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Study Objectives: Mitochondrial DNA (mtDNA) copy number is an important component of mitochondrial function and varies with age, disease,
and environmental factors. We aimed to determine whether mtDNA copy number varies with habitual differences in sleep duration within pairs of
monozygotic twins.

Setting: Academic clinical research center.

Participants: 15 sleep duration discordant monozygotic twin pairs (30 twins, 80% female; mean age 42.1 years [SD 15.0]).

Design: Sleep duration was phenotyped with wrist actigraphy. Each twin pair included a “normal” (7-9 h/24) and “short” (< 7 h/24) sleeping twin.
Fasting peripheral blood leukocyte DNA was assessed for mtDNA copy number via the n-fold difference between gPCR measured mtDNA and
nuclear DNA creating an mtDNA measure without absolute units. We used generalized estimating equation linear regression models accounting
for the correlated data structure to assess within-pair effects of sleep duration on mtDNA copy number.

Measurements and Results: Mean within-pair sleep duration difference per 24 hours was 94.3 minutes (SD 62.6 min). We found reduced
sleep duration (8 = 0.06; 95% CI 0.004, 0.12; P < 0.05) and sleep efficiency (8 = 0.51; 95% CI 0.06, 0.95; P < 0.05) were significantly associated
with reduced mtDNA copy number within twin pairs. Thus every 1-minute decrease in actigraphy-defined sleep duration was associated with
a decrease in mtDNA copy number of 0.06. Likewise, a 1% decrease in actigraphy-defined sleep efficiency was associated with a decrease in
mtDNA copy number of 0.51.

Conclusions: Reduced sleep duration and sleep efficiency were associated with reduced mitochondrial DNA copy number in sleep duration
discordant monozygotic twins offering a potential mechanism whereby short sleep impairs health and longevity through mitochondrial stress.
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INTRODUCTION

Mitochondrial DNA (mtDNA) is integral to mitochondrial
function and vital to cellular energy production. Properly
functioning mitochondria are crucial to healthy human physi-
ology.'3 Unlike nuclear DNA, double-stranded circular mtDNA
molecules are present in multiple copies per mitochondrion and
can respond to insult by increasing mtDNA copy number to
support normal mitochondrial functioning.*® Lack of protec-
tive histones and limited repair capacity make mtDNA fragile
and susceptible to insults that can overwhelm its replicative
machinery or stimulate mitochondrial fusion causing mtDNA
levels to vary. Whether mtDNA copy number increases or
decreases following an insult depends upon the nature of the
damaging process involved including multiple forms of cancer,
toxin exposures, aging, and oxidative stress.” '
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Sleep curtailment is a wide-spread problem in Western soci-
eties with myriad untoward effects on health including increased
risk of coronary heart disease, ischemic stroke, hypertension,
insulin resistance, obesity, and cognitive impairment.'*' Short
sleep induces oxidative stress in animal models? suggesting
that sleep duration could influence mtDNA copy number, but
no studies have examined this relationship. Because sleep du-
ration and mtDNA copy number are heritable,”** a co-twin
study design method that accounts for familial factors (e.g.,
genetics and shared environment) can substantially increase
study power to detect subtle environmental effects, such as
the impact of short sleep on mtDNA copy number. The aim
of this study was to compare mtDNA copy number between
sleep duration discordant monozygotic co-twins with one twin
reporting a normal amount of sleep (7-9 h/24) and the other a
short sleeper (< 7 h/24). Demonstrating a significant associa-
tion between copy number and sleep duration would be a first
step toward elucidating the mechanisms by which short sleep
contributes to untoward health outcomes.

METHODS

Participant Selection
Participants were monozygotic twins identified through the
University of Washington Twin Registry.” All twins enrolled
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in the Registry complete a health questionnaire which includes
questions about usual sleep duration. Based on that ques-
tionnaire and a study-specific phone interview, we identified
twin pairs with self-reported average sleep duration discor-
dance > 1 hour per night. We excluded twins with a history
of sleep illness, a high risk for sleep apnea on the Multivari-
able Apnea Prediction Index,*® and shift workers. Participating
twins provided a fasting blood sample at the completion of a
14-day actigraphy monitoring period. Collected DNA was pu-
rified and frozen within 24 hours. A total of 15 twin pairs (30
individuals) > 45 min discordant in sleep duration per 24 h,
with one twin sleeping 7-9 h and the other sleeping <7 h/24 h,
underwent the final mtDNA copy number analysis.

Sleep Duration Phenotyping

All twins were monitored concurrently for 14 days with the
Actiwatch-2 actigraph (Philips Respironics, Murrysville, PA,
USA) worn on the non-dominant wrist, starting at 17:00 of
the first day of the research protocol. To facilitate actigraph
record scoring, each twin completed a sleep diary concur-
rently for the entire 14 days. Actigraphy differentiates sleep
from wake with good agreement to polysomnography.?’?* Ac-
tigram analysis was performed using Respironics Actiware
5.57 software (Philips, Respironics, Murrysville, PA, USA)
and previously described protocols.*® All actigraphy records
were scored by the same individual. The senior investigator
(NFW) assessed 10% of the records to ensure actigraphy
scoring consistency. We utilized the patient’s corresponding
sleep diary to assess bed times, wake times, and nap times.
We also used event marker button data and photo-optic light
data to determine wake and sleep. Total sleep time included
all sleep through the 24-h day, including naps. Sleep onset
was defined by marked reduction in activity counts within
15 min of sleep diary defined bedtime. This determination
was further informed by drop in lux levels and event marker
data. Sleep efficiency included sleep latency as per standard
protocol. Wake time was defined by a marked increase in ac-
tivity counts within 15 min of sleep diary defined wake time,
which was also informed by increasing lux levels and event
marker data.

Quantification of Mitochondrial DNA Copy Number

DNA was extracted from peripheral blood leukocytes (PBL)
in whole blood using Qiagen Puregene standard protocols. An
assay based on real-time polymerase chain reaction and SYBR
Green technology was adapted as a measure of the amount of
mitochondrial DNA compared to nuclear DNA. Each DNA
sample was assayed in triplicate in an identical procedure to
that described by Mengel-From et al."! (see supplemental mate-
rials for additional details).

Statistical Methods

Descriptive statistics were calculated using mean and
standard deviation for continuous variables and percentages
for categorical variables. Comparison of covariates between
sleep duration groups utilized generalized estimating equa-
tion (GEE) linear regression for continuous, ordinal, and di-
chotomous variables using robust standard error estimates.
We explicitly modeled within-pair effects of sleep duration on
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mtDNA copy number; the within-pair effect is of particular
interest since this controls for genetic and common envi-
ronmental influences shared by twins within a pair. For this
analysis, we generated a within pair mean sleep duration and
then subtracted this value from the measured sleep duration for
each twin, thus generating the individual difference from the
within-pair mean for each twin, which became the within-pair
GEE linear regression independent variable.*!

For multivariate within-pair GEE regression models the
independent variables were actigraphy defined sleep duration
and sleep efficiency. The dependent variable remained mtDNA
copy number. Results are presented as regression generated 3
coefficients and 95% confidence intervals. All analyses were
adjusted for body mass index, sleep apnea probability, alcohol
use, smoking, and physical exercise levels (Table S1, supple-
mental material).

RESULTS

Study Population

An initial pool of 1,283 monozygotic twin pairs was identi-
fied from the Registry based on the enrollment questionnaire.
These twins were sent an invitation letter if their subjective
sleep duration was discordant by at least 1 hour. One-hun-
dred fifteen twin pairs replied to this invitation and were
interviewed by phone to confirm ongoing sleep discordance.
Of those, 52 twin pairs met criteria, were enrolled, and un-
derwent actigraphy for 2 weeks, followed by blood draw and
DNA extraction. After actigraphy results were analyzed, 30
twins (15 pairs) were included who met criteria for 1 short
sleeping twin (< 7 h/24) and 1 normal sleeping (7-9 h/24)
twin in each pair.

This final study group included 80% female participants.
The mean age was 42.1 years (standard deviation [SD] 15.0,
range 20-71). Participants were predominantly of European
ancestry based on self-report (90%). For educational level,
70% had a college degree or higher, 20% had an Associate’s
degree or some college, and 10% were high school graduates.

Actigraphy

Sleep-related characteristics as determined by actigraphy
included a mean sleep duration among all participants of 418.9
min (SD 63.7, range 190.5-499.4). The mean within-pair sleep
duration difference was 94.3 min (SD 62.6, range 45.9-300.3).
The mean sleep efficiency among all participants was 87.4%
(SD 9.8, range 39.7%-95.5%). The mean within-pair sleep ef-
ficiency difference was 6.5% (SD 11.8, range 0.12%—48.3%).

mtDNA Analysis

The mean PBL mtDNA copy number was 63.8 (SD 17.7,
range 24.7-110.3). We found a significant overall effect of
sleep duration on mtDNA copy number (Table 1), such that
every 1-minute decrease in actigraphy-defined sleep duration
was associated with a decrease in mtDNA copy number of
0.06. Likewise, a 1% decrease in actigraphy-defined sleep effi-
ciency was associated with a decrease in mtDNA copy number
of 0.51. Prior to adjustment for covariates, the beta coefficient
was in the same direction of effect, but did not reach statistical
significance.
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DISCUSSION

We demonstrate that reduced sleep duration and sleep ef-
ficiency are associated with decreased mtDNA copy number
within monozygotic twin pairs. Many factors, including oxi-
dative stress, have been shown to reduce mitochondrial fis-
sion, increase mitochondrial fusion, or otherwise decrease
mtDNA copy number. In rodent models, sleep deprivation
produces oxidative stress®*> and is associated with mitochon-
drial dysfunction,®® suggesting that chronic sleep curtail-
ment in human subjects might be associated with changes in
mtDNA copy number. While further investigation is required
to more fully define this relationship, this finding provides a
potential molecular pathway by which short sleep results in
poor health.

Peripheral blood mtDNA copy number declines with age
and decreased number correlates with poorer health outcomes
in the elderly.'®" Short sleep is also associated with increased
morbidity and mortality.*® Could decreased mtDNA copy
number induced by short sleep duration be a mechanism that
explains the association between short sleep and increased
mortality? mtDNA copy number has been proposed as a po-
tentially useful clinical marker because it can predict severity
of neoplastic processes including gastric cancer** and fore-
cast lung cancer risk.** This raises questions as to whether
changes in mtDNA copy number predict other health conse-
quences of sleep curtailment such as cardiovascular disease or
diabetes. Could mtDNA copy number be a biomarker of sleep
curtailment?

In our study, reduced sleep efficiency was also associated
with reduced mtDNA copy number. This could reflect short
sleep duration, since low sleep efficiency is typically associ-
ated with reduced sleep duration. To further explore this rela-
tionship we assessed a multivariate model that included both
sleep duration and sleep efficiency. However, collinearity arti-
ficially inflated the standard errors mitigating effects and obvi-
ating conclusions (data not shown). Another possibility is that
reduced sleep efficiency represents overall sleep disruption. If
so, this raises the possibility that other conditions that disrupt
sleep—obstructive sleep apnea, insomnia, narcolepsy—may
also be associated with reduced mtDNA copy number. Future
studies should assess mitochondrial health and functioning in
these sleep illnesses.

Our study examined habitual patterns of sleep in the twins’
home setting and, therefore, offers insights that differ from
those garnered by acute changes in sleep patterns obtained
in controlled laboratory conditions. This implies strong eco-
logical validity because the mitochondrial physiology of our
twins likely had time to compensate for the chronic impact of
short sleep duration. Another strength of our study was the use
of monozygotic twins which controlled for genetics and early
life shared family environment. Our sample was derived from
the community and not from a clinical population seeking
healthcare, which increases the generalizability of the results.
However, a notable limitation is that our participants were pre-
dominantly younger adult women of European ancestry, and
therefore our results should be applied to the general popula-
tion with caution. Another limitation is that this was an explor-
atory pilot study with small sample size, and results warrant
confirmation by further research.
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Table 1—Sleep duration and sleep efficiency are positively associated
with peripheral blood leukocyte mitochondrial DNA copy number.

Adjusted* 95%
Difference in Confidence
Independent Variable ~ mtDNA (B) Intervals P value
Sleep duration (min) 0.06 0.004,0.12 <0.05
Sleep efficiency (%) 0.51 0.06, 0.95 <0.05

*Adjusted for body mass index, obstructive sleep apnea probability,
alcohol use, smoking, and exercise. mtDNA, mitochondrial DNA copy
number; B, beta coefficient.

Our results did not reach statistical significance without ad-
justment for covariates. Covariates were determined a priori,
as established factors which either influence mtDNA copy
number directly, or through known associations with oxida-
tive stress. A recent study by Kim et al.** showed an associa-
tion between sleep apnea and decreased mtDNA copy number.
Exercise is well known to increase mtDNA copy number as
observed in recent studies of mouse muscle’” and peripheral
blood of older women.*® A component of cigarette smoke, poly-
cyclic aromatic hydrocarbons, is associated with increased
PBL mtDNA copy number,*”” and cigarette smoke exposure
increases mtDNA copy number in esophageal tissues.* Simi-
larly, alcohol has been shown to increase mtDNA mutagenesis
in blood.*! Higher BMI is associated with decreased mtDNA
copy number.*> Many of these same factors (especially BMI,
exercise, smoking, and alcohol consumption) were adjusted as
confounding variables in these studies. Given that these fac-
tors are all known to influence mtDNA copy number, we feel
adjustment increases the validity of our association between
sleep duration and mtDNA copy number.

It is important to note that mtDNA numbers are currently
not directly comparable between studies using different pro-
tocols for mtDNA extraction and data handling, including the
use of ratios or transformed data versus untransformed data. In
our study, we utilized a procedure identical to that of Mengel-
From et al."" using untransformed data, in which similar levels
of mtDNA copy number were measured in individuals with
similar ages when compared to our data.

In conclusion, we found that short sleep and reduced sleep
efficiency were associated with reduced mtDNA copy number
within sleep duration-discordant monozygotic twin pairs. Con-
sidering the importance of mitochondria to human physiology,
and the association of short sleep with numerous untoward
health outcomes, our findings offer intriguing evidence of a
potential mechanism by which sleep curtailment is associated
with poor health.
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SUPPLEMENTAL MATERIAL

METHODS

Quantification of Mitochondrial DNA Copy Number

An assay based on real-time polymerase chain reac-
tion (qPCR) and SYBR Green technology was adapted as a
measure of the amount of mitochondrial DNA compared to
nuclear DNA. One 153bp PCR was targeted to the mitochon-
drial NADH dehydrogenase (NDI1) gene using the primer
sequences 5-AACATACCCATGGCCAACCT-3’ for the
forward primer and 5~ AGCGAAGGGTTGTAGTAGCCC-3’
for the reverse primer. To quantify the amount of mtDNA
another 268bp PCR targeted to the nuclear Beta-globin
(BG) the primer sequences were for the forward primer
5’-GAAGAGCCAAGGACAGGTAC-3 and the reverse
primer 5’-CAACTTCATCCACGTTCACC-3". All primer de-
signs were originally published by Liu CS and co-workers®
and applied in the later study.** The assay was adapted to a
high through-put 96-plate format using a StepOne instrument
and SYBR Green technology (Applied Biosystems). The re-
actions were performed in a total volume of 10 pl including
Ix Fast SYBR Green Master Mix, SuM of each of the primers

and 2 ng of DNA. The amplification was preheated at 95°C
at 30 sec followed by a 40 cycle program of 0.3 sec at 95°C,
15 sec at 58°C and 30 sec at 72°C. The assay was calibrated
using a serial dilution of 10 ng, 5 ng, 2.5 ng, 1.25 ng, 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 triplicate using either the
NDI1 primers or BG primers in parallel reactions. For each
96-plate, a DNA control sample from the same individual and
a “no template control” was added in triplicate. All samples
were above our quality criteria of low or no amplification
(CT > 31) in any of the 6 amplifications. The six amplifica-
tions were 3 real-time PCR amplifications for each sample
with the primers for ND1 and BG amplification, respectively.
The median of the values were used to reduce variance from
potential outliers. The mtDNA copy number was calculated
as the relative number of mtDNA to the nucleus BG gene by
the formula 2(CtBG median = CINDmedian) a5 described elsewhere*t ex-
cept we did not conduct log transformation, thus measuring
the n-fold difference in relation to a nuclear diploid gene.

Table S1—Analysis covariates by sleep duration group.

Covariate Short Sleeping Twins (n = 15) Normal Sleeping Twins (n=15) P value
Body mass index (kg/m?) 25.0 (SD =4.6) 25.8 (SD=5.3) 0.68
Probability of obstructive sleep apnea (%, SD) 0.48% (SD = 1.18) 0.34% (SD = 0.69) 0.47
Over the past 30 days, how many days per week did you do vigorous physical activities? (n) % 0.25

0 (5) 33% (5) 33%
1 (1)6.7% (4)26.7%
2 (2) 13.3% (1)6.7%
3 (2) 13.3% (3) 20.0%
4 (0) 0% (0) 0%
5 (2) 13.3% (1)6.7%
6 (2) 13.3% (0) 0%
7 (1)6.67% (1)6.7%
How much time did you usually spend doing vigorous physical activities on one of these days? (n) % 0.73
None (5) 33% (5) 33.3%
<30 min (2) 13.3% (1)6.67%
30-60 min (2) 13.3% (3) 20.0%
60-90 min (1)6.67% (2) 13.3%
> 90 min (5) 33.3% (4) 26.7%
How often do you have a drink containing alcohol? <0.05
Never (3) 20% (2) 13.3%
< monthly (5) 33.3% (3) 20.0%
2-4/month (4)26.7% (5) 33.3%
2-3/week (1)6.67% (4)26.7%
= 4/week (2) 13.3% (1)6.7%
How many drinks of alcohol do you have on a typical day when you are drinking? <0.01
No alcohol (3) 20.0% (2) 13.3%
1-2 drinks (11)73.3% (12) 80%
3 to 4 drinks (1)6.67% (1)6.67%
Over the past 30 days, did you smoke cigarettes? 0.36
Not at all (15) 100% (14) 93.3%
Some days (0) 0% (1)6.7%
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