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ORIGINAL INVESTIGATION

Mitochondrial DNA copy number in peripheral blood cells
declines with age and is associated with general health

among elderly
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Abstract The role of the mitochondria in disease, gen-
eral health and aging has drawn much attention over the
years. Several attempts have been made to describe how
the numbers of mitochondria correlate with age, although
with inconclusive results. In this study, the relative quantity
of mitochondrial DNA compared to nuclear DNA, i.e. the
mitochondrial DNA copy number, was measured by PCR
technology and used as a proxy for the content of mito-
chondria copies. In 1,067 Danish twins and singletons (18-
93 years of age), with the majority being elderly individu-
als, the estimated mean mitochondrial DNA copy number
in peripheral blood cells was similar for those 18-48 years
of age [mean relative mtDNA content: 61.0; 95 % CI (52.1;
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69.9)], but declined by —0.54 mtDNA 95 % CI (—0.63;
—0.45) every year for those older than approximately
50 years of age. However, the longitudinal, yearly decline
within an individual was more than twice as steep as
observed in the cross-sectional analysis [decline of mtDNA
content: —1.27; 95 % CI (—1.71; —0.82)]. Subjects with
low mitochondrial DNA copy number had poorer outcomes
in terms of cognitive performance, physical strength, self-
rated health, and higher all-cause mortality than subjects
with high mitochondrial DNA copy number, also when age
was controlled for. The copy number mortality association
can contribute to the smaller decline in a cross-sectional
sample of the population compared to the individual, longi-
tudinal decline. This study suggests that high mitochondrial
DNA copy number in blood is associated with better health
and survival among elderly.

Introduction

The mitochondria have multiple biological functions, but
are primarily the center of energy resource in the cell,
and nearly all adenosine triphosphate (ATP) is produced
in the mitochondria through oxidative phosphorylation
(OXPHOS). The disadvantage of the OXPHOS process
is that it is a major source of the toxic by-products reac-
tive oxygen species (ROS). The mitochondrion contains a
16,569-base pair double-stranded circular DNA molecule
that is more susceptible to oxidative damage than nuclear
DNA due to lack of introns and protective histones, a lim-
ited DNA repair capacity and the close proximity to the
electron transport chain (Bonner et al. 2009). The mito-
chondria genome encodes 37 genes: 22 tRNAs, 2 rRNAs
and 13 genes encoding subunits of the electron trans-
port chain including ATP synthase. Each mitochondrion
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contains 2—10 mitochondrial DNA copies, and hundreds
or up to several thousands of copies of mitochondria are
located in each cell (Hosgood et al. 2010). However, tech-
nical issues make it difficult to determine the exact mito-
chondrial DNA copy number in each mitochondrion, so
these numbers may vary even more. The mitochondria are
located in all cell types except in red blood cells (Stier et al.
2013), and the number varies both between individuals and
between tissues from the same individual. There is evi-
dence that mutations in nuclear genes, e.g. the POLG gene,
that encodes one of two subunits in the Human DNA POL-
ymerase Gamma complex, can cause mitochondrial DNA
(mtDNA) depletion, and that nuclear factors are involved in
the regulation of mtDNA content (Pohjoismaki et al. 2010).
Moreover, twin studies have indicated contributions from
nuclear factors, as the mtDNA content in white blood cells
and in cells from buccal swaps is partially heritable (Curran
et al. 2007; Xing et al. 2008; Reiling et al. 2010).

The mtDNA copy number has been associated with
various health outcomes. It has been suggested that high
mtDNA copy number in the blood is associated with
higher cognition in elderly women (Lee et al. 2010) and
a lower level of depression (Kim et al. 2011). It has addi-
tionally been suggested that mtDNA copy number plays a
role in Type II diabetes (Lee et al. 1998), although others
have failed to confirm this finding (Reiling et al. 2010).
Also, mtDNA copy number has been suggested to be a
contributing factor in various cancers, e.g. renal cell carci-
noma (Xing et al. 2008), and lung cancer (Hosgood et al.
2010; Bonner et al. 2009). The mtDNA copy number may
even provide a link between smoking and lung cancer as
smoking increases oxidative stress (Xing et al. 2008) and
enhances somatic mtDNA mutations, thus potentially con-
tributing damage to the mitochondrial function (Tan et al.
2008).

Aging is related to increased oxidative stress as well as to
various health sequelae. Since the mitochondrion itself and
the mitochondrial genome is exposed to damage from, e.g.
reactive oxygen species, and since there is evidence to sug-
gest that mtDNA copy number may be a biomarker of vari-
ous health outcomes, it can be speculated that the copy num-
ber of mtDNA may be associated also with chronological
age, but results are inconclusive. Some studies have failed
to find a significant correlation between age and mtDNA
content in blood cells (Miller et al. 2003; Frahm et al. 2005;
Xing et al. 2008). However, both positive and negative asso-
ciations have been found by others (Hosgood et al. 2010;
Bai et al. 2004; Bonner et al. 2009), and even a biphasic
association has been suggested (Liu et al. 2003). Further-
more, also gender differences have been observed. In a large
study including approximately 1,000 subjects, copy num-
bers of mtDNA pooled from measures in buccal swaps or
blood cells showed a significant reduction with age, but only
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among males (Reiling et al. 2010). The discrepancy between
studies may in part be explained by limited sample sizes and
the inclusion of only few elderly participants, and also by
the possibility that associations may be distinct between the
types of biological material that are investigated. In addition,
differences in techniques used to determine mtDNA copy
number, and the recovery efficiency of mtDNA during the
DNA extraction process, could add to the varying correla-
tions with age. Finally, the observed association with age at
the group level may be different from the individual changes
with increasing age due to, e.g. selection of participants,
selection by mortality or varying environmental conditions
throughout the lifespan in between cohorts.

The aim of the present study was to examine whether
mtDNA copy number serves as a biomarker of aging, mor-
tality and health. We examined the association between
mtDNA copy number in the peripheral blood and age in a
Danish study population including both twins and oldest
old singletons (age 18-93 years) using a cross-sectional
design. In a subset of twins older than 73 years, individ-
ual decline was estimated in a longitudinal analysis after
10 years of follow-up. Also, we investigated the differences
in mtDNA copy number between sex and twin zygosity.
Finally, we investigated the association between mtDNA
copy number and a number of health parameters.

Results
Age-related decline of mtDNA copy number

mtDNA copy number was measured in blood cells from
1,067 subjects aged 18-93 years. The participants were
recruited from the following Danish cohort surveys: the
GEMINAKAR cohort, the MADT cohort, the LSADT
cohort, and the 1905 birth cohort. All cohorts except the
1905 birth cohort included twins.

A tendency of lower mtDNA copy number with advanc-
ing age was observed (Table 1). As illustrated in Fig. 1, a
quadratic-fitted model and the best linear spline model fit-
ted the decline in mtDNA copy number with advancing age
better than did a linear model. The optimal knot in the lin-
ear spline model was obtained at 48 years of age. The aver-
age mtDNA copy number was 61.0 [95 % CI (52.1; 69.9)]
at age 18 years with no decline with age before the age
of 48 years [ —0.01; 95 % CI (—0.21; 0.23)]. However,
from the age of 48, an age-related decline was observed [8
—0.54; 95 % CI (—0.63; —0.45)], corresponding to 5.4 less
mtDNA copies every 10 years (Table 2).

Post-hoc analyses within the largest sub-sample, the
LSADT participants, showed a similar age-related decline
[B: —0.61 95 % CI (—0.74; —0.48)] as that observed from
the age of 48 for the entire study population.
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Table 1 Baseline characteristics of the study sample that comprises participants from the three twin cohorts; GEMINAKAR, MADT and
LSADT of which each has independent age ranges and an oldest old singleton birth cohort

GEMINAKAR MADT cohort ~ LSADT cohort 1905 birth Combined cohort ~ LSADT cohort partic-
cohort cohort ipating in 1997/2007
Number of individuals 176 58 671 162 1067 108
Age, years 38.1(11.9) 62.9 (4.4) 717.1(3.7) 93 72.3 (17.6) 75.0 (1.6)
Age range, years 18-57 58-72 73-93 - 18-93 73-84
Women (%) 56 53 66 79 66 74
Zygosity
MZ, N (pairs) 122 (61) 33 (7) 287 (127) - 442 (195) 51
DZ SS, N (pairs) 15 (7) 25 ) 356 (152) - 396 (162) 51
DZ OS, N (pairs) 39 (18) - 7(2) - 46 (20) 0
Unknown zygosity - - 21 (10) - 21 (10) 6
(pairs)
mtDNA copy number  60.93 (14.71) 48.62 (14.66) 46.52 (15.97) 35.75(11.19)  47.37 (16.66) 49.77 (19.17)/37.12
(15.08)

For age and mtDNA copy number data are shown as means and standard deviation inparenthesis. For zygosity classes the numbers of complete

twin pairs are shown in parenthesis

150
I

100
I

mtDNA copy number

T
20 40 60 80 100

Age
Geminakar MADT
LSADT 1905
quadradic fit oo Linear spline model

Fig. 1 Cross-sectional related decline in mitochondrial DNA copy
number by age illustrating the quadratic model and the linear spline
model with one knot

mtDNA copy number by sex, zygosity and body mass
index

We found no sex differences in mtDNA copy number either
in the crude or the age-adjusted analyses (Table 2).

Within the twin pairs, we observed that among dizy-
gotic twins, the mtDNA copy number was on average
6.05 [95 % CI (3.80; 8.30)] higher than among monozy-
gotic twins. However, the difference between dizygotic and
monozygotic twins was considerably larger before the age
of 48 years than after the age of 48 years (Table 2).

In overweight individuals [Body mass index
(BMI) > 25 kg/m?], the mtDNA copy number was border-
line higher than in normal-weight individuals [S: 0.22; 95 %

CI (0.00; 0.44)]. Similar tendencies for weight were observed
when stratifying by age before or after age 48 years,
although none of the sub-analyses reached significance
(Table 2). Contrary to this, there was no significant differ-
ence in mtDNA copy number among underweight individu-
als (BMI < 18.5) over the entire age range, although under-
weight individuals had significantly lower mtDNA copy
number than normal-weight individuals [8: —0.87; 95 % CI
(—1.45; —0.30)] before the age of 48 years (Table 2).

Longitudinal change in mtDNA copy number

To further examine the hypothesis of an intra-individual
decline in mtDNA copy number with age, samples drawn
10 years apart were analyzed in a longitudinal design for 108
of the LSADT twins. Results showed an average individual
decline of —12.7 [95 % CI (—17.1; —8.2)] mtDNA copy
numbers in 10 years, which is approximately twice as steep
a yearly decline as that observed from the cross-sectional
data. For the twins with initial mtDNA copy numbers higher
than the mean, the 10-year decline in mtDNA copy numbers
was steeper than for those with intake mtDNA copy num-
bers lower than the mean [difference in decline 24.9; 95 %
CI (—17.4; 32.3)]. We observed no difference in decline by
sex [difference in decline 2.2; 95 % CI (—7.9; 12.3)], zygo-
sity [difference in decline 1.3; 95 % CI (—7.9; 10.5)] or age
[difference in decline —6.2; 95 % CI (—15.2; 2.8)] (Table 3).

mtDNA copy number and health status
Since mtDNA copy number was shown to decline with

age, and age is related to various health outcomes, we
evaluated the relationship between mtDNA copy number
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Table 2 Adjusted differences
in mtDNA copy number by
age, sex, zygosity and body

Age <48
Beta coefficients (95 % CI)

Age > 48
Beta coefficients (95 % CI)

mass index from linear spline

regression model with a knot at N

age 48 Age
Women vs. men*
DZ vs. MZ*
BMI°

Underweight (<18.5 kg/m?)

* Adjusted for age
® Adjusted for age and sex

Normal weight (18.5-24.9 kg/m?)
Overweight (>25 kg/mz)

133

~0.01 (—0.21; 0.23)
—0.59 (—6.16;4.98)
12.82 (6.36; 19.28)

—0.87 (—1.45; —0.30)
Ref.
0.08 (—0.60; 0.76)

934

—0.54 (—0.63; —0.45)
1.92 (—0.35; 4.19)
4.99 (2.60; 7.37)

0.23 (—0.12; 0.59)
Ref.
0.14 (—0.08; 0.38)

Table 3 Mean 10-year differences in mtDNA copy number by sex, zygosity, age and intake mtDNA content. The latter was defined in strata

above or below the baseline mean (49 mtDNA copy number)

No. individuals

Mean difference in mtDNA
content (95 % CI)

t value of differences in mtDNA
content (p value)

All 108 —12.65 (—=17.07; —8.24) -
Females 80 —13.23 (—18.54; —=7.91) 0.43 (0.67)
Males 28 —11.02 (—=19.24; —2.79)

MZ 51 —12.37 (=19.32; —5.41) 0.27 (0.78)
DZ 51 —13.63 (—19.80; —7.46)

Age 73-74 43 —16.36 (—22.81; —9.92) 1.36 (0.18)
Age 75-84 65 —10.19 (=16.22; —4.17)

Baseline <49 mtDNA® 55 —0.45 (—4.69; 3.78) 6.60 (<0.0001)
Baseline >49 mtDNA® 53 —25.31 (=31.64; —18.99)

# Intake mtDNA content in 1997 only for participants in the follow-up in 2007

and physical and mental health status in the LSADT, the
MADT and the 1905 birth cohorts. Consistent associations
between higher mtDNA copy number and better health
outcome were observed, both in terms of better self-rated
health [B: 0.05; 95 % CI (0.01; 0.09)] and higher physi-
cal performance, represented by a borderline better grip
strength [B: 0.28; 95 % CI (0.00; 0.57)]. Both associations
appear to be of similar intensity with increasing age from
58 to 93 years of age (Table 4).

Also, higher mtDNA copy number was consistently
associated with higher cognitive composite score and
MMSE, which seems to become more pronounced with
increasing ages for both cognitive measures. The strong-
est association with cognition was thus observed for those
older than 80 years, where an increase of 10 mtDNA copies
associated with a 0.35 [95 % CI (0.10; 0.60)] higher cogni-
tive composite score (Table 4).

A comparable result was found when analyzing the
association between mtDNA copy number and mortality.
An increase of 10 mtDNA copies was borderline associated
with a 5 % lower risk of dying [HR: 0.95, 95 % CI (0.90;
1.00)] for participants 58 years of age and older. However,
stratification of mtDNA content in quartiles revealed that
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those who had a high mtDNA copy number (2nd—4th quar-
tiles) had a 17 % lower risk of dying [HR: 0.83, 95 % CI
(0.71; 0.98)] compared to those in the 1st quartile.

Post-hoc analyses of the association within each of the
cohorts in the LSADT, the 1905 birth cohort study, and
the MADT study showed a similar direction of associa-
tion between high mtDNA copy number and better health,
except for the Activity of Daily Living within the LSADT
cohort. However, the level of significance was, as would be
expected, lower in the analyses within each cohort due to
smaller samples sizes (data not shown).

Since smoking has previously been correlated with an
increase in mtDNA, copy number analyses were subse-
quently adjusted for smoking as a potential confounder in
the LSADT sub-sample, but this only changed the observed
associations marginally (data not shown).

Discussion
The current study firmly supports previous suggestions

that mtDNA copy number decreases with age in late life.
However, we extend these findings by demonstrating that



Hum Genet (2014) 133:1149-1159

1153

Table 4 Linear regression analysis of 10x mtDNA copy number
increase and cognitive and physical performance and mortality

No. individuals Reg. coef. (95 % CI) p value

Grip strength
Combined 626
>74 years of age 503

0.28 (0.00; 0.57) 0.05
0.29 (-0.05; 0.63)  0.09
0.13(-0.35;0.61)  0.59
0.15(-0.37;0.68)  0.57

>77 years of age 270
>80 years of age 207
Self-rated health
Combined 873
>74 years of age 667

0.05 (0.01; 0.09) 0.02
0.04 (0.00; 0.09) 0.08
0.02 (—=0.06; 0.09)  0.66
0.03 (0.05; 0.12) 0.48

>77 years of age 363
>80 years of age 272
Cognitive composite score
Combined 870
>74 years of age 664

0.07 (-0.05;0.20)  0.26
0.15 (0.00; 0.30) 0.04

>77 years of age 360 0.12 (—0.09; 0.33)  0.28

>80 years of age 269 0.35 (0.10; 0.60) 0.006
MMSE
Combined 810 0.13 (=0.03; 0.30)  0.12

>74 years of age 663 0.23 (0.02; 0.43) 0.03
0.17 (-0.20; 0.54)  0.38

0.37(=0.12;0.87)  0.14

>77 years of age 360
>80 years of age 269
Activity of daily living
Combined 831
>74 years of age 679

—0.01 (—-0.04; 0.02) 0.57
—0.001 (—0.04; 0.04) 0.96
0.02 (—=0.04; 0.09)  0.44
0.01 (—=0.07;0.08)  0.85

>77 years of age 372
>80 years of age 279

Mortality
HR lowest vs. highest 2—4 quartiles®
Combined 891 0.82(0.70; 0.97) 0.02

0.81 (0.68; 0.97) 0.02
0.79 (0.63; 0.99) 0.04
0.73 (0.57; 0.93) 0.01

>74 years of age 681
>77 years of age 373
>80 years of age 280

All values are age and sex adjusted. Participants from the MADT, the
LSADT, and the 1905 birth cohort study who completed the cogni-
tive and physical tests, and for whom mtDNA copy number were suc-
cessfully determined, were included in the study. Regarding mortality
analysis, information was retrieved from the Danish Death Register

* Lowest quartile (9.68-33.73) vs. highest 2-4 quartiles (33.75-
135.87)

the decrease in mtDNA copy number seems to initiate in
middle age, approximately at age 50. The observed decline
indicates a half-life of the mtDNA copy number of approxi-
mately 60 years at the population level. In consistency with
our cross-sectional data, our longitudinal data also demon-
strate that mtDNA copy number declines at the individual
level, as assessed in blood samples drawn 10 years apart
from the same participants. To our knowledge, this is the
first time a longitudinal change in mtDNA copy number
has been reported in blood cells among healthy humans.

The half-life of the mtDNA copy number was approxi-
mately 26 years, thus illustrating a more than doubling of
the longitudinal decline compared to the decline estimated
cross-sectionally. Another key finding, among the large
group of elderly (58" years of age), was the consistent
direction of association between low mtDNA copy number
and higher mortality, poorer condition in terms of self-rated
health, cognitive as well as physical performance (Table 4).

The onset of decrease in mtDNA copy number found
in this study, and the magnitude of the decline, may in
part explain why it has been difficult to find consistency
between mtDNA copy number and age in previous cross-
sectional studies, as most of these studies include mainly
younger subjects (Miller et al. 2003; Frahm et al. 2005;
Xing et al. 2008; Hosgood et al. 2010; Bai et al. 2004;
Bonner et al. 2009; Liu et al. 2003; Reiling et al. 2010).
In accordance with our results, mtDNA copy number was
recently reported to be lower in parents than in their chil-
dren (Chu et al. 2012). In addition, an age-related decline
in mtDNA copy number has also been observed in the
human pancreatic islet among pancreatic islet donors
(Cree et al. 2008) and in human muscle tissue from mus-
cle biopsy donors (Short et al. 2005; Welle et al. 2003), as
well as in liver and muscle cells from rats and several tis-
sues from a short-lived fish (Barazzoni et al. 2000; Hart-
mann et al. 2011). Thus, the general age-related decline
in mtDNA copy number in the later part of the life span is
probably not unique for human blood cells, suggesting that
a uniform mtDNA copy number decline with age may take
place across tissues and even species in the late life. The
demonstrated association of low mtDNA copy number with
poorer health is also in line with previous studies (Lee et al.
1998, 2010; Kim et al. 2011; Reiling et al. 2010; Xing et al.
2008; Bonner et al. 2009; Hosgood et al. 2010). Of particu-
lar interest, low mtDNA copy number has been associated
with low cognitive function in populations of Asian descent
(Lee et al. 2010; Kim et al. 2011), and thus our finding of
similar tendencies in a population of European descent
shows a novel, consistent direction of association across
two different populations. The implication of mtDNA copy
number as a biomarker of general health is supported by
the high consistency across all general health parameters
investigated, except for activity of daily living (ADL). The
reason for this could be that ADL is also more depend-
ent on the environment (e.g. housing conditions and aids).
Using a longitudinal design, we also present the novel and
supportive observation that low mtDNA copy number in
the general population is associated with increased mortal-
ity. This observation can, at least partly, explain the larger
longitudinal decline in mtDNA copy number with age com-
pared with that estimated in the widely used cross-sectional
design. Thus, the latter study design includes individuals
surviving to the older ages and who are also more likely to
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have a higher mtDNA copy number compared with individ-
uals born within the same year, but who had died.We have
previously in a longitudinal study of nonagenarians demon-
strated similar patterns with steeper decline in functioning
for individuals than for the overall population (Christensen
et al. 2008).

The precise mechanisms that regulate mtDNA copy num-
ber are unclear. Since associations were observed uniquely
between low mtDNA copy number and poor health, we
speculate whether low mtDNA copy number among the
elderly could indicate a low ATP production and mitochon-
dria gene-expression (Short et al. 2005; Welle et al. 2003)
or a shortage of oxidative stress-response (Liu et al. 2003).
A combination is, however, likely since the mtDNA copy
number shows a steeper decline with age than do mitochon-
dria ATP production and mitochondria gene-expression
(Short et al. 2005; Welle et al. 2003). Such disturbances in
the cellular homeostasis may even enhance tumor genesis
and apoptotic resistance (Venegas et al. 2011). The precise
biological mechanisms could to some extent be deduced by
the estimated number of mtDNA copies relative to the mito-
chondrial mass (Navarro-Sastre et al. 2012).

The main strength of the study is our large collection
of samples from the elderly and oldest old, which ena-
bled detection of the decline with age. Also, the inclusion
of longitudinal data and multiple health parameters pro-
vided novel insight into how mtDNA copy number could
be considered a biomarker associated with health. A weak-
ness of the study is that by including samples mainly from
the elderly the estimated onset of decline at 50 years of
age is only approximated. Particularly, since we did not
include children and young teenagers, our data could not
be extrapolated to reflect mtDNA copy number changes (or
lack of changes) in the early phase of life, which is particu-
larly relevant for patients with rare mitochondria disorders.
It is also worth noting, that the cohort study participants
retrieved for this sub-study naturally included individuals
who did not only agree to donate blood but also to partici-
pate in the interview, and these participants were slightly
better functioning than the cohort members in general. As
an example, the cognitive performance was found to be
superior among participants donating blood samples com-
pared to the entire group of interviewed participants (Men-
gel-From et al. 2011). However, in the potential situation
that mtDNA copy number is likewise slightly higher among
blood contributors, the associations between mtDNA copy
numbers and, e.g. cognitive composite score would in fact
be under estimated. Thus, we believe our findings would be
even more explicit in the entire study population.

It is possible that our observation of mtDNA copy num-
ber decline with age, and the potential role of mtDNA
copy number as a biomarker of general health could be
subject to confounding effects that vary among cohorts,
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e.g. environmental exposures, such as the varying trends
regarding smoking or alcohol consumption over the years.
However, adjusting for smoking was of minor importance,
at least among the LSADT participants. Also overweight
was found to be positively associated with mtDNA copy
number. However, this apparent association should be inter-
preted with caution, since BMI was mostly self-reported
and thus highly likely to be underestimated.

As our study sample consisted primarily of twins, we
found a difference in mtDNA copy number between MZ
and DZ twins. Since this is the first time such findings have
been reported, we went through the technical issues and
examined the literature for biological reasons that could
clarify this phenomenon, but no obvious explanations have
come to light. However, due to this observed difference in
mtDNA copy number between monozygotic and dizygotic
twins, the decline in mtDNA copy number seen in this
study may be slightly distinct from that of the general Dan-
ish population, although general health and survival after
infancy are similar in twins and singletons (Christensen
and McGue 2012).

In conclusion, our results emphasize the relevance of
considering mtDNA copy number of blood cells or other
tissues in future studies, as it may be a key component that
links mitochondrial biology to environmental exposures
as well as to various diseases and health issues in late life.
The mtDNA copy number is already being used as a clini-
cal biomarker of disease development or a possible mean of
diagnosis for patients with, e.g. mitochondrial DNA deple-
tion syndrome. In addition to this, our findings suggest that
mtDNA copy number may serve as a biomarker for general
health in combination with other markers of health and dis-
ease among the elderly. Such a biomarker could be useful
as an endophenotype of mitochondrial biology in aging and
age-related morbidity.

Materials and methods
Surveys

The study population includes subjects from four popula-
tion-based nationwide surveys conducted at the University
of Southern Denmark: The GEMINAKAR (the importance
of genes, familiar and common environment for the devel-
opment of insulin resistance, abdominal adiposity and car-
diovascular risk factors) twin study, The study of Middle
Aged Danish Twins (MADT), The Longitudinal Study of
Aging Danish Twins (LSADT), and The Danish 1905 birth
cohort Study.

The GEMINAKAR study is a longitudinal study of
healthy Danish twins between 18 and 67 years of age at
study baseline in 1997-2000 (Schousboe et al. 2003). The
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study focuses on genetic and environmental risk factors for
developing insulin resistance, diabetes, obesity and cardio-
vascular risk factors and disease. The twins were recruited
from the national, population-based Danish twin registry
and were initially free of diabetes mellitus, cardiovascu-
lar disease or conditions that might limit participation in
the clinical examination. Only complete twin pairs were
included in the study. Seven-hundred and fifty-six com-
plete twin pairs participated. From this cohort, a sample of
176 twins, 18-57 years of age, was randomly chosen and
included in the present study.

The MADT study is a longitudinal study of twins who
were 46—67 years of age when the study was initiated in 1998
(Gaist et al. 2000). A total of 40 monozygotic twin pairs, 40
dizygotic twin pairs and 40 twin pairs of opposite sex for
each birth year between 1931 and 1952 were included in the
cohort. The participants were re-visited from 2008 to 2011
and blood was donated during the re-assessment 10-14 years
later (Skytthe et al. 2013). Samples of acceptable DNA qual-
ity from 58 twins, 5872 years of age, were included in
the present study after the re-visit in 2008. In the study, the
2008-2011 assessment was considered baseline.

The LSADT study is a longitudinal study of Danish
twins aged 70 years and older (Christensen et al. 2002;
Skytthe et al. 2002). The study was initiated in 1995, and
the survey was repeated in 1997, 1999, 2001, 2003, 2005,
and 2007. In 1997, mainly twin pairs of the same sex were
included in the study; also, both twins were to be alive and
born before January 1924. Participants were thus between
73 and 95 year of age. Full blood samples were drawn in
1997 from 689 members of intact twin pairs and again in
2007 from the surviving 120 intact twin pairs. The assess-
ment in 1997 was considered baseline.

The Danish 1905 birth cohort study is a prospective
investigation of an entire birth cohort (Nybo et al. 2003).
The survey was initiated in 1998, when the participants
were 92-93 years old, and comprises follow-up studies in
2000, 2003 and 2005. A total of 181 participants provided
full blood samples in 1998 and were included in the current
study.

All four studies were approved by the relevant Danish
Scientific-Ethical Committees, as well as by the Danish
Data Protection Board.

DNA extraction

DNA was extracted from total blood cells in peripheral
full blood samples packed by centrifugation at 1,000g for
15 min followed by withdrawal of the plasma phase. The
DNA was extracted by a standard manual salting-out pro-
tocol including a protease digestion step (Das et al. 1988).
For samples from the 58 MADT, DNA was extracted

using a virtually identical salting-out purification protocol
adapted to an Autopure instrument (Qiagen). A comparable
mtDNA copy number was observed for both purification
procedures. A total of 142 samples were dropped as they
had an extremely low average mitochondria DNA yield,
probably reflecting poor DNA extraction quality.

Quantification of mitochondrial DNA copy number
variations

An assay based on real-time polymerase chain reac-
tion (QPCR) and SYBR® Green technology was used for
measuring the amount of mitochondrial DNA relative to
the nuclear DNA using two independent PCRs. A 153-bp
target PCR product covering the mitochondrially encoded
NADH dehydrogenase 1(MT-NDI) gene was generated
using the forward primer sequence 5’-AACATACCCATG-
GCCAACCT-3' and the reverse primer sequence 5’-AGC-
GAAGGGTTGTAGTAGCCC-3'. A reference 268-bp PCR
product covering the nuclear hemoglobin beta (HBB)
gene was generated using the forward primer sequence
5'-GAAGAGCCAAGGACAGGTAC-3' and the reverse
primer sequence 5-CAACTTCATCCACGTTCACC-3'.
All primer designs were originally published by Liu et al.
(2003) and were applied in the later study (Lee et al. 2010).
The assay was adapted to a high-throughput 96-plate
format using a StepOne instrument and SYBR® Green
technology (Applied Biosystems). The reactions were
performed in a total volume of 10 pl including 1x Fast
SYBR® GreenMaster Mix, 5 uM of each of the primers and
2 ng of DNA. The amplification was preheated at 95 °C
at 30 s followed by a 40-cycle program of 0.3 s at 95 °C,
15 s at 58 °C and 30 s at 72 °C. The assay was calibrated
using a serial dilution of 10, 5, 2.5, 1.25 and 0.625 ng DNA
and a straight linear correlation was observed with an R?
of 0.996 and was used to set the threshold cycle number
(Ct) of both the nuclear and the mitochondrial genes. Each
DNA sample was assayed in triplicates using either the
MT-ND] primers or HBB primers in parallel reactions. For
each 96-plate, a DNA control sample from the same indi-
vidual and a ‘no template control’ were added in triplicates.
Samples from 176 out of 181 participants from the GEMI-
NAKAR study, 58 out of 200 participants (for 142 samples,
the mDNA yield was too poor) from the MADT study, 671
out of 689 participants from the LSADT study, and 162
out of 181 participants from the 1905 birth cohort study,
and 108 samples out of 120 from the LSADT longitudinal
study met our quality criteria after we had removed sam-
ples with low or no amplification (Ct > 31) in any of the
six amplifications. The six amplifications were made up by
three real-time PCR amplifications of each sample with the
primer sets for MT-ND1 gene and HBB gene amplification,
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respectively. The median of the values were used to reduce
variance from outliers.

BMI

Body mass index (kg/m?) was calculated using self-
reported data on height and weight from all participants
except for the participants in the GEMINAKAR study who
were measured and weighted by a nurse. For participants
in the 1905 birth cohort, approximately half of the persons
did not answer the questions themselves; an estimate was
then made by the interviewer or reported by the proxy. Par-
ticipants were categorized into three groups according to
their BMI (underweight <18.5 kg/m?; normal weight 18.5—
24.9 kg/m?; overweight >25 kg/m?) (Herskind et al. 1996;
Nybo et al. 2003).

Smoking

In LSADT, smoking status was self-reported as non-
smoker, current smoker or former smoker.

Cognitive functions

Cognitive functioning was assessed using the Mini Men-
tal State Examination (MMSE) and a 5-component cogni-
tive composite score in the LSADT cohort and the Dan-
ish 1905 birth cohort participants at baseline (McGue and
Christensen 2001). However, MADT participants were
assessed by the cognitive composite score and not MMSE
at baseline. The widely used MMSE ranges from 0 to 30
and can be graded as severely impaired for scores between
0 and 17, mildly impaired for scores between 18 and 23,
and non-impaired for scores between 24 and 30. The five-
component cognitive composite measures were originally
selected to represent tasks that are sensitive to normative
age changes, which can be reliably and briefly assessed by
lay interviewers. The specific tasks included a fluency task,
which involved the number of animals an individual could
name in a 1-min interval, forward and backward digit span,
and immediate and delayed recall of a 12-item list. The
cognitive composite score was computed by taking the sum
of the five standardized measures, separately from each
cohort (using mean and SD from the initial MADT assess-
ment in 1998). This score has shown its validity in numer-
ous studies (McGue and Christensen 2002).

Grip strength
Grip strength was assessed according to standardized pro-
cedures as previously described (Frederiksen et al. 2002)

using a Smedley dynamometer (TTM, Tokyo, Japan) in the
LSADT cohort in 1999 and the Danish 1905 birth cohort
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and MADT cohort participants at baseline. To measure
maximal strength, the width of the handle was adjusted to
fit the hand size with the second phalanx resting against the
inner stirrup. The elbow was to be held at 90° and the upper
arm to be tight against the trunk in a series of three meas-
urements, with brief pauses between each; the maximum
value was used as the estimate. Furthermore, the maximum
value of three measurements was identified with each hand.
Grip strength discriminates functioning in all adult age
groups, predicts incident disability, and is highly correlated
with muscular power in other muscular groups. It is eas-
ily and reliably measured and correlates with function in
activities of daily living and survival among the oldest old
(Christensen et al. 2003, 2009).

Self-rated health

Participants from the MADT, the LSADT cohort, and the
Danish 1905 birth cohort were at baseline presented with
a list of 31 ailments and diseases and asked whether a
physician had ever told them that they suffered from any
of them. The number of present diseases was divided into
three groups (0, 1-2, and >3). Major diseases such as car-
diovascular disease (CVD), respiratory diseases, cancer,
and diabetes mellitus were studied separately. Furthermore,
subjective health was assessed using the question: “How do
you consider your health in general?” with five response
categories (excellent, good, acceptable, poor, and very
poor) (Nybo et al. 2003).

Activity of daily living

Physical performance was assessed in the MADT, the
LSADT cohort, and the Danish 1905 birth cohort partici-
pants using self-reported measures as part of the home-
based 2-h interview at baseline. The 11-item measurement
contains questions from relatively simple physical tasks
to more demanding activities: (1) walking around in the
house, (2) walking up and down the stairs, (3) walking up
the stairs to the second floor, (4) getting outdoors, (5) walk-
ing 400 m without resting, (6) doing any kind of light exer-
cise, (7) doing any kind of hard exercise, (8) outdoor walk-
ing in fine weather, (9) outdoor walking in bad weather,
(10) running 100 m and (11) carrying 5 kg. At first all items
were rated on a scale of 1-4 where 1 = cannot do, 2 = can
do with aid or major difficulties, 3 = can do with fatigue or
minor difficulties, and 4 = can do without fatigue. Then,
the scale score (ADL strength score 1997) was calculated
using a scale of 1-4, with higher scale scores indicating the
higher levels of physical performance. The calculations of
the scores had previously been described in details (Chris-
tensen et al. 2000, 2002). This scale showed high internal
consistency and stability and has been shown to provide a



Hum Genet (2014) 133:1149-1159

1157

sensitive quantitative measure of physical ability in other
studies of elderly Danes (Tiainen et al. 2012).

Mortality analysis

Vital status was obtained by linkage with the Danish cen-
tral registries via the unique identification number assigned
at birth to all Danish citizens (Pedersen et al. 2006). The
observation time for each participant from the MADT
cohort, the LSADT cohort and Danish 1905 birth cohort
was the period from enrollment into the cohort until death
or December 31, 2012, whichever came first. There was no
loss to follow-up as none of the participants emigrated.

Technical variation of real-time PCR

In addition to triplicate measures of all samples, a subset
of 30 samples were analysed twice on 2 different days and
with more than a month between the two analyses. The
interplate variation of the mean from the HBB gene was
comparable on the first (SD 0.07 Ct) and the second day
(SD 0.09 Ct). Likewise, for the MT-ND1 gene the interplate
variations were comparable on the first (SD 0.06 Ct) and
second day (SD 0.10 Ct). Similar results were observed
with only a mean difference of 0.02 Ct (SD 0.12) and the
differences between the 30 samples indicated an accepta-
ble technical variation with the mean of 5.56 Ct (SD 0.40).
Each plate included a positive control sample, which was
also analysed in triplicates, and after repeated analyses of
the same positive control sample 36 times, the mean was
3.81 Ct (SD 0.29). Both tests showed acceptable techni-
cal variation with a coefficient of variance of 1 and 9 %,
respectively. A subset of ten samples was extracted on
2 different days and assayed on the same real-time PCR
plate. The coefficient of variance for these technical repli-
cations was estimated at 4 %, thus indicating that only a
minor part of the variation is due to the DNA extraction
method. Calculations were done prior to the transformation
to the power of two of the mtDNA copy number.

Statistical analyses

The mtDNA copy number was calculated as the rela-
tive number of mtDNA to the nucleus DNA by the for-
mula 2(CtHBBmedian — CMT-NDI median) a¢- described elsewhere
(Lee et al. 2010) except we did not conduct log transfor-
mation, thus we measured the n-fold difference in relation
to a nuclear diploid gene. The cross-sectional age-related
mtDNA copy number decline trend was evaluated by a
quadratic function, which had a better fit than a linear func-
tion since the quadratic term reached the 5 % level of sig-
nificance. Due to a simpler interpretation, a linear spline
model was performed with one knot, which assumes a

linear association between mtDNA copy number and age
with different slopes before and after the knot. The best
knot in the spline model was evaluated using the R value
and this spline model had a R? value better than that of the
quadratic model. The best fitted linear spline model was
used to evaluate the associations between mtDNA copy
number and age, sex, zygosity and BMI. Post-hoc analy-
sis was done subsequently using a knot at 73 years of age
to compare the longitudinal change in the mtDNA copy
number with that of the cross-sectional age. The individ-
ual change in mtDNA copy number of the 108 twins who
donated blood twice with 10 years of follow-up was esti-
mated using 95 % CI from a paired Student’s ¢ test. Also,
the 10-year differences were evaluated stratified by sex,
zygosity, ages in two halves with equal number of partici-
pants (73-74 vs. 75-84 years of age at intake) and mtDNA
copy number in two halves (49 mtDNA copy number or
higher vs. <49 mtDNA copy number) at intake in 1997.
Linear regression analysis was performed on continuous
health outcomes and adjusted for age and sex in a com-
bined analysis of the cohorts. Cox’s proportional hazards
models were performed to study the association between
mortality and mtDNA copy number, which was categorized
into quartiles and as a continuous variable. Since the mor-
tality was similar in the second, third and fourth quartile,
we also analyzed the association between mortality and
mtDNA copynumber divided into the first quartile ver-
sus the second, third and fourth quartiles. All Cox models
were adjusted for gender and age by allowing age to be the
underlying timescale and risk was assessed from the age
at blood sampling to age at death or end of follow-up on
December 31, 2012, whichever came first.

As the data partly pertain to twin pairs, and because
observation within twin pairs might be correlated, the
Cox’s proportional hazards models were performed using
the robust estimator of variance, assuming independ-
ence between pairs. The proportional hazard assumption
underlying the Cox models was tested using the Schoen-
feld residual test and fulfilled the requirements for the Cox
model.

An adjustment for a potential plate effect did not have
significant influence on the results and was therefore not
included in any of the final analyses. Post-hoc adjustment
for smoking was done using smoking as a categorical
covariate. The statistical calculations were performed using
Stata 11.2 (StataCorp).
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