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Brain-derived neurotrophic factor (BDNF) is involved in the sur-

vival, development, and synaptic plasticity of neurons. BDNF is

believed to be associated with the pathophysiology of psychiatric

disorders. Several studies have suggested the relevance of DNA

methylationinitspromoterregionwithdepression.Here,wereport

different methylation statuses in groups with different depressive

scores or undergoing different levels of job-stress. DNA samples

were extracted from the saliva of 774 Japanese workers, and the

methylation status was determined using the Illumina Human-

Methylation 450K Microarray. Depressive symptoms were mea-

sured using the Kessler’s K6 questionnaire. Job-stress scales were

assessed via a self-administered questionnaire. Independent DNA

pools were formed based on K6 and job-strain scores, and the

methylation levels were compared among these pools. The average

DNA methylation rate was significantly decreased in the highest

K6 score group compared to the lowest group (methylated sig-

nals, 14.2% vs. 16.5%, P¼ 2 � 16� 10�198). This difference

remained for the CpG island in the promoter region (10.4% vs.

5.8%,P¼ 3 � 67� 10�133).Regarding the job-strain score, therewas

a slight increase in the methylation level of the whole gene in the

groupwith thehighest score compared to thatwith the lowest score;

however, thesegroupsshowednodifference inthepromoterregion.

Our results revealed significant changes in the DNA methylation

status of the complete human BDNF gene in persons with depres-

sion compared to normal individuals, especially in the promoter

regionofexon1.This indicates thatDNAmethylation inthisgene is

a promising biomarker for diagnosing depression.
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INTRODUCTION

Brain-derived neurotrophic factor (BDNF) is a member of the

neurotrophin family of growth factors and, has been considered

to be an activity-dependent modulator of neuronal structure and

function in the adult brain [Lu et al., 2008; Bibel and Barde, 2000].

BDNF promotes the proliferation, survival, and differentiation of

neurons in the peripheral and central nervous systems [Lindsay

et al., 1994; Acheson et al., 1995; Huang and Reichardt, 2001]. Its

effects on synapticplasticity in thebrainhavebeendescribed, and its

signaling in the hippocampus is crucial for learning and memory

[Tyler et al., 2002; Yamada and Nabeshima, 2003; Bekinschtein

et al., 2007]. Cumulative evidence has demonstrated possible

relations between BDNF and psychiatric disorders, such as depres-

sion [Brunoni et al., 2008; Sen et al., 2008], bipolar disorder

[Grande et al., 2010], and dementia [Arancio and Chao, 2007].

Shimizu et al. suggested that decreased BDNF levels play a pivotal

role in the pathophysiology ofmajor depressive disorders [Shimizu

et al., 2003].

The human BDNF gene is located on chromosome 11p14.1,

spans about 70 kb [Liu et al., 2005], and contains 11 exons (Fig. 1).

The last exon (exon 9) is themain protein-coding exon, and several

distinct transcript classes are formedwhen transcription is initiated

at various other exons [Pruunsild et al., 2007]. Variants of this gene

are a priori candidates for involvement in memory and hippocam-

pal function [Egan et al., 2003], aswell as, in genetic predispositions

to anxiety and depressive disorders [Chen et al., 2006].

Recently, epigenetic mechanisms, which exert lasting control

over gene expression without altering the gene’s nucleotide se-

quence, have been considered as mediators of stable changes in

brain function. DNA methylation of cytosine residues resulting in

the formation of 5-methylcytosyine, primarily at cytosine–guanine

(CpG) dinucleotide-containing regulatory sequences, is chemically

and biologically stable and is regarded as a reliable marker for

predictionof relationshipswith variousdiseases, including affective

disorders [Qureshi and Mehler, 2010]. CpG islands, which are

genomic regions containingahigh frequencyofCpGsites andoccur

typically at, or near, the transcription start site of genes [Saxonov

et al., 2006], attract more attention because they are important

regulatory structures that function as genomic platforms for the

regulation of transcription at their associated promoters [Deaton

and Bird, 2011].

In the human genome, the first exon of genes is usually believed

to be important in transcription [Delgado and León, 2006]; how-

ever, the BDNF gene is different from other genes because it

containsmultiple functional promoters that activate the expression

of its transcripts [Pruunsild et al., 2007]. The promoter of exon 1 is

considered as a brain-specific inducible promoter, and mRNAs

containing exon 1 are expressed predominantly in the brain of rats

[Timmusk et al., 1993] or humans, with a strong ability to activate

gene expression [Pruunsild et al., 2007]. In addition, exon 1

contains an in-frame ATG codon that can be used as translation

start site and lead to the prepro-BDNF protein [Pruunsild

et al., 2007].

The methylation status of the BDNF gene, especially of its

promoter region, represents oneof themost remarkable parameters

that can be evaluated regarding an associationwithmental diseases.
DNAmethylation alterationswithin promoters of exons are related

with depression [Fuchikami et al., 2011; Kim et al., 2013], bipolar

disorder [Perroud et al., 2008; D’Addario et al., 2012], and suicidal

behavior [Keller et al., 2010]. In addition, epigenetic modifications

of the BDNF gene in response to stress, fear memory, and early

maltreatment have also been studied in rats [Roth et al., 2009;

Fuchikami et al., 2010; Roth et al., 2011] and humans [Lubin

et al., 2008; Unternaehrer et al., 2012], although the results were

discordant.

In the current study, we examined the methylation levels of the

entire BDNF gene, with a special focus on its promoter region, and

aimed to detect its potential correlation with depression and stress

scales assessed via a self-administered questionnaire in our occu-

pational cohort.

MATERIALS AND METHODS

The present cross-sectional study is part of our occupational-

cohort study of social class and health, which is supported by a

grant from theMinistry of Education, Culture, Sports, Science and

Technology of Japan; the details of the cohort study can be found

elsewhere [Miyaki et al., 2012]. Employees of a major Japanese

manufacturing company, with offices located across the country,

were recruited. Among the approximately 2,500 workers who were

invited to participate in the study, 976 agreed to provide saliva

samples, and, finally, 774 samples were obtained. The protocol and

explanatory documents of our study were approved by the ethics

committee of the National Center for Global Health and Medicine

and that ofTokyoUniversityGraduate School ofMedicine.Written

informed consent was obtained from each subject.

The participants were asked to provide approximately 2ml of

saliva. Genomic DNA was extracted from leukocytes using the

OrageneW DNA Self-Collection Kit, OG-500 Tube Format (DNA

Genotek, Ontario, Canada) [Birnboim, 2004]. All DNA samples

were diluted to aworking concentration of 20 ng/mLwith TE buffer
(10mM Tris, 1mM EDTA).

The 774 subjects were stratified into quartiles according to their

depressive scales or job-strain scores. Depressive symptoms were

assessed using the Japanese version of the Kessler 6 (K6) scale

[Kessler et al., 2002]. K6 score, job demands, and job control were

assessed using a self-administered questionnaire [Kessler

et al., 2003]. The job strain score was defined as: job demands/

job control� 2.

An independent pool was formed using 90 DNA samples that

were selected randomly from each quartile group and consisted of a

volume of 1mL per sample; thus, there were a total of eight pools:

four for the K6 score and four for the job-strain scale. This pooling

method was validated in a previous study-demonstrating that a

DNApool including 89 individual samples can provide an accurate

and reliable quantitative estimate of the average group DNA

methylation [Docherty et al., 2009]. In each pool, the total DNA

volume was 90mL and the total amount was 1.8mg. Genome-wide

DNAmethylationprofilingwasperformedusing Illumina Infinium

HumanMethylation450 BeadChip arrays and kit (Illumina, San

Diego, CA). Bisulfite-converted DNA (4mL) was used for hybrid-

ization onto the HumanMethylation450 BeadChip, according to

the Illumina Infinium HD Methylation protocol.



Fig. 1. Schematic representation of human BDNF gene structure and position of the CpG-site-rich region that was analyzed in this study. The

promoter of exon 1 was chosen for analysis because the first exon is generally considered as the transcription-relative region, and the

promoter of the exon 1 of the BDNF gene has been described as a brain-specific inducible promoter. The target region of the current analyses

is the same CpG island as that used in a previous study (Chr11: 27743473–27744564), with a length of 1,092 bp and including of 10 CpG

sites. Exons are shown as boxes and the numbers of exons are shown below. Introns are shown as lines. The size of exon 1 was obtained

from the database of Ensembl Genome Browser, and that of the CpG island of the exon 1 promoter was identified in a previous study. ATG

indicates the position of the translational start codon, which leads to a prepro-BDNF protein.
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An Illumina iScan SQ scanner was used to create images of the

single arrays, and the intensities of the images were extracted using

the GenomeStudio (v.2011.1) Methylation module (v.1.9.0) soft-

ware. Themethylation scorewas calculated as a ratio ofmethylated-

to-methylated plus unmethylated signal intensity.

The sequence of the whole BDNF gene was identified using the

Ensembl Genome Browser (http://asia.ensembl.org/index.html,

chr11:27676440-27743605). We calculated the methylation level

of each CpG site covered by HumanMethylation450 BeadChip

probes, and the averagemethylation levels of allmergedCpG loci on

the BDNF gene in all pools. Furthermore, themerged CpG loci on a

CpG island located upstream of the exon 1 (Chr11: 27743473–

27744564) region, which was identified by Perroud et al. [2008],

were analyzed independently. Subsequently, the methylation levels

of groups with the lowest (Q1) and highest (Q4) K6 score or job-

strain quartiles were compared using Pearson’s chi-squared test.

Thewhole cohort was also divided into two subgroups according to

depressive or stress scores: individuals with a K6 score greater than

the median value (K6¼ 10) were defined as “Depressive,” which

corresponds to the total of the Q3 and Q4 groups, whereas those

with a score lower than the median value were classified as “Nor-

mal,” including theQ1andQ2groups and subjectswith a job-strain

score greater than the median point (job-strain¼ 1.50) were de-

fined as the “High stress group,” and those with a job strain score

lower than 1.50 were classified as “Normal.” The average DNA

methylation levels were compared between the Depressive and

Normal groups using Pearson’s chi-squared test. The IBM SPSS

for Windows version 19.0J (IBM, Armonk, NY) software packages

was used for all statistical analyses. Statistical significance for all

analyses was defined as P< 0.05.
RESULTS

In the current study, a total of 2,664 workers were asked to provide

their saliva andfinally 774DNAsampleswere obtained successfully.

The participants were not different from those did not participate

the studyonage, sex ratio andother clinical characteristics (data not
shown). From each K6 group ninety subjects were randomly

selected to form the DNA pools, then a total of 360 subjects

took part in this study and 32 were women. The basic clinical

characteristics, job strain, and socioeconomic status factors (edu-

cation level, household income, and job position) of these subjects

are shown in Table I, and themean (�standard deviation) values of

these indiceswere compared among job strain groups. Therewasno

significant difference on main indices.

The BDNF gene contains 97 CpG loci that can be detected by

the Infinium HumanMethylation450 BeadChip. Of these five

were locate in exons; 51, in introns, 21, in the 50 upstream region;

and 20, in the 30 downstream region. Among the 21 loci located in

the 50 upstream region, 10 (Nos. 85–94 of the 97 loci) were located

within the CpG island region on the promoter of exon 1.

However, there was no CpG site on the promoter region of

exon 4.

The DNA methylation status of each site was examined by

calculating the rate of methylated-to-total signal intensity in all

pools and was compared between the Q1 and Q4 groups. For K6

score groups, compared to the Q1 group, the Q4 group showed

significant hypermethylation at 13CpG sites, and hypomethylation

at 43 CpG sites. Narrowing of the target region to the CpG island

located on the promoter of exon 1 revealed that the methylation

levels of three loci (Nos. 87, 92, and 94)were significantly decreased

and those of two loci (Nos. 88 and 93) were increased in the Q4

group compared to the Q1 group. Locus No. 92 was the most

striking locus because only 5.7% of the signals were methylated in

the Q4 group, whereas 23.0% of the signals were methylated in the

Q1 group (P¼ 3.63� 10�300).

As shown in Figure 2, the average methylation level of the 97 loci

included in the Q4 group was 14.2%, which was significantly lower

than that observed in the Q1 group (16.5%, P¼ 2.16� 10�198, chi-

squared test) (Fig. 2). On the CpG island located in exon 1, the

average methylation level for CpGs No. 85–94 of the Q4 group was

only half of that for these CpGs of the Q1 group (5.8% and 10.4%,

respectively); the difference between the two groups was significant

(P¼ 3.67� 10�133, chi-squared test).

http://asia.ensembl.org/index.html


TABLE I. Comparison of Clinical Characteristics, Socioeconomic Status Scores, Job Stress, and Lifestyle Factors Among Subjects in
Four K6 Groups

Q1 Q2 Q3 Q4 P for trend
Age (year) 42.4� 9.9 43.5� 10.4 44.7� 10.1 42.6� 9.4 0.716
Proportion of women (%) 7.8 6.7 12.2 8.9 0.589
Body mass index (kg/m2) 23.5� 3.2 23.4� 3.2 23.0� 3.4 22.8� 2.6 0.143
Years of education (year) 14.8� 2.4 15.1� 2.5 14.6� 2.3 15.2� 2.4 0.596
Annual household income
(ten thousands yen/year)

694.6� 271.5 654.4� 237.9 776.5� 352.9 716.9� 279.3 0.192

Proportion of individuals in a
management position (%)

23.8 21.3 27.2 30.0 0.603

Job strain score 3.7� 2.8 3.9� 3.3 3.6� 2.9 3.4� 3.2 0.444
Proportion of current smokers (%) 23.8 26.3 25.9 28.8 0.422
Proportion of subjects with habitual drinking (%) 84.5 71.3 80.2 67.5 0.040

�

Values are shown asmean� standard deviation or percentage. For continuous variables linear regression analysis was used, and for categorized variables Pearson’s chi-square test was used to compare
indices between the K6 groups.
�P< 0.05.
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Next, the subjects were divided into Depressive and Normal

groups and the average DNA methylation levels were compared

between them (Table II). Globally, the averagemethylation levels of

the 97 loci in the Depressive and Normal groups were 14.1% and

16.9%, respectively (P< 0.001, chi-squared test). This difference

remained significant for the promoter region of exon 1 (5.7%

vs.10.8%, P value< 0.001) (Table II).

Regarding the groups that were classified according to job strain,

compared to the Q1 group, the Q4 group showed significantly

higher methylation levels in 22 CpG sites and lower methylation

levels in 28 sites. The average methylation level of all sites in the Q4

group was 14.4%, which was higher than that observed for the Q1
Fig. 2. Comparison of the DNA methylation status between the groups w

and (b) the promoter region of exon 1 of the human BDNF gene. The y-a

lowest depression level (Q1) had the lowest K6 score quartiles, and the

quartiles.
group (14.2%), with borderline significance (P¼ 0.045). However,

the average methylation levels of the 10 sites located in the CpG

island of exon 1 in the Q1 and Q4 groups were similar (5.6% and

5.7%, respectively), and only one locus showed a P value< 10�5

(No. 85). Thus, we observed no change in the level of methylation

between the high-stress and normal groups, when subjects were

stratified according to the median point of job strain (Table III).
DISCUSSION

In the current study, we investigated the methylation levels of the

BDNF gene in groups with different depressive scores. To our
ith the lowest and highest depression levels in (a) the complete gene

xis represents the rate of methylated signals. The group with the

group with the highest depression level (Q4) had the highest K6



TABLE II. Average DNA Methylation Rates for the CpG Sites on the Human BDNF Gene for the Normal Group and Depressive Groups

CpG sites included DNA methylation rate P value
Merged from nos. 1–97 (whole gene) Depressive group Signal intensity 65,969 <0.001a

(K6 �10) (%) 14�1%
Normal group Signal intensity 68,831
(K6 <10) (%) 16.9%

Merged from nos. 85–94 (exon 1 promoter) Depressive group Signal intensity 2,531 <0.001a

(K6 �10) (%) 5.7%
Normal group Signal intensity 4,414
(K6 <10) (%) 10.8%

Thex2 testwasused to compare thedifferences in thepercentageofmethylatedsignals between thepools of thenormal anddepressive groups. Theparticipantsweredivided into twogroupsat themedian
point of the K6 score (K6¼ 10), and the group with the higher K6 score was defined as the “Depressive group.”
aThe methylation level was decreased in the depressive group compared with the normal group (P< 0.001).
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knowledge, this is the first study that used the entire BDNF gene as

the target region for investigation.Weconfirmed that the epigenetic

alterationnotonly of theCpGsiteswithin theCpG island locatedon

the promoter region of exon 1, but also of those distributed

throughout the gene, exhibit a relationship with depressive

symptoms.

K6 is a self-report questionnaire developed by Kessler et al.

[2002] and it takes only up to 3min to complete this short

screening questionnaire. The participants are asked to answer

six questions about how frequently they experienced symptoms

of depression and anxiety during the past 30 days. K6 has been

thought as reasonably valid measure of depression among post-

partum women and relatively cheap tools for estimating preva-

lence of postnatal depression [Baggaley et al., 2007]. The screening

performance and acceptability of the Japanese versions of K6 has

been validated [Sakurai et al., 2011]. Stratum-specific likelihood

ratios (SSLRs), which express screening test characteristics and

compare the usefulness of different tests were strikingly similar

between the Japanese and the original versions [Furukawa

et al., 2008].
TABLE III. Average DNA Methylation Rates for the CpG Sites on t

(Negative

CpG sites included
Merged from nos. 1–97 (whole gene) High-stress group

(job strain �1.50
Normal group

(job strain <1.50
Merged from nos. 85–94 (exon 1 promoter) High-stress group

(job strain �1.50
Normal group

(job strain <1.50

The x2 test was used to compare the differences in percentage of methylated signals between the pool
point of job strain (job strain¼ 1.50), and the group with the higher job strain group was defined a
Due to the difficulty ofmeasuring the BDNF levels in the brain of

living persons directly, it is important to develop new approach to

determine the BDNF levels in order to explore the physiologic and

pathological function of this neurotrophin. Although the source of

circulating BDNF and its relationship with brain activity is un-

known, it is evident that peripheral BDNF can serve as a marker of

anti-depressant therapeutic efficacy [Sen et al., 2008] and periph-

eral and central BDNF levels are closely related [Karege et al., 2002].

Salivary BDNF was considered to be useful for stress-related

research and human clinical investigations [Tirassa et al., 2012],

in spite of thepatternsof diurnal changeofBDNF levels aredifferent

in serum and saliva. Previous epigenetic studies have suggested that

changes onDNAmethylation status are not limited to postmortem

brain tissues, but can also be found in other peripheral tissues,

including saliva [Rosa et al., 2008; Nohesara et al., 2011]. Saliva

collection is considered as a safe and easy alternative to blood

samples as a collection method of DNA for high-throughput

genotyping [Abraham et al., 2012], in addition, DNA methylation

patterns in saliva are relatively consistent with those in whole blood

[Thompson et al., 2013].
he Human BDNF Gene for the Normal and High-Stress Groups

Control)

DNA methylation rate P value
Signal intensity 64,417 0.984

) (%) 14.0%
Signal intensity 68,487

) (%) 14.0%
Signal intensity 2,457 0.463

) (%) 5.6%
Signal intensity 2,697

) (%) 5.7%

s of the normal and high-stress groups. The participants were divided into two groups at themedian
s the “high-stress group.”
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In a previous study performed by another Japanese group, 11

CpG sites were found to be hypermethylated and 22 sites were

hypomethylated in patients with major depression compared with

healthy controls [Fuchikami et al., 2011]. Because of the limitation

of the Illumina InfiniumHumanMethylation450 BeadChip arrays,

we were able to detect only four of these 33 sites. We observed a

significant decrease in the methylation levels in the Q4 group

compared to the Q1 K6 group at site No. 87, which is agreement

with the results of Fuchikami et al. [2011], and, found no difference

at two sites, nos. 85 and 89. However, site no. 94 yielded an

inconsistent result: its methylation rate was decreased in the Q4

group (P¼ 1.96� 10�5).Conversely, three sites, nos. 88, 92, and93,

that were not detected by Fuchikami et al. showed notable differ-

ences between the two groups, although the trends were opposite.

Fuchikami et al. did not provide the averagemethylation rates of all

sites; rather, the authors showed that there were more hypomethy-

lated than hypermethylated sites in the Q4 group compared to the

Q1 group, a trend that is consistent with the one detected here.

Considering that the findings of this and the study by Fuchikami

et al. are concordant on only four sites, our study provides new

evidence in support of the importance of changes in DNAmethyl-

ation. However, additional studies are needed to determine the

exact role of epigenetic factors in the pathophysiology of

depression.

Numerous studies have shown that reduced BDNF serum con-

centrations might be associated with depressive disorder [Sen

et al., 2008; Satomura et al., 2011; Takebayashi et al., 2012], and

that BDNF levels are increased significantly after antidepressant

treatment [Brunoni et al., 2008], which indicates that BDNF is a

protective factor against depression. Although it is generally be-

lieved that DNA methylation in the regulatory regions of genes

plays a role in their silencing [Milutinovic et al., 2004], and several

studies have reported higher levels of DNA methylation in bipolar

disorder [Perroud et al., 2008; D’Addario et al., 2012], schizophre-

nia [Kordi-Tamandani et al., 2012] or poststroke depression [Kim

et al., 2013], little evidence for the association of the methylation

status of the exon 1 promoter region and risk of depressive

symptomshasbeen found.Our study showeddecreasedmethylated

levels in the depressive group compared to the normal group;

however, only 10 of the 81 CpG loci located in this CpG island

of exon 1, could be evaluated in the current assay. Moreover, the

promoter region of exon 4 could not be evaluated because of the

absence of probes for this region. It is imperative to limit our efforts

to identify all epigenetic alterations in this region and provide a

general DNA methylation profile of the BDNF gene promoter

region.

However, we detected several individual loci with significantly

different methylation levels between the depressive and normal

group, including loci nos. 87, 88, and 92–94. We think that these

sites may be used as objective biomarkers for the diagnosing

depression and assessing therapeutic interventions for depression.

A previous study [Fuchikami et al., 2011] investigated all promoter

CpG sites; however, their sample size was relatively small. Our

observations are based on the screening data of four pooled samples

comprising samples of 360 individuals; however, direct measure-

ment of the DNA methylation status of these subjects should be

performed in the future. The next step of our research group is to
investigate whether the detected sites are associated with mental

health in an independent, large-scale cohort.

Consistent with the results reported by Unternaehrer et al.

[2012], our findings fail to reveal a significant difference in the

DNAmethylation levels of the promoter region among groupswith

different job-strain scores; however, a weak relationship was found

for the whole gene. This result should be confirmed in further

studies. Finally, CpG site No.85 can be considered as a potential

marker for response to stress.

In summary, the present study provided new evidence for

association between the DNA methylation status of the entire

human BDNF gene and depressive symptoms. In particular,

two-fold difference of methylation level was detected for the

CpG island of the exon 1 promoter region between depressive

and normal groups; this suggests that these loci are clinically

significant and canbeused as biomarkers for diagnosingdepression

and assessing antidepressant treatments.
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