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We attempted to clarify myocardial telomere dynamics using samples from 530 autopsied patients using
Southern blot analysis. Overall regression analysis demonstrated yearly telomere reduction rate of 20 base
pairs in the myocardium. There was a significant correlation between myocardial telomere and aging.
Moreover, regression analyses of telomere and heart weight yielded a telomere reduction rate of 3 base pairs
per gram, and a small but significant correlation between telomere reduction and heart weight was
demonstrated. Hearts of autopsied patients who had died of heart disease were significantly heavier than
those of patients who had died of cancer or other diseases, and heart disease was significantly more
correlated with myocardial telomere shortening than cancer or other diseases. Here we show that telomeres
in myocardial tissue become shortened with aging and heart disease, and that heart disease was associated
with a gain of heart weight and telomere shortening in the myocardium.

N
ormal human cells exhibit a limited capacity for proliferation in culture1. This phenomenon is considered
to be attributable to reduction of telomere length as an indicator of the number of divisions a cell has
undergone. Telomeres protect chromosomes against degeneration, reconstruction, fusion and loss, as

well as contributing to pairing of homologous chromosomes2,3. The end-to-end chromosome fusions observed in
some tumors could play a role in genetic instability associated with tumorigenesis, and may be the result of
telomere loss2. The human telomere is a simple repeating sequence of six bases, TTAGGG, located at the ends of
chromosomes4.

We previously demonstrated that the yearly telomere reduction rate in 168 samples of myocardium from the
anterior wall of the cardiac left ventricle was 13 base pairs, being similar to that in other human tissues and
organs5. Our group has carried out a series of studies to measure telomere length in various human tissues, and
reported telomere shortening with aging in the esophageal, gastric and colonic mucosae, the liver, and other sites6.
Since telomere, as measured in human tissues by Southern blot analysis, demonstrates a very large standard
deviation among individuals, attention has been concentrated on different tissues from many subjects7–9.
Although available data on human tissue renewal times are limited, it is considered that very large differences
exist among the various organs. Renewal of the gastrointestinal mucosal epithelium is very rapid, whereas that of
hepatic and renal tissue is very slow. However, the yearly telomere reduction rates in human tissues and organs
have been reported to be similar, at about 30–60 base pairs5. Myocardial tissue is exceptional in that it is relatively
static with respect to cell turnover10, but no previous studies have investigated its telomere length status, more-
over, there have been no previous attempts to examine the relationship between telomere length and age or cause
of death. Therefore, the issue of age-related telomere shortening during life in the context of cause of death
remains unclear.

Accordingly, in the present study using Southern blotting, we measured telomere in samples of myocardial
tissue from a large sample of 530 autopsy cases covering a wide age range, from neonates to centenarians.
Particular attention was paid to yearly telomere reduction rates in this large number of myocardium samples.
Moreover, we analyzed the relationship between myocardial telomere and heart weight for major causes of death
among the individuals examined.
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Results
Table 1 shows the data for age and cause of death among the 530
autopsied subjects. Five hundred and four of the subjects were aged
60 years or older. Southern blot analysis did not demonstrate bands,
but rather smears of telomeric DNA. Supplementary information
(A) shows a representative 1% agarose gel electrophoretogram

stained with ethidium bromide for measurement of telomere length
showing genomic DNA digested by HinfI (1) and non-digested
genomic DNA (2) from 8 samples employed for verifying the pro-
cess of digestion, including molecular size markers. Supplementary
information (B) shows a representative 1% agarose gel electrophor-
etogram stained with ethidium bromide used for verifying the quality
of genomic DNA for measurement of telomere length employing 19
samples, including molecular size markers. To explain how we ana-
lyzed terminal restriction fragment (TRF) using Southern blotting
and quantification, representative results obtained using statistical
analysis for the 530 autopsied subjects are shown as Figure 1 and
Figure 2. Raw data for all 530 autopsied subjects are listed in
Supplementary information (C) (age, sex, TRF and cause of death).

Figure 3 shows the results of regression analysis of the relationship
between the annual telomere length reduction rate in the myocar-
dium and aging, as scatter plots for samples taken from all 530 sub-
jects (Fig. 3A), and for the 504 subjects who were aged 60 years or
older (Fig. 3B). This allowed us to calculate the myocardial telomere
length reduction rates as 20 (p , 0.001) and 14 (p 5 0.125) base pairs
per year for these two sets of subjects, respectively. The data indicated
a significant age-related telomere length reduction in the myocar-
dium for the 530 subjects overall, whereas the significance was only
marginal for the 504 subjects aged 60 years or older. The data in
Figure 3 include myocardial telomere lengths for 9 newborns (aver-
age 14.2 kbp, standard deviation 2.1 kbp) and 7 centenarians (aver-
age 11.2 kbp, standard deviation 2.4 kbp).

Table 1 | Data for all 530 autopsied subjects (age and cause of
death)

Subjects age

Cause of death

Cancer Heart disease Other causes All causes

0–9 (yr) 0 0 12 12
10–19 (yr) 0 0 1 1
20–29 (yr) 0 0 0 0
30–39 (yr) 2 0 0 2
40–49 (yr) 1 0 1 2
50–59 (yr) 3 2 4 9
60–69 (yr) 29 11 24 64
70–79 (yr) 74 27 80 181
80–89 (yr) 67 29 73 169
90–99 (yr) 19 21 43 83
100–104 (yr) 1 1 5 7

Number of patients 196 91 243 530

Figure 1 | Image of a representative gel used for measurement of telomere length employing 15 samples. Genofield gel electrophoresis of genomic DNA

from 15 samples used for assessment of DNA degradation. Molecular sizes (kbp) are indicated on the left. Age (yr), TRF (kbp) and cause of death (Ca;

Cancer death, H; Heart disease death, O; Other causes of death) are listed at the bottom. The labeled boxes (black squares) were added by the authors using

the Telomeric software package version 1.2, and the 15 lanes were analyzed to yield representative data for all TRF analyses (Southern blotting and

quantification) that would allow evaluation of data quality. The labeled box (red square) in lane no.15 shows the location of an area suitable for

background estimation, as it lies outside the DNA. For the constant field gels we analyzed, no smear effect was evident, and therefore we typically ran only

a single marker lane.
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Figure 4 shows the results of regression analysis of the relationship
between the annual change in telomere length and heart weight
(1.8 g , 820.0 g), as scatter plots for samples from all 530 subjects
(Fig. 4A), and for the 504 who were aged 60 years or older (Fig. 4B).
This allowed us to calculate the rates of myocardial telomere length
reduction as 3 (p 5 0.001) and 0.2 (p 5 0.033) base pairs per unit
heart weight (gram) for these two sets of subjects, respectively. The
data indicated a small but significant correlation between myocardial
telomere length and heart weight.

Figure 5 shows the relationship between cause of death and heart
weight for all 530 subjects (Fig. 5A and B- scatter plot and box plots)
and also the 504 patients aged 60 years or older (Fig. 5C and D- scatter
plot and box plots). There was a strongly significant relationship
between heart weight and cause of death; heart weight gain in indivi-
duals who had died of heart disease was more significant than in those
who had died of cancer (p , 0.001) or other diseases (p , 0.001).

Figure 6 shows the relationship between myocardial telomere
length and cause of death for all 530 subjects (Fig. 6A and B- scatter
plot and box plots) and also the 504 patients aged 60 years or older
(Fig. 6C and D- scatter plot and box plots). There was a significant
correlation between myocardial telomere length and cause of death;
myocardial telomeres in subjects who had died of heart disease were
significantly shorter than in those who had died of cancer (Fig. 6B;
530 subjects; p 5 0.021, Fig. 6D; 504 subjects; p 5 0.017). However,
myocardial telomeres in subjects who had died of heart disease were
not significantly shorter than in those who had died of other diseases
(Fig. 6B; 530 subjects; p 5 0.093, Fig. 6D; 504 subjects; p 5 0.145).

Discussion
In previous studies, we have investigated the rates of telomere length
reduction in 15 types of human cells, tissues and organs5. We have
already investigated the association of telomere with aging using
autopsy samples from the human pancreas11, cerebral gray and white
matter12 and pituitary gland13. In 168 samples of myocardium from
the anterior wall of the cardiac left ventricle, we previously demon-
strated that the yearly rate of reduction of telomere length was 13
base pairs, although no significant telomere regression was observed
in the myocardium5.

In the present study, therefore, we used Southern blotting to mea-
sure telomeres in a larger cohort of samples of quiescent myocardium
from 530 autopsied individuals with a wide age range, from neonates
to centenarians. Using regression analysis, we were able to dem-
onstrate that the telomere reduction rate in the myocardium was
20 base pairs per year, and that there was a significant correlation
between myocardial telomere and age.

Telomere reduction in the myocardium would be expected
because fibroblasts and endothelial cells can undergo mitosis; but
clearly this would not exert a major influence at the tissue level5.
Telomeres in various tissues are significantly correlated within indi-
viduals; however, telomere in the myocardium is highly conserved,
and the telomere reduction rate in any given individual was smaller
than in other organs and tissues5.

In our study cohort, we found that telomeres in the myocardium
became shorter with aging and heart disease. Although the signifi-
cance of the correlation between myocardial telomere length and

Figure 2 | Plots of relative copy number versus telomere length for the 15 lanes outlined in Figure 1, and representative data obtained by statistical
analysis using Telomeric version 1.2 based on the information in Figure 1. These plots were obtained by application of statistical analysis to raw data

derived using Telomeric version 1.2 (15 samples) from the gel image shown in Figure 1. Since the distributions of telomere length and relative copy

number are linear, the statistics generated were useful for determining the telomere length distribution to assess the sizes and distribution of TRF. A plot of

relative copy number versus molecular weight is shown, which provides a realistic picture of the actual distribution of telomeric lengths. In addition, the

distribution permits statistical information to be generated, including the mean, median, and mode of the molecular weight as well as the variance and the

semi-interquartile range (SIR). For this gel with its asymmetric and skewed distribution, the significant values for determining the average telomere length

and heterogeneity were the median and the SIR. The data are based on the results obtained by statistical analysis using Telomeric version 1.2 employing

Figure 1. We adopted the median value of the TRF as being representative of telomere length.
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heart weight was small, it was more significant in subjects who had
died of heart disease than in those who had died of cancer. We found
that heart disease was associated with heart weight gain and telomere
shortening in the myocardium.

Although from the 1920s it had been assumed that myocardial
tissue is terminally differentiated and unable to undergo mitosis,
recent years have seen a change in this viewpoint due to the discovery
of myocardial cell division in the adult heart, and a net loss of total
myocardium can be observed during physiological aging14–16.
However, it had been thought that the increase in heart weight was
due to hypertrophy without associated hyperplasia, since myocar-
dium consists of terminally differentiated cells. Cardiac stem cells
(CSCs) and cardiac progenitor cells (CPCs) are currently a center of

interest17, and it is now clear that CSCs and CPCs develop from
specific lineages and can differentiate in response to myocardial
injury18–20. Although it has been thought that telomere dysfunction
would lead to tissue atrophy, our present findings shed light on the
association of myocardial differentiation and/or hypertrophy due to
heart disease from the viewpoint of telomere length.

Although cardiac hypertrophy contributes to a gain in heart weight,
there has been no evidence that this involves an increase in the num-
ber of cardiac cells. In the present study, however, we found that heart
disease was associated with myocardial telomere shortening, thus
supporting the possibility that that myocardium might regenerate
and proliferate within the human lifespan as a result of heart disease
or injury. However, any such regeneration might likely be limited to

Figure 3 | Scatter plots derived from regression analysis of the relationship between myocardial telomere length reduction and aging for samples
taken from all 530 individuals in the present cohort (Fig.3 A) and the 504 patients aged 60 years or older (Fig.3 B). Regression analyses allowed the rates

of myocardial telomere length reduction to be calculated as 20 (p , 0.001) and 14 (p 5 0.125) base pairs per year in the 530 individuals overall (Fig.3 A)

and the 504 patients aged 60 years or older (Fig.3 B), respectively. There was a significant reduction of myocardial telomere length with aging.
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very slow myocardial replacement and growth. However, various
attempts to regenerate the injured heart using cardiac stem cells,
cellular reprogramming and tissue engineering are currently in pro-
gress21–24, and our present results could lead to a better understanding
of how to treat or prevent heart failure in the future.

Methods
The study protocol was approved by the Tokyo Metropolitan Institute of Gerontology
Ethics Committee. Family members of all autopsied subjects gave written consent for
educational and scientific use, including DNA analysis, of the subjects’ organs. All

experiments involving the handling of human tissues were performed in line with
tenets of the Declaration of Helsinki.

After death, all the subjects were kept refrigerated at 4uC until autopsy. Tissues
adjacent to all the sampled areas were examined histologically by specialists in ana-
tomical and surgical pathology (M.S., T.A., M.F., and K.T.), and any tissues showing
marked accumulation of inflammatory cells and/or autolysis were not included.
Samples showing myocarditis were also avoided. Data on age and cause of death for
the 530 subjects, who underwent autopsy at the Tokyo Metropolitan Geriatric
Hospital and the Japanese Red Cross Medical Center, are shown in Table 1.
Undegraded DNA samples were obtained from myocardium of the anterior wall of
the cardiac left ventricle in all cases. One hundred sixty-eight of the 530 samples used
in this study were from the series examined in our previous study5. After the tissue

Figure 4 | Scatter plots derived from regression analysis of the relationship between telomere length and heart weight for samples taken from all 530
individuals in the present cohort (Fig. 4A) and the 504 patients aged 60 years or older (Fig.4 B). Regression analyses allowed the myocardial

telomere length reduction to be calculated as 3 (p 5 0.001) and 0.2 (p 5 0.033) base pairs per unit heart weight (gram) in the 530 subjects as a whole

(Fig. 4A) and the 504 patients aged 60 years or older (Fig.4 B). The relationship between telomere length reduction and heart weight was small but

significant.
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samples had been obtained in the autopsy room, they were frozen in liquid nitrogen
and stored at 280uC until use.

DNA extraction and Southern blotting was performed by A.I. and K.N., who were
blinded to data about age, cause of death and heart weight of the 530 autopsied
subjects. Genomic DNA was prepared from each sample by treatment with proteinase
K and sodium dodecyl sulphate (SDS), followed by repeated phenol-chloroform
extraction. In preliminary experiments with genomic DNA from all samples, pulse-
field gel electrophoresis was performed using 1.0% agarose gels and the Genofield

system (ATTO, Tokyo, Japan), a biased sinusoidal field gel electrophoresis system
that is able to examine autolytic changes after death. Only DNA more than 100
kilobase pairs (kbp) in length was assayed in this study. Aliquots of 5 mg were digested
with the restriction enzyme HinfI (Boehringer Mannheim Biochemica, Germany);
complete cleavage was confirmed by electrophoresis of the DNA digests on 0.8%
agarose gels. Fractionated DNA fragments were transferred to nylon membranes
(Hybond-N 1, Amersham, UK) by an alkaline transfer technique using capillary
blotting, followed by hybridization for 12 h at 50uC in an appropriate solution [6 3

Figure 5 | Heart weights for 530 of the study subjects (Fig.5 A and B- scatter plot and box plots) and the 504 patients aged 60 years or older (Fig.5 C and
D- scatter plot and box plots), in relation to cause of death. Heart weight was related to cause of death; heart weight was significantly greater in

subjects who had died of heart disease than in subjects who had died of cancer (Fig.5 B and D- box plots; p , 0.001) or other diseases (Fig.5 B and D- box

plots; p , 0.001).
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SSPE (13; 0.15 M NaCl, 10 mM sodium phosphate, 1 mM EDTA, pH 7.4), 1% SDS]
with a (TTAGGG)4 probe labeled with [c-32P]ATP (Amersham) at the 59 end with T4
polynucleotide kinase (Toyobo, Japan). Membranes were washed in 2 3 SSC (NaCl
17.55 g/l, sodium citrate 8.82 g/l) at room temperature and then in 6 3 SSC, 0.1%
SDS, at 50uC for 15 min while being shaken. Subsequently, they were dried with filter
paper and then exposed to Fuji Imaging Plates (Fuji Photo Film Co. Ltd., Japan) for
3 h at room temperature. Analysis was conducted with a BAS-2500 Mac image
analyzer (Fuji Photo Film), employing the programs Image Reader (version 1.1, Fuji
Photo Film) and Mac Bas (version 2.4, Fuji Photo Film). In this study, we used
Telomeric software version 1.2 (Fox Case Cancer Center, USA) to assess the sizes and
distribution TRF25. We adapted the median value of the TRF as a representative of

telomere length, because the TRF values did not show a Gaussian distribution, and
TRF was recorded for simplicity as telomere5,26.

Differences in mean values were assessed for significance by Student’s t test and
correlations by Fisher’s test, using the methods reported in many previous studies of
annual telomere reduction rates in myocardium5.
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