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Summary

Brain-derived neurotrophic factor (BDNF) is important for sleep physiology. This
study investigates whether BDNF variants and promoter | methylation may be impli-
cated in sleep disturbances in older adults. Genotyping was performed for seven
BDNF single nucleotide polymorphisms (SNPs) in 355 community-dwelling older
adults (aged 265 years) and BDNF exon 1 promoter methylation was measured in
blood samples at baseline (n = 153). Self-reported daytime sleepiness and insomnia,
ambulatory polysomnography measures of sleep continuity and architecture, and
psychotropic drug intake were assayed during follow-up. Logistic regression adjusted
for age, sex, comorbidities, body mass index, and psychotropic drug intake. Associa-
tions were found specifically between wake time after sleep onset (WASO) and four
SNPs in the participants not taking psychotropic drugs, whereas in those taking
drugs, the associations were either not significant (rs6265 and rs7103411) or in the
reverse direction (rs11030101 and rs28722151). Higher BDNF methylation levels
were found at most CpG units in those with long WASO and this varied according to
psychotropic drug use. The reference group with short WASO not taking drugs
showed the lowest methylation levels and the group with long WASO taking treat-
ment, the highest levels. Some SNPs also modified the associations, the participants
carrying the low-risk genotype having the lower methylation levels. This genetic and
epigenetic study demonstrated blood BDNF promoter methylation to be a potential
biomarker of prolonged nocturnal awakenings in older people. Our results suggest
the modifying effect of psychotropic drugs and BDNF genetic variants in the associa-

tions between methylation and WASO.
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1 | INTRODUCTION

Sleep is universal, tightly regulated, and necessary for the proper func-
tioning of neural cells, synaptic connections, and brain circuits. Sleep
is key to regulate the total amount of brain synaptic activity (Tononi &
Cirelli, 2014). There is synaptic potentiation during the waking day
due to ongoing learning, and synaptic down-scaling during sleep when
the brain is disconnected from the environment (Tononi &
Cirelli, 2014). This sleep-dependent weakening of neural activity and
synaptic strength is primarily mediated by cortical slow waves. The
amount of slow waves gradually decreases with ageing and pathologi-
cal conditions, although with significant inter-individual variability (Li
et al., 2018). Several other sleep patterns change with ageing, notably
advanced sleep pattern and increased frequency of naps and exces-
sive daytime sleepiness (EDS), which is reported in up to 33% of older
individuals (Foley et al., 2007). A larger number of nocturnal awaken-
ings and an increase in the time spent awake at night are common in
the elderly, particularly in the context of insomnia, also frequent with
age (Mander et al., 2017; Riemann et al., 2012). More than one-third
of people aged 265 years report symptoms of insomnia (Ohayon &
Reynolds 3rd., 2009), and 10%-25% take hypnotics on a regular basis
(Jaussent et al., 2013; Ohayon et al., 2012).

Brain-derived neurotrophic factor (BDNF) is a member of the
neurotrophin family of growth factors involved in plasticity of neu-
rones with key roles in the regulation of stress, mood, cognition,
metabolism, and sleep. One study reported associations between low
levels of serum BDNF and self-reported insomnia in middle-aged
adults (Giese et al.,, 2014). However, serum BDNF in middle-aged
adults with insomnia appears to be a biomarker only for insomnia
complaints, but not for objectively assessed poor sleep continuity
(Mikoteit et al., 2019). The latter study also found a positive associa-
tion between serum BDNF and the percentage of rapid eye move-
ment (REM) sleep. This association between low serum BDNF and
decreased REM sleep has also been reported in another study, but
also with the percentage of non-REM (NREM)3 sleep (Deuschle
et al., 2018). Other data showed increased serum BDNF levels with
several psychotropic drugs, most commonly being antidepressant
REM sleep-suppressing drugs (Deuschle et al., 2013). Overall, under-
studied with unclear results, BDNF may be related to sleep continuity
and architecture that may contribute to the experience of disrupted
and non-restorative sleep in patients with insomnia.

Several reports have linked BDNF genetic variation with circulating
BDNF levels (Hing et al., 2018; Januar, Saffery, & Ryan, 2015;
Tsai, 2018). In addition, polymorphisms and methylation of the BDNF
gene have been shown to modulate the availability of the protein in
neuropsychiatric disorders (Hing et al, 2018; Januar, Saffery, &
Ryan, 2015; Tsai, 2018). However, the studies examining the associa-
tion between BDNF variants and sleep characteristics in the general
population are rare and often size limited. They are also mostly focused
on adolescents and young adults and psychotropic intake was not con-
sidered. To our knowledge, no studies have examined the association
of BDNF DNA methylation, with self-reported sleep, polysomnography
(PSG) measures, and psychotropic drugs use in older people.

In this study, we investigated whether BDNF genetic variants
and DNA methylation in community-dwelling older individuals are
associated with self-reported symptoms of insomnia and objective
sleep measures (sleep continuity and architecture) via ambulatory

PSG, and whether this may be modified by psychotropic drug

intake.
2 | METHODS
2.1 | Participants

Data were derived from a longitudinal study of neuropsychiatric disor-
ders in community-dwelling French older people, the Esprit study
(Ritchie et al., 2004). Eligible participants, who were aged 265 years
and not institutionalised, were recruited by random selection from the
electoral rolls between 1999 and 2001. Ethics approval for the study
was given by the national ethics committee (Ethical Committee of Sud
Méditerranée Il and University Hospital of Kremlin-Bicétre, France).
After obtaining written informed consent from all participants, the
study protocol was administered by trained staff at baseline and at up
to seven follow-up waves (with 2-3 year intervals) for 14 years. The
study focused on a sample of 355 non-demented participants, who
had complete PSG recordings and provided blood samples, of whom
153 had complete DNA methylation measures.

2.2 | Sociodemographic and clinical variables

The standardised interview included questions on sociodemographic
and behavioural (smoking, alcohol, and caffeine intake) characteris-
tics (Ritchie et al., 2007). Blood pressure, weight, and height were
recorded, and body mass index (BMI) calculated (kg/m?). Cognitive
function was assessed using the Mini-Mental State Examination
(MMSE), a score of <26 being considered as cognitive impairment
(Folstein et al., 1975). The Center for Epidemiologic Studies Depres-
sion scale (CES-D) was used to assess current depressive symptoms
with a score of 216 being considered as significant levels of
depressive symptomatology (Radloff, 1977). Detailed medical ques-
tionnaires were used to obtain information on history of cerebro-
cardiovascular ischaemic pathologies (angina pectoris, myocardial
infarction, stroke, cardiovascular surgery, arteritis), as well as other
chronic disorders (hypertension, diabetes mellitus, hypercholestero-
laemia, thyroid disease, respiratory disease). Dementia was diag-
nosed by a neurologist as part of a standardised clinical examination
and validated by a panel of independent neurologists (Ancelin,
Ripoche, et al., 2013). All drugs used in the preceding month were
recorded from medical prescriptions and drug packages. Psychotro-
pic drugs affecting sleep were recorded at the time of the PSG exam-
ination. They included benzodiazepines, z-drugs (zolpidem and
zopiclone), antidepressants, antihistamines, and miscellaneous medi-
cations (including barbiturates, non-benzodiazepine anxiolytics, and

antipsychotics).
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2.3 | Polysomnography measurements and self-
reported sleep problems

Participants underwent, on a voluntary basis, a first night of ambula-
tory PSG recording. Selection of participants was unrelated to sleep
problems. PSG recordings took place in the participant's home using
the Deltamed (Natus) coherence system, which includes five electro-
encephalography leads, right and left electro-oculograms, electromy-
ography of chin and tibialis anterior muscles, electrocardiogram, nasal
cannula/pressure transducer, mouth thermistor, chest and abdominal
bands, body position, and pulse oximeter. Total sleep time (TST), sleep
efficiency, percentages of sleep stages, wake time after sleep onset
(WASO) as well as micro-arousal, periodic leg movement index per
hour of sleep (PLMSi), and the Apnea-Hypopnea Index (AHI) were
scored manually according to standard criteria (lber et al., 2007).
Self-reported sleep disturbances were assessed by the comple-
tion of standardised questionnaires close to PSG (median [range] time
since PSG 0.94 [0.02-3.01] years). EDS was assessed by the Epworth
Severity Scale, a total score >10 indicating a clinically significant EDS
(Johns, 1991). The severity of insomnia symptoms was evaluated
using the Insomnia Severity Index (ISI) with higher scores suggesting
more severe symptoms (score between 0 and 7: absence of insomnia;
between 8 and 14: subthreshold insomnia; between 15 and 28:
moderate-to-severe insomnia symptoms) (Bastien et al., 2001).

24 | BDNF genotyping

BDNF genotyping was carried out from buccal DNA by LGC
Genomics (Hoddesdon, UK) using the KASP SNP genotyping system
(Freeman et al., 2003) as described previously (Ancelin, Carriere,
et al., 2013). Genotyping was performed for seven polymorphisms
selected to represent variation across the entire BDNF gene, namely
rs6265 (Val66Met), rs11030101, rs28722151, rs7103411, rs962369,
rs908867, and rs1491850 (Januar, Ancelin, et al., 2015). Due to the
small number of homozygotes for the minor alleles (<6% for four
SNPs), especially when exploring the modifying effect of BDNF
genotype on the associations between sleep measures and methyla-
tion, the minor homozygotes were combined with the heterozygotes

for analysis (minor alleles).

2.5 | BDNF exon 1 promoter DNA methylation

Genomic DNA was extracted from blood samples collected at baseline.
DNA methylation of the BNDF promoter 1 region was measured using
the Sequenom EpiTYPER mass-spectrometry platform according to the
manufacturer's instructions (Agena Bioscience, San Diego, California,
United States), and as described previously (Januar, Ancelin, et al., 2015).
The assay covered the region chrl1:27,744,025 - 27,744,279 on the
UCSC h19 assembly. Forward and reverse primers were tagged with
a 10bp tag (5-AGGAAGAGAG) and 31 bp T7-promoter sequence
(5'-CAGTAATACGACTCACTATAGGGAGAAGGCT). Using this assay, a

total of 11 CpG units were measured across promoter |, corresponding

to 16 CpG sites. All samples were assayed in triplicate.

2.6 | Statistical analysis

Chi-squared tests were used to compare the distribution of BDNF
genotypes with those predicted under the Hardy-Weinberg equilib-
rium. Associations between BDNF polymorphisms and sleep charac-
teristics were assessed using logistic regression adjusted for potential
confounding factors (age, sex, number of chronic disorders, BMI, and
psychotropic drug intake). Interactions were tested using the Wald
chi-square test given by the logistic regression model. Multinomial
logistic regression models adjusted for age and sex were used to
examine BDNF methylation according to WASO and psychotropic
drug use. The analysis of WASO levels stratified by BDNF variants
were performed using Wilcoxon-Mann-Whitney test. The signifi-
cance level was set at p < 0.05. Adjustment for multiple comparisons
was carried out using the false discovery rate (FDR) method
(Benjamini & Hochberg, 1995). Analyses were performed using the
Statistical Analysis System (SAS, version v9.4; SAS Institute Inc., Cary,
NC, USA).

3 | RESULTS

The mean age of participants was 80.1 years of whom 59% were
female, 12.6% reported EDS and 11.9% had moderate-to-severe
insomnia symptoms (Table 1). Regarding PSG characteristics, 48.5%
had a TST of <6 h, 76.6% a WASO of >60 min, 23.9% an AHI of
215 events/h, and 62.6% a PLMSi 215 events/h. As no clinical thresh-
olds exist to determine sleep efficiency, slow-wave sleep (SWS), and
REM sleep, the lowest tertile values (51.5%, 9.2% and 16.3%, respec-
tively) were used as cut-offs and corresponded to the most severe
conditions. High TST, sleep efficiency, SWS and REM sleep as well as
low AHI, iPLMS, and WASO were considered as references. More
than 37% of the participants were taking at least one psychotropic
drug at the time of PSG recording; benzodiazepines (19.7%), z-drugs
(14.1%), antidepressants (11.6%, selective serotonin reuptake inhibi-
tors [SSRIs], n = 25; non-selective monoamine reuptake inhibitors,
n = three) and other antidepressants (mianserine, n = four; tianeptine,
n = four; venlafaxine, n = four; milnacipran, n = one), antihistaminic
compounds (3.7%) and non-benzodiazepine anxiolytics (0.3%).
Compared to the participants not taking psychotropic drugs, those
using drugs were more frequently women, had more insomnia symp-
toms and a higher level of depressive symptoms, longer TST, sleep
efficiency, NREM2, but less REM sleep and a shorter WASO (Table 1).
Among the 153 patients with DNA methylation measures, >39% were
taking at least one psychotropic drug: benzodiazepines (16.3%),
z-drugs (17.0%), antidepressants (9.8%, SSRIs, n = seven; non-selective
monoamine reuptake inhibitors, n = one), and other antidepressants
(mianserine, n = two; tianeptine, n = one; venlafaxine, n = three;

milnacipran, n = one), and antihistamine compounds (5.9%).
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TABLE 1  Characteristics of the 355 participants in the whole sample and according to psychotropic drug use

Taking psychotropic drugs

Variables Whole sample (N = 355) No (N = 222) Yes (N = 133) p
Sex, female, n (%) 209 (58.9) 116 (52.25) 93(69.92) 0.001
Age, years®, mean (SD) 80.1 (4.1) 80.03 (4.02) 80.30 (4.25) 0.553
Alcohol intake (g/day), n (%) 0.113
<12 86 (24.5) 52(23.74) 34 (25.76)
12-36 241 (68.7) 147 (67.12) 94 (71.21)
>36 24 (6.8) 20(9.13) 4(3.03)
Caffeine intake (mg/day), n (%) 0.597
<125 122 (35.3) 77 (35.48) 45 (34.88)
125-375 186 (53.8) 119 (54.84) 67 (51.94)
>375 38(10.9) 21 (9.68) 17 (13.18)
Smoking status, n (%) 0.757
Never 204 (57.5) 128 (57.66) 6(57.14)
Past 137 (38.6) 84 (37.84) 3(39.85)
Current 4(3.9) 10 (4.50) 4 (3.01)
Current depressive symptoms (CES-D 2 16), n (%) 4 (24.9) 44 (21.26) 0 (33.33) 0.028
Cognitive impairment (MMSE, <26), n (%) 0 (14.3) 34 (15.53) 16 (12.31) 0.408
Body mass index, kg/m??, mean (SD) 24.54 (3.3) 24.60 (3.00) 24.45 (3.76) 0.688
Number of other chronic diseases®, n (%) 0.446
0 70(19.9) 44 (20.00) 26 (19.85)
1 118 (33.6) 79 (35.91) 39 (29.77)
22 163 (46.4) 97 (44.09) 66 (50.38)
Insomnia severity index (ISI), n (%) <0.0001
0-7 No clinically significant insomnia 168 (57.1) 137 (70.62) 31 (31.00)
8-14 Subthreshold insomnia 1(31.0) 46 (23.71) 45 (45.00)
15-21 Clinical Insomnia (moderate severity) 9 (9.9) 10 (5.15) 19 (19.00)
22-28 Clinical Insomnia (severe) 6(2.0) 1(0.52) 5 (5.00)
Excessive daytime sleepiness (ESS score >10), n (%) 6(12.6) 22 (11.70) 4 (14.29) 0.533
Total sleep time, min?, mean (SD) 363.9 (68.1) 358.26 (65.29) 373.30 (71.79) 0.045
Sleep efficiency, %?, mean (SD) 56.2 (10.7) 55.07 (9.89) 57.97 (11.87) 0.015
Stage 1, %°, mean (SD) 8(3.8) 7.00 (4.03) 6.45 (3.32) 0.182
Stage 2, %", mean (SD) 62.6 (8.9) 61.54 (8.29) 64.41 (9.50) 0.004
Slow-wave sleep, %°, mean (SD) 12.1 (6.6) 12.38 (6.32) 11.61 (7.14) 0.288
REM sleep, %2, mean (SD) 18.50 (6.2) 19.08 (5.93) 17.54 (6.45) 0.024
PLMS during sleep index, events/h? mean (SD) 29.0 (25.6) 30.19 (25.43) 27.00 (25.90) 0.257
PLMS during sleep index (events/h), n (%) 0.160
<15 132 (37.4) 77 (35.00) 5(41.35)
15-30 7 (24.6) 51(23.18) 6 (27.07)
230 134 (38.0) 92 (41.82) 42 (31.58)
AHI, events/h? mean (SD) 10.2 (12.1) 11.14 (12.72) 8.72 (10.77) 0.069
AHI (events/h), n (%) 0.290
<15 270 (76.1) 163 (73.42) 107 (80.45)
15-30 52 (14.6) 35(15.77) 17 (12.78)
230 33(9.3) 24 (10.81) 9(6.77)
Wake time after sleep onset, min?, mean (SD) 112.7 (63.7) 118.12 (63.10) 103.70 (63.95) 0.040
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TABLE 1 (Continued)
Taking psychotropic drugs
Variables Whole sample (N = 355) No (N = 222) Yes (N = 133) p
Sa0,?, %, mean (SD) 93.7 (1.8) 93.69 (1.74) 93.64 (1.78) 0.788
Sa0, <90% duration®, min, mean (SD) 15.7 (39.3) 14.92 (37.60) 17.05 (42.05) 0.623

2Continuous variables are expressed as mean (standard deviation [SD]).

PHypertension, diabetes mellitus, hypercholesterolaemia, thyroid disease, respiratory disease, or cerebro-cardiovascular ischaemic pathologies (angina

pectoris, myocardial infarction, stroke, cardiovascular surgery, or arteritis).

Abbreviations: AHI, Apnea-Hypopnea Index; CES-D, Center of Epidemiological Studies Depression; ESS, Epworth Sleepiness Scale; MMSE, Mini Mental
State Examination; PLMS, periodic leg movements during sleep; REM sleep, rapid eye movement sleep; SaO,, average oxygen saturation.

3.1 | Association between BDNF genotypes and
sleep characteristics

The frequencies of the seven BDNF SNPs were not different from
those predicted under Hardy-Weinberg equilibrium (p > 0.20 for all
SNPs) (data not shown). None of the seven SNPs was significantly
associated with self-reported sleep problems or PSG parameters in
adjusted models, except for WASO (Tables S1 and S2). Compared to
the participants with a shorter WASO, those with a longer WASO
were older and more likely to be men, they reported more frequently
EDS and had lower TST, sleep efficiency and SWS, but a longer
NREM1 (Table S3).

Highly significant interaction effects were found with SNPs
and psychotropic drug use for WASO (Table 2) but not for other
sleep measures. After stratification, associations were found between
WASO and four SNPs (rsé265, rs11030101, rs28722151, and
rs7103411) in the group not taking psychotropic drugs, whereas in
those taking psychotropic drugs, the associations were non-significant
for rs6265 and rs7103411 and significant but in the opposite direction
for rs11030101 and rs28722151. For these two SNPs, the minor
alleles were associated with a >85% decreased risk of long WASO in
participants not taking psychotropic drugs, but a 3.8 to 5.3-fold
increased odds in those taking drugs. This was even higher for the
participants with subthreshold or clinical insomnia (ISI score >7) taking
psychotropic drugs (odds ratio [OR] 19.02, 95% confidence interval
[Cl] 4.29-84.3, p = 0.0001; and OR 8.93, 95% Cl 2.44-32.7,
p = 0.001, respectively). All significant associations remained after
FDR correction. The same pattern of associations was found further
adjusting for depressive symptomatology or cognitive impairment
(data not shown).

3.2 | Associations between baseline blood BDNF
promoter | methylation and PSG characteristics

No significant association was observed between methylation levels
and sleep characteristics except WASO (data not shown). Higher
BDNF methylation levels were observed in the participants with long
WASO at several CpG units (Figure 1). The positive associations of
WASO with methylation at CpG_2 and CpG_7.8.9 remained signifi-
cant after FDR correction and corresponded to an increased risk of

>30% (OR 1.35, 95% Cl 1.13-1.61; and OR 1.34, 95% Cl 1.09-1.64,
respectively after adjustment for sex, age, and psychotropic drugs).
The same pattern of associations was observed when further adjust-
ing for cognitive impairment and depressive symptomatology (data
not shown).

The use of psychotropic drugs also modified the association
between several CpG units and WASO. We performed a multinomial
regression analysis to compare four subgroups of participants, those
with short WASO (<60 min) taking or not taking psychotropic drugs,
and those with long WASO taking or not taking psychotropic drugs.
The participants with short WASO not taking psychotropic drugs (ref-
erence group) showed the lowest degree of methylation and those
with long WASO taking psychotropic drugs the highest level, whereas
the two other groups showed an intermediate pattern (Figure S1). The
largest effect size was found at CpG 3.4.5 (A = 3.5%). In multivariable
analysis, BDNF methylation at six CpG units was higher in the partici-
pants with long WASO taking psychotropic drugs compared to the
reference group (Table 3). This was particularly significant at the
CpG_3.4.5 unit with a 4-fold increased risk. BDNF methylation was
also higher at CpG_2, CpG_6 and CpG_7.8.9 in those with long WASO
not taking psychotropic drugs compared to the reference group. Of
those taking psychotropic drugs, BDNF methylation at CpG_3.4.5 and
CpG_2 was much higher in those with long WASO compared to
short WASO.

In this sample, 52% of the participants did not report
psychotropic drug use over the follow-up (never users), 20% taking
psychotropic drugs reported having consumed them for more than
half of the follow-ups (chronic users), and 28% were intermittent
users. In the subsample from which intermittent users were excluded,
the same results were obtained comparing chronic users with never

users (data not shown).

3.3 | BDNF promoter | methylation according to
WASO, psychotropic drugs and BDNF variants

BDNF genetic variants associated with WASO also modified the asso-
ciation between WASO and methylation. Lower methylation levels at
CpG units_2, 3.4.5, 7.8.9, 15, and 25 were found specifically for the
carriers of the major homozygotes of rs6265 (GG) and rs7103411
(TT) having short WASO, whereas at CpG_6 this was also observed
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TABLE 3
units according to wake time after sleep onset and psychotropic drugs.

7.8.9 10 11.12 14 15 25 26

CpG unit

Multinomial regression model for the association of brain-derived neurotrophic factor (BDNF) methylation levels at six selected CpG

Short WASO with Long WASO without
treatment (n = 15) vs. short  treatment (n = 75) vs. short Long WASO with treatment Long WASO with treatment
WASO without WASO without (n = 45) vs. short WASO (n = 45) vs. short WASO with
treatment (n = 18) treatment (n = 18) without treatment (n = 18) treatment (n = 15)
CpGunit Globalp OR (95% CI)? p° OR (95% CI)? p° OR (95% CI)? p° OR (95% CI)? p°
2 0.005 1.21 (0.94;1.56) 0.136 1.38 (1.11;1.72) 0.004 1.64 (1.23;2.18) 0.0008 1.35(1.00;1.82) 0.049
34.5 0.021 1.23(0.78;1.93) 0.378 1.33(0.92;1.91) 0.126 4.01 (1.65;9.71) 0.002 3.26 (1.32;8.07) 0.010
6 0.029 1.69 (0.94;3.04) 0.081 1.44 (1.09;1.91) 0.010 1.53 (1.08;2.15) 0.016 0.91 (0.50;1.65) 0.744
7.8.9 0.007 1.39 (0.98;1.97) 0.062 1.47 (1.14;1.88) 0.002 1.59 (1.18;2.15) 0.002 1.14 (0.78;1.67) 0.485
15 0.160 1.03 (0.84;1.28) 0.756 1.11 (0.93;1.32) 0.242 1.25(1.02;1.54) 0.033 1.21 (0.97;1.50) 0.086
25 0.212 1.14 (0.84;1.54) 0.406 1.15 (0.91;1.45) 0.251 1.43 (1.03;1.99) 0.034 1.26 (0.87;1.81) 0.226

?Adjusted for sex and age.
bTwo-by-two inter-group comparisons.

Abbreviations: Cl, confidence interval; OR, odds ratio; WASO, wake time after sleep onset.

for the minor allele (Figure 2). Taking into account psychotropic drug
use, for rsé6265, the associations between short WASO and low meth-
ylation levels at CpG_2, CpG_6, and CpG_7.8.9 persisted only in the
participants not taking psychotropic drugs (p < 0.003 compared to
p > 0.62 in those taking psychotropic drugs) (Figure S2). Conversely,
the association at CpG_3.4.5 was significant in both groups, taking
(p = 0.030) or not (p = 0.014) psychotropic drugs. The same pattern

was observed for rs7103411 (data not shown).

4 | DISCUSSION

To our knowledge, this is the first study in the general population to
investigate the role of epigenetic regulation of the BDNF gene in
sleep, using both self-reported and objective measures recorded from
ambulatory PSG. We found that genetic variation across the BDNF

gene and promoter | methylation levels were associated with altered
sleep continuity in community-dwelling older adults. Our results also
suggest the modifying effect of psychotropic drugs and BDNF genetic
variants in the association between methylation and WASO. The par-
ticipants with short WASO not taking psychotropic drugs showed the
lowest degree of methylation and those with long WASO taking psy-
chotropic drugs the highest level. Moreover, the functional rs6265
variant modified these associations, with low methylation level and
short WASO found for the carriers of the major homozygotes GG not
taking psychotropic drugs.

Several reports have linked BDNF genetic variation with circulat-
ing BDNF levels (Hing et al., 2018; Januar, Saffery, & Ryan, 2015;
Tsai, 2018), as well as blood BDNF levels with sleep disturbances
(Furihata et al., 2020; Rahmani et al., 2020; Schmitt et al., 2016). How-
ever, the studies examining the association between BDNF variants

and sleep characteristics in the general population are rare and often
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FIGURE 2 Comparison of in brain-derived neurotrophic factor (BDNF) promoter | methylation at six CpG units in individuals having short or
long wake time after sleep onset (WASO), stratified according to BDNF genotype (rs6265 and rs7103411). Data are presented as the geometric
mean methylation (%) £ SEM. The p values calculated from the Wilcoxon-Mann-Whitney test correspond to the comparison between at risk
group (1: WASO >60 min) and the reference group (0: WASO <60 min) for the carriers of the major homozygotes (*except at CpG_6 where

p value for minor allele is also reported). p > 0.17 for all the other comparisons.

size limited. They have focused on the functional variant, Val66Met
(rs6265), whose minor Met allele (AA+AG) is known to be associated
with reduced activity-dependent secretion of BDNF compared with
Val/Val allele (GG). One case-control study reported a greater fre-
quency of heterozygous AG polymorphism in adult patients with
insomnia than in a control group, but this was not adjusted for the
principal confounders notably depression, BMI, and sex. Psychotropic
drug use was also not taken into account (Zaki et al., 2019). In one
night laboratory PSG study of 107 middle-aged and older adults, Gos-
selin et al. (2016) did not find significant differences between Val/Val
and Met carriers in relation to TST, sleep efficiency, number of awak-
enings, percentage of each sleep stage, REM, and AHI. Also, no signifi-
cant associations were found in healthy adolescents or younger adults
(Grant et al., 2018; Guindalini et al., 2014; Halonen et al., 2019;
Halonen et al., 2021). The only study that also examined WASO failed
to find significant associations with BDNF Val66Met genotypes; how-
ever, only 30 healthy young adults were included (Grant et al., 2018).
In the present study, we found that variations across the BDNF
gene were strongly and specifically associated with WASO. Highly sig-
nificant associations were found with rs6265 (2.8-fold increased risk
with Met allele), rs7103411, rs11030101, and rs28722151, in the par-
ticipants not taking psychotropic drugs, whereas in those taking drugs,
the associations were non-significant with rsé265 and rs7103411 or
in the opposite direction with rs11030101 and rs28722151. Impor-
tantly, these associations were independent of depressive symptoms.
This indicates that BDNF-related genetic vulnerability could be linked
to WASO phenotype through interaction with psychotropic drugs.
We also found associations between WASO and higher BDNF
methylation at several CpG sites within promoter | in the participants
with long WASO and this varied according to psychotropic drug use.
The reference group with short WASO not taking psychotropic drugs

showed the lowest methylation levels and the group with long
WASO taking treatment showed the highest level, whereas the two
other groups showed an intermediate pattern, independently of
depression. This was also observed when considering psychotropic
treatment duration over the follow-up. Hence, the association of
WASO with BDNF variants as well as BDNF methylation could be
modulated by psychotropic drugs (consisting of benzodiazepines or
z-drugs for 84.7% in our sample), independently of depression. There
is some evidence that antidepressants may modify BDNF promoter
1 methylation in depression (Hing et al., 2018). Regarding benzodiaz-
epine, acute administration in mice decreased BDNF protein levels
within the hippocampus (Licata et al., 2013). Zolpidem significantly
reduced exon IV- (and marginally exon I-) containing BDNF tran-
scripts. This was associated with a concomitant increase in the asso-
ciation of methyl-CpG binding protein 2 (MeCP2) with BDNF
promoter |V, while also increasing the association of phosphorylated
cAMP-response element binding protein with BDNF promoter |
(Licata et al., 2013). Further studies are required to determine
whether BDNF promoter | hypermethylation may represent an
underlying mechanism whereby benzodiazepines or z-drugs reduce
BDNF expression in WASO.

In addition, some SNPs including the functional rs6265 variant,
were found to modify the association between WASO and promoter |
methylation. The carriers of the low-risk genotype specifically had
lower methylation levels at several CpG units and this was mostly sig-
nificant in those not taking psychotropic drugs. BDNF epigenetic vari-
ation has been associated with depression and response to
antidepressant medication although not consistently (D. Chen
et al., 2017; Hing et al., 2018; Januar, Saffery, & Ryan, 2015; Lisoway
et al., 2018). This variable response could be due to sample heteroge-

neity (differences in population, phenotype, DNA source) or failure to
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adequately take into account the modifying effect of other factors
(e.g., psychotropic medication, genetic variation). We have previously
reported interacting effects between BDNF variants and buccal pro-
moter | methylation in late-life depression (Jaussent et al., 2013).
Depression was associated with higher methylation for the carriers of
the minor allele of rs6265 and rs7103411 at CpG_3.4.5 specifically.
This differs with the present data on WASO, showing hypomethyla-
tion at multiple sites for the carriers of the major homozygotes, inde-
pendently of depressive symptoms.

The mechanisms by which BDNF variants interact with the epi-
genome remain to be fully elucidated. Genetic variants could influence
the probability of DNA methylation, and the location of a SNP in the
promoter region, but also at distal sites or intronic regions, may affect
how it interacts with the epigenome or phenotype (Januar, Saffery, &
Ryan, 2015). DNA methylation can modulate the expression of genes,
thus varying the effects driven by individual genetic variants. In the
present study, we found that four SNPs including rs6265 modified
the association between WASO and BDNF methylation. Rs6265 is
in a protein-coding region of the gene and may alter BDNF protein
function. The Met allele is associated with impaired intracellular traf-
ficking, reduced activity-dependent secretion of BDNF (Z. Y. Chen
et al., 2004), and may affect sleep homeostasis (Halonen et al., 2021).
Promoter hypermethylation generally leads to reduced gene expres-
sion (Lee et al, 2007). Our findings of elevated BDNF promoter
methylation associated with abnormal sleep continuity supports
observations of reduced circulating BDNF levels in patients with sleep
disturbances (Furihata et al, 2020; Rahmani et al., 2020; Schmitt
et al., 2016). Disruption in sleep processes may result in or from
decreasing BDNF levels, and/or higher stress vulnerability (Schmitt
et al, 2016). With advancing age, the impact of BDNF variants and
promoter methylation are potential factors that could reduce BDNF
secretion, brain plasticity, and memory (Gosselin et al., 2016). Overall,
the interaction between BDNF variants and its promoter methylation,
prolonged nocturnal awakenings and the use of psychotropic drugs
may regulate brain plasticity in the elderly. However, the precise
mechanisms involved, and the temporality of the associations remain
to be further elucidated.

This study has several strengths and limitations. This is the first
study to investigate the role of BDNF epigenetics in a population-
based sample using objective measures of sleep architecture and sleep
continuity recorded from ambulatory PSG. Moreover, both genetic
and epigenetic variations were considered, as well as the potential
modifying effect of confounding factors and psychotropic medication.
The genotyping system had a very low error rate, seven SNPs were
chosen to ensure satisfactory coverage over the gene and 11 methyla-
tion sites were examined in BDNF promoter |.

Although the size of our study was relatively large with data on
both BDNF variants, promoter methylation, and PSG, we were unable
in this study to specifically examine BDNF homozygotes for the minor
alleles due to their low frequencies, methylation differences between
brain and blood cells, and the association between psychotropic clas-
ses and the effect of monotherapy compared to polytherapy on BDNF
genetic variants and their methylation levels. Due to the candidate-

based approach, we only focused on the BDNF variants. We did not
quantify sleep spindles and REM-sleep fragmentation. DNA methyla-
tion signatures were identified in peripheral blood cells, but whether
the expression of DNA-methylation is modified in the same direction
in brain remain unknown. We did not measure directly BDNF in the
serum.

The lack of repeated evaluations of sleep and DNA methylation
precludes establishing causality. The small effect sizes observed
should also be considered, as we do not yet know how these could
translate into biological differences. However, the changes were
found at several CpG sites of BDNF promoter | and mostly remained
significant after multi-adjustment and correction for multiple testing.
The cumulative effects of such small changes at several sites or over a
long period might be expected to result in phenotypic differences
large enough to be considered clinically.

In conclusion, our findings indicate that BDNF polymorphisms
and promoter | methylation are associated with abnormal sleep con-
tinuity in older adults. They also suggest the modifying effect of psy-
chotropic drugs and BDNF genetic variants in the association
between methylation and WASO. Replication in large independent
populations and clinical samples is needed to confirm that blood
BDNF promoter | methylation could be a biomarker of long awaken-
ings at night in the elderly. Further longitudinal studies with
repeated phenotyping and biological sample collected at multiple
time points to examine the temporal relationship of these associa-
tions, may contribute to a better understanding of the pathophysio-
logical mechanisms involved in sleep continuity and the effect of

psychotropic drugs.
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