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Abstract
Aim/hypothesis Pancreatic beta cell function has been
shown to decline with age in man. Depletion of mitochon-
drial DNA (mtDNA) copy number is associated with
impaired insulin secretion in pancreatic beta cell lines, and
decreased mtDNA copy number has been observed with
age in skeletal muscle in man. We investigated whether
mtDNA copy number decreases with age in human
pancreatic beta cells, which might in turn contribute to the
age-related decline in insulin secretory capacity.
Methods We quantified mtDNA copy number in isolated
human islet preparations from 15 pancreas donors aged
between 17 and 75 years. Islets (n=20) were individually

hand-picked and pooled from each donor isolate for the
quantification of mtDNA copy number and deleted mtDNA
(%), which were determined using real-time PCR methods.
Results There was a significant negative correlation be-
tween mtDNA copy number and islet donor age (r=–0.53,
p=0.044). mtDNA copy number was significantly de-
creased in islet preparations from donors aged ≥50 years
(n=8) compared with those aged <50 years (n=7) (median
[interquartile range]: 418 [236–503] vs 596 [554–729]
mtDNA copy number/diploid genome; p=0.032). None of
the islet preparations harboured high levels of deleted
mtDNA affecting the major arc.
Conclusion/interpretation Given the correlation between
mtDNA content and respiratory chain activity, the age-
related decrease in mtDNA copy number that we observed
in human pancreatic islet preparations may contribute to the
age-dependent decline in pancreatic beta cell insulin
secretory capacity.

Keywords Ageing . Human islets .Mitochondrial DNA
copy number .Mitochondrial DNA deletion .Mitochondrial
DNA depletion . Pancreatic beta cell function

Abbreviations
mtDNA mitochondrial DNA
nt nucleotide

Introduction

A characteristic feature of type 2 diabetes is an increased
prevalence with age, and the key driver is an age-related
decline in pancreatic beta cell function. After adjusting for
changes in whole-body insulin sensitivity, insulin secretion
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decreases with age in non-diabetic individuals [1] and
contributes to the age-related deterioration in glucose
tolerance in the general population [1]. Furthermore, both
glucose-stimulated insulin secretion and ATP content have
been shown to decline with age in human pancreatic islets
isolates [2]. What are the mechanisms that account for the
age-related decline in pancreatic beta cell function?

Insulin secretion is highly energy dependent, requiring
optimal ATP synthesis by an intact mitochondrial respira-
tory chain. Thirteen essential respiratory chain proteins are
synthesised from small circles of double-stranded DNA
present within each mitochondrion: the mitochondrial
genome, or mtDNA. Both qualitative (mutation) and quanti-
tative (depletion) defects of mtDNA have been implicated in
the pathogenesis of diabetes. Specific point mutations and
deletions of mtDNA are known to cause diabetes in man [3],
while extreme mtDNA depletion decreased insulin secretion
in the MIN6 cell line [4]. An age-related decline in mtDNA
copy number has been reported in skeletal muscle from
healthy individuals [5, 6], and was associated with a
decrease in mitochondrial respiratory chain sub-unit expres-
sion and ATP production [5].

This raises the question of whether mitochondrial DNA
copy number decreases with age in human pancreatic beta
cells, and whether this in turn contributes to the age-related
decline in insulin secretory capacity in man. As a step
towards addressing this question, the aim of this study was to
investigate whether there is evidence of an age-related
decrease in mtDNA copy number in human pancreatic islets
from non-diabetic donors aged between 17 and 75 years.

Methods

Human islet preparations Human islet preparations were
obtained from the Leicester University Transplantation
Facility, UK, between September 1997 and March 2000.
The characteristics of the donor individuals are shown in
Table 1. An aliquot of the islet preparation was removed
and stained with dithizone (25 μg/ml) to assess purity and
assist islet identification. Using the remainder of the islet
preparation, individual islets were then hand-picked using a
micromanipulator and stored at -40°C. The study was
approved by the Newcastle and North Tyneside Local
Research Ethics Committee.

mtDNA copy number assay Stored individual islets (n=20)
from the same donor were lysed using a 0.5 mol/l Tris HCl
and 100 mmol/l EDTA buffer containing Proteinase K
(Invitrogen, Paisley, UK) and then pooled. Mitochondrial
DNA copy number was determined by real-time PCR using
iQ SYBR Green on the BioRad iCycler iQ5 (BioRad,
Hercules, CA, USA) to a target template spanning from

nucleotide (nt) 3459 to nt 3569 of the mtDNA ND1 gene
(forward: ACGCCATAAAACTCTTCACCAAAG; reverse:
GGGTTCATAGTAGAAGAGCGATGG) [7]. This was
normalised using a nuclear-encoded template for the
GAPDH gene spanning from nt 804 to nt 903 (NCBI,
NM_002046.2). Relative copy number was calculated from
the threshold cycle value (ΔCt value), where the mean
amount of mtDNA/cell = 2ð2�ΔCtÞ, to account for the two
copies of GAPDH in each cell nucleus. Each reaction was
optimised and confirmed linear over an appropriate concen-
tration range using genomic DNA standards. Samples were
analysed in triplicate for both assays, enabling calculation of
the average mtDNA:nuclear DNA (nDNA) ratio.

mtDNA deletion assay The proportion of mutated mtDNA
was determined by real-time PCR [7] using iQ SYBR
Green on the BioRad iCycler iQ5 (BioRad) to a target
template spanning from nt 11144 to nt 11250 of the ND4
gene in the major arc of mtDNA that is the most common
region to be deleted in pathogenic mtDNA deletions (forward:
ACCTTGGCTATCATCACCCGAT; reverse: AGTGCGAT
GAGTAGGGGAAGG). Each assay was performed in qua-
druplicate. The proportion of mutated mtDNA was then
calculated from the ND4 (wild-type molecules) and ND1
(total mtDNA) data as described. This assay has a 20%
detection threshold for deleted mtDNA [7].

Statistical analysis Data were analysed using Minitab
version 14 (Minitab, State College, PA, USA). Spearman
rank correlation was used to examine the correlation
between mtDNA copy number and islet donor age. The
Mann–Whitney U test was used to compare mtDNA copy

Table 1 Human islet donor preparation details

Donor
ID

Recorded cause of donor
death

Purity of islets
(%)

Age Sex

F RTC—head injury 30 17 M
G MI 30 56 M
H SAH 90 49 F
J RTC 70 25 F
K IC bleed 70 62 F
L Cerebral oedema 65 55 F
M SAH 90 56 M
N IC bleed 85 49 –
P SAH 85 34 F
R MI 85 68 F
T Head injury 90 34 M
U SAH 75 53 F
V RTC 80 54 M
W SAH 75 43 F
Y SAH 70 75 M

IC, intracranial bleed; F, female; M, male; MI, myocardial infarction;
RTC, road traffic collision; SAH, subarachnoid haemorrhage
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number between age groups. A p value of <0.05 was con-
sidered statistically significant.

Results

Table 1 shows the characteristics of the islet donors. There
was a wide age range with the youngest being 17 and oldest
75 years of age.

Figure 1 shows that there was a significant inverse
correlation between mtDNA copy number and islet donor
age in the pooled islets (r=–0.53, p=0.044). mtDNA copy
number in pooled islets was then compared between donors
aged <50 years (n=7) and those aged ≥50 years (n=8).
mtDNA copy number was significantly less in those aged ≥
50 years (median [interquartile range]: 418 [236–503] vs 596
[554–729] mtDNA copy number/diploid genome; p=0.032).

None of the islet preparations harboured high levels of
deleted mtDNA affecting the major arc.

Discussion

To our knowledge, this is the first description of an age-
related decline in mtDNA copy number in isolated human
islets. Some workers [5, 6], but not all [8, 9], have observed
a similar decrease in mtDNA copy number with age in
skeletal muscle in man. Short and colleagues showed that
the age-related decline in mtDNA copy number was
associated with a decrease in mitochondrial ATP production
and in cytochrome c oxidase sub-unit expression [5]. This
raised the possibility that the decrease in mtDNA copy
number contributed directly to the decreased mitochondrial
function. Goodpaster and colleagues also observed a
decrease in mtDNA copy number in skeletal muscle from
healthy, elderly individuals [6], but showed that exercise
improved both mtDNA copy number and mitochondrial
respiratory chain function in these individuals.

What might be the mechanism by which mtDNA copy
number declines with age? The observed decrease in
mtDNA copy number in skeletal muscle might simply
result from an age-dependent decrease in physical activity,
but such a mechanism is unlikely to explain the age-related
decline in mtDNA copy number in human islets. The
mitochondrial theory of ageing proposes that reactive
oxygen species generated by the mitochondria lead to
accumulative oxidative damage to mtDNA and a decline in
mitochondrial function with age. Short and colleagues
found that the age-related decline in mtDNA copy number
in skeletal muscle was accompanied by an increase in the
levels of 8-oxo-deoxyguanosine, a marker of global
oxidative DNA damage [5]. A common site for age-related
damage to the mtDNA genome is the major arc, which
results in the generation of deleted mtDNA molecules.
Work by our group has shown that the amount of deleted
mtDNA as a percentage of the total mtDNA molecules
increases with age in human substantia nigra neurons [10].
The mean level of deleted mtDNA was 43% in the neurons
from aged brains. We therefore examined whether the
observed age-related decline in mtDNA copy number in
human islets was associated with an increased accumulation
of deleted mtDNA molecules. None of the human islet
preparations had a percentage of deleted mtDNA above
20%, which was the detection level of the assay under our
study conditions. It may be that human islets, compared
with neurons of the substantia nigra, are more resistant to
damage, or that islets cells with high levels of deleted
mtDNA are selectively removed, as is suspected for islet
cells with the 3243A>G myopathy encephalopathy, lactic
acidosis and stroke-like episodes (MELAS) mutation [11].

Does the age-related decline in mtDNA copy number
affect beta cell function directly, or is it simply a biomarker
of the ageing process? We know that extreme mtDNA de-
pletion in cultured MIN6 cells decreases glucose-stimulated
insulin secretion and that re-population of the cells with
mtDNA reverses the defect [4]. As shown in Fig. 1,
however, mean mtDNA copy number fell by about 50%
between 17 and 75 years of age, raising the question of
whether lesser degrees of mtDNA depletion affect beta cell
function directly. We were unable to conduct concurrent
functional studies, but it is intriguing to note that a similar
study of human islet isolates reported an age-related decline
in both glucose-stimulated insulin secretion and islet ATP
content [2].

A potential criticism of our work is that we have studied
human islets that have undergone and survived the standard
isolation process. We do not know whether islets with
lower levels of mtDNA are more susceptible to damage and
hence are lost during the isolation process. However, if this
was the case then it might be argued that the islet
preparations from older donors may be more susceptible

Fig. 1 mtDNA copy number with age using human pancreatic islets
from 15 donor patients (results show mean mtDNA copy number from
20 pooled islets). r=–0.53, p=0.044
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to this effect and that we may have underestimated the age-
related decline in mtDNA copy number.

In conclusion, we have demonstrated an age-related
decline in mtDNA copy number in whole human islets. As
these comprise a number of different cell types [12], the
next step will be to determine whether an age-related
decline in mtDNA copy number results directly in both
decreased mitochondrial function and insulin secretion in
individual pancreatic beta cells.
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