analysis of telomere length and age-related changes 

[43]. IL-6 is a multi-functional cytokine and an elevated level of IL-6 in blood is a strong 

indicator of biological aging [44]. Although how these factors are regulated and contributed 

to the telomere length changes remains to be determined, our findings suggest that 

maintaining telomerase activity and/or lymphocyte composition (protecting naïve cells) can 

retain telomere length or at least minimize the loss of telomeres in lymphocytes. In addition, 

how changes in health conditions, such as alterations in metabolic rates and the presence of 

pathology, contribute to age-associated changes in telomere length, directly or indirectly 

through negative affect on telomerase and lymphocyte compositions, has not been directly 

assessed. An important next step will be extending this multi-parameter analysis and 

defining the contributions of these factors with improved resolutions of the measurements 

and longer follow-up times. Ultimately, this will lead to a better understanding of the 

mechanisms governing the regulation of telomere function and its role in human aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVES

• The mechanism of age-associated decline in physiological functions, 

particularly the decline in immune functions, is mostly unknown. Telomere 

length serves an essential role in cellular replicative senescence and is 

considered as a bio-marker for aging.

• Our study examines how telomere length changes with age in vivo and the 

resulting contributing factors in humans and reveals that telomere length 

change with age in vivo differs among individuals and in different cell types 

and is influenced by telomerase activity, naïve T-cell percentage and changes 

in physiological conditions.

• These findings may provide a basis for developing potential therapeutic 

remedies and intervention against aging.
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Figure 1. Telomere length in PBMCs, T-cells, B-cells and monocytes: correlation and change with 
age in vivo
(A) Comparison of telomere length among PBMC, T-cells, B-cells and monocytes. (B) 

Change of telomere length in vivo in PBMCs (n = 201), T-cells (n = 193), B-cells (n = 143) 

and monocytes (n = 153) are displayed. Solid black lines at 50 bp/year and −50 bp/year were 

the boundary for defining categories of ‘decrease’, ‘no change’ and ‘increase’ in telomere 

length. The trend lines show the rates of telomere changes with age. The percentages of the 

subjects with either increased or decreased rates of telomere length are presented. (C) 

Comparison of the rates of telomere changes among PBMCs, T-cells, B-cells and 

monocytes.
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Figure 2. Telomere length change of PBMC in vivo at ~5- and ~12-year follow-up
(A) Rates of telomere length changes with decrease, no change and increase groups in 5- 

and 12-year follow-up. The numbers of subjects within each group are: decreased (n = 45), 

no change (n = 98) and increased (n = 15). (B) Rates of telomere length change as a 

percentage of the initial telomere length in four age groups in the 5- and 12-year follow-up. 

The numbers of subjects within each age group are ≤40 (n = 23), 40–69 (n = 39), 70–79 (n = 

61) and ≥80 (n = 35) based on time 0.
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Figure 3. Telomerase activity change with age in T-cells and B-cells and its association with 
telomere length
(A) Average telomerase activity in resting T-cells (n = 366) and B-cells (n = 174) in different 

age groups indicated on the x-axis. The trend lines show the telomerase activity change with 

age. (B) Rates of telomerase activity changes in resting T-cell (n = 183) and resting B-cell (n 
= 74). The differences in telomerase activity over time were calculated and presented as 

telomerase activity of the number of Jurkat cells/year. The trend lines show the rate of 

telomerase change with age. (C) Comparison of telomerase activity and telomere length in 
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T-cells (n = 386) and B-cells (n = 138). The trend lines show the correlation between 

telomere length and telomerase activity. (D) Average telomerase activity in activated T-cells 

(n = 195) and B-cells (n = 148) in different age groups as indicated. The trend lines show 

correlation between the level of induced telomerase activity and age. The P values test the 

null hypothesis that the regression coefficient is equal to zero (no trend).
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Figure 4. Change in lymphocytes and their subsets and monocytes with age
(A) Changes in percentages of T-cells, B-cells and monocytes in PBMCs. The number of 

samples are T-cell = 388, B-cell = 412 and monocyte = 372. (B) Changes in percentages of 

naïve, CD28− T-cells and naïve B-cells with age. The number of samples are naïve T-cell = 

381, CD28− T-cell = 381 and naïve B-cell = 356. (C) Rates of change in T-cells, B-cells and 

monocytes in PBMCs with age. The number of samples are T-cell = 192, B-cell = 205 and 
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monocyte = 186. (D) Rates of change in naïve and CD28− T-cells (n = 190) and naïve B-

cells (n = 177). The trend lines and P values are presented.
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Table 1

Multiple linear regression factors associated with telomere length in T-cells

Variable Model 1 Model 2 Model 3 Model 4

Age −0.61 ± 0.04* −0.54 ± 0.04* −0.47 ± 0.05* −0.40 ± 0.07†

Sex (Male) −0.19 ± 0.08 −0.26 ± 0.08* −0.19 ± 0.09 –

Telomerase activity – 0.16 ± 0.04* 0.19 ± 0.04* 0.16 ± 0.07*

Naïve T-cells (%) – – 0.23 ± 0.05* 0.23 ± 0.07*

Glucose – – – −0.01 ± 0.005*

IL-6 – – – −0.05 ± 0.03*

R2 0.38 0.39 0.45 0.43

The β-coefficient values ± S.D. are shown.

*
P < 0.05.

The samples (including first and follow-up visits) used for model 1 = 364, model 2 = 320, model 3 = 275 and model 4 = 175. Model 4 included the 
following covariates which were removed by backward elimination: cancer, diabetes, BMI, smoking, triacylglycerol, LDL, HDL, fasting-glucose, 

IL-6 and body fat. R2 reflects the percentage of the variance explained by the model.
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