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Abstract: Brain-derived neurotrophic factor (BDNF) exon IX promoter methylation levels, serum
BDNF protein levels, and serum mRNA levels were investigated in patients with major depressive
disorder (MDD) and healthy controls. Over two years, 51 patients with MDD and 62 healthy controls
were recruited. Peripheral blood was drawn from all participants to analyze the BDNF exon IX
promoter methylation levels as well as serum BDNF protein and mRNA levels, at baseline and after
four weeks of antidepressant treatment. Methylation sequential analysis showed that patients with
MDD (n = 39) had a higher methylation level at CpG site 217 and lower methylation levels at CpG
site 327 and CpG site 362. Drug responders (n = 25) had a higher methylation level at CpG site 24 and
CpG site 324 than the non-responders (n = 11). Patients with MDD had a lower serum BDNF protein
and mRNA levels than the healthy controls. In conclusion, these results showed that BDNF exon
IX promoter methylation levels, serum BDNF protein level, and serum BDNF mRNA level could
contribute to the pathophysiology of a major depressive disorder.
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1. Introduction

Brain-derived neurotrophic factor (BDNF) has been established as a candidate molecule for
the pathophysiology of neuropsychiatric disorders, such as schizophrenia [1] and major depressive
disorder (MDD) [2-5]. Many past studies have shown the relationships between decreased serum
BDNEF protein levels and MDD [5-12]. Antidepressant treatment has also been shown to increase BDNF
levels [13]. The relationships between BDNF polymorphisms and MDD have also been extensively
studied [5,14-22]. Generally speaking, lower serum BDNF protein levels were frequently observed in
the patients with MDD, as compared with healthy controls, and the presence of BDNF polymorphisms
had been associated with lower BDNF protein levels and certain clinical phenotypes, such as suicide.

However, investigations on candidate molecules and their pathways have not fully explained the
pathophysiology of various neuropsychiatric disorders. In the recent years, epigenetic investigations
of various neuropsychiatric disorders have garnered more attention. Epigenetic modifications such as
DNA methylation, histone modifications, and non-coding RNAs can affect gene activity and expression,
without alterations in the DNA sequence. Epigenetic regulation in the postmortem brain tissues and
peripheral blood cells of psychiatric patients has been studied [5,14,23-28]. Some of those works
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focused on epigenetic alterations of promoters of BDNF gene and its receptor tyrosine kinase B
(TrkB) [5,9,14,24,25,28].

In the animal models of depression, the epigenetic modifications of the BDNF promoters have
been investigated, particularly on BDNF exons I, IV, and IX [29-32]. In clinical samples, studies had
also investigated the relationship between BDNF and TrkB methylation status and antidepressant
response, as well as their association with suicide [14,19,25,33]. In past studies, methylation levels of
BDNF exon I and IV promoters in peripheral blood were studied more extensively, and were found be
to be associated with severe mental disorders, such as schizophrenia [34,35], bipolar mania [36] and
MDD [5,24,28,37]. Methylation level of CpG site 87 of BDNF exon IV promoters in patients with MDD
could be used to predict antidepressant response [28]. However, data on the CpG sites near rs6265
(equivalent to the G196A or Val66Met polymorphism) in the BDNF region in peripheral blood has not
been studied before, especially at BDNF exon IX (coding exon) [30,38].

In this study, we aimed to investigate the associations of BDNF promoter exon IX DNA methylation,
BDNF protein, and mRNA levels in the peripheral blood of patients with MDD and healthy controls.

2. Experimental Section

2.1. Participants

From August 2010 to July 2012, patients with MDD and healthy controls were evaluated according
to DSM-1V criteria using a semi-structured interview or the Chinese Health Questionnaire-12 [39].
Institutional review board approval was obtained from the ethics committee of our medical center,
a tertiary hospital in southern Taiwan. The assessments were done by the same senior psychiatrist.
The 17-item Hamilton Depression Rating Scale (HAM-D) was used to assess severity of MDD [40].
The minimum baseline score of the 17-item HAM-D was 18. Antidepressant treatment responders
were defined as those with a minimum 50% decrease in the HAM-D total score after 4 weeks of
medical treatment. The antidepressants used were all selective serotonin reuptake inhibitors (SSRI),
including fluoxetine 20-40 mg/day, paroxetine 20-40 mg/day, and escitalopram 20-40 mg/day. Patients
were allowed the combined use of benzodiazepines (i.e., lorazepam 3 mg/day) or hypnotics (i.e.,
zolpidem 10 mg/day). No patient received mood stabilizers or antipsychotic drugs. The patients did
not have systemic diseases, including cardiovascular, liver and thyroid diseases. All patients did not
receive any drugs for at least 2 weeks before entering the study. They were also not heavy smokers or
alcohol-dependent. The patients had the ability to complete the written informed consent.

2.2. Assessments of Serum BDNF Protein, mRNA, and DNA Methylation Levels

Venous blood (15 mL) was obtained from each sample to analyze the BDNF protein, mRNA, and
exon IX promoter methylation levels in all participants at baseline. Those biological markers in the
patients with MDD were checked again after four weeks of antidepressant treatment.

2.2.1. DNA Isolation and Bisulfite Treatment

Genomic DNA was isolated using the Easy Blood genomic DNA purification kit (Genemark,
Taichung, Taiwan), following the manufacturer’s instructions. DNA from the Lymphocytes. Genomic
DNA (500 ng) was converted with sodium bisulfite using the EZ DNA methylation kit (Zymo Research,
Irvine, CA, USA) [41,42]. The concentration of sodium bisulfate-treated DNA was measured using an
ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), and 20 ng of treated
DNA was used in a region-specific PCR.

2.2.2. Pyrosequencing Analysis

We chose 14 CpG sites near rs6265 in the BDNF exon IX. Pyrosequencing analysis was performed
after polymerase chain reaction (PCR). The detailed information of those sites was the same as
previously described [43].
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2.2.3. Serum BDNF Protein Levels

Serum BDNF protein levels were measured with a commercially available ELISA kit, as previously
described [43].

2.2.4. mRNA Isolation and Reverse Transcription-Polymerase Chain Reaction

RNA was isolated after peripheral blood was collected. The RNA was then reverse-transcribed
into cDNA, and quantitative PCR was performed. The detailed information of those sites was the same
as previously described [43].

2.3. Data Analysis

All results are expressed as mean =+ standard deviation (SD). Statistical differences in serum BDNF
protein level, mRNA, and exon IX CpG sites methylation density levels of patients with MDD and
healthy controls were determined by analysis of variance (ANOVA), analysis of co-variance (ANCOVA)
with age or body mass index (BMI) adjustment, or independent t-test. Comparison of data acquired at
baseline and after four weeks of antidepressant treatment was made with paired t-test. p values < 0.05
were considered to be statistically significant.

3. Results

3.1. Demographic Data

From August 2010 to July 2012, 51 patients with MDD and 62 healthy controls were recruited for
this study. Their demographic data and serum BDNF mRNA levels at baseline of all participants are
shown in Table 1.

Table 1. Demographic data and serum BDNF mRNA levels at baseline of all participants.

. Duration of Hamilton-17 BDNF
. . BMI Education .
Diagnostic Groups Age P Illness Item Rating mRNA
(kg/m?) (years)

(years) Score Levels
Healthy Controls (n = 62) 302 +£5.6 224+42 174+ 138 26+18
Men (n = 23) 272 +41 242 +43 18.0+3.2 26+14
Women (1 = 39) 32.0+£5.7 214 +3.9 172+ 1.0 26+20
MDD (n = 51) 422 +11.8 225+44 122 +£33 50+57 33.1+49 1.6+1.6
Men (n = 16) 413 +10.4 240+52 125+ 3.2 49 +57 344 +34 09+05
Women (1 = 35) 42.6 +12.5 219 +39 120+ 34 50+58 325+54 1.8+19

BDNEF: brain-derived neurotrophic factor; BMI = body mass index; MDD: major depressive disorder

3.2. BDNF Exon IX Promoter Methylation Sequential Analysis

Of the 113 participants, 39 patients with MDD (mean age = 42.4 + 10.8 years, BMI = 22.1 + 4.1 kg/m?,
male/female = 9/30) and 62 healthy controls completed the BDNF exon IX promoter methylation
sequential analysis. The methylation density levels of the 14 CpG sites evaluated are shown in Figure 1.

Using independent f-test, patients with major depressive disorder had a higher methylation
level at CpG site 217 (t = 4.427, p = 0.000) and lower methylation levels at CpG site 327 (t = 2.857,
p = 0.016) and CpG site 362 (t = 2.887, p = 0.017) than the healthy controls. Using ANCOVA with age
adjustment, no statistically significant differences were found in methylation levels of the 14 CpG sites.
Using ANCOVA with BMI adjustment, significant differences were detected at CpG site 362 (F = 4.080,
p = 0.046) and CpG site 391 (F = 5.072, p = 0.027). Using ANCOVA with both age and BMI adjustment,
a significant difference was found at CpG site 348 (F = 4.003, p = 0.035).
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Methylation levels of 14 CpG sites of BDNF exon IX
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Figure 1. Methylation levels of 14 CpG sites of BDNF exon IX in patients with MDD and the healthy
controls. (* p < 0.05)

Drug responders (n = 25) had significantly higher methylation levels at CpG site 24 (t = 2.273,
p = 0.029) and CpG site 324 (t = 2.252, p = 0.031) than non-responders (n = 11), using independent
t-test (Figure 2). Between patients with (n = 12) and without a suicide attempt (1 = 27), no significant
differences were detected in the methylation levels of 14 CpG sites.

Methylation levels between responders and non-responders
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Figure 2. Methylation levels of 14 CpG sites of BDNF exon IX between drug responders and
non-responders. (* p < 0.05)
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3.3. Serum BDNF Protein Level

The serum BDNF protein levels of 48 patients with MDD and 62 healthy controls were assessed.
The mean levels of serum BDNF protein were 5.6 + 4.5 ng/mL and 7.9 + 3.2 ng/mL, respectively, in
patients with MDD and the healthy controls (Figure 3). Using an independent t-test, patients with MDD
had significantly lower BDNF protein levels than healthy controls (t = 3.177, p = 0.002). No statistically
significant difference was detected between patients and controls when analyzed with ANCOVA
with age adjustment (F = 0.044, p = 0.835), ANCOVA with BMI adjustment (F = 0.902, p = 0.344), or
ANCOVA with age and BMI adjustment (F = 1.849, p = 0.177).

After four weeks of antidepressant treatment, serum BDNF protein levels were 6.3 + 5.6 ng/mL.
Using a paired t-test, no significant changes were detected (f = 0.658, p = 0.512).

Serum BDNF protein levels
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12 f ¥
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Figure 3. Serum BDNF protein levels (ng/mL) in patients with MDD and the healthy controls. (* p < 0.05)
3.4. Blood BDNF mRNA

The BDNF mRNA levels of 51 patients with MDD and 62 healthy controls were checked. The mean
levels of serum BDNF mRNA were 1.6 + 1.6 and 2.6 + 1.8, respectively, in patients with MDD and the
healthy controls (Figure 4). Using an independent t-test, patients with MDD had significantly lower
BDNF mRNA levels than the healthy controls (f = 3.120, p = 0.002). No statistically significant difference
was detected between patients and controls when analyzed with ANCOVA with age adjustment
(F =2.283, p = 0.134), ANCOVA with BMI adjustment (F = 0.213, p = 0.646), or ANCOVA with age and
BMI adjustment (F = 0.019, p = 0.891).

After four weeks of antidepressant treatment, serum BDNF mRNA levels of 48 patients were
measured, with a mean level of 1.8 + 1.4. Using a paired f-test, no significant changes were detected
(f =1.586, p = 0.120).
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Figure 4. Serum BDNF mRNA levels (relative expression) in patients with MDD and the healthy
controls. (* p < 0.05)

4. Discussion

The most important findings were that patients with MDD had a significantly higher methylation
level at CpG site 217 and lower methylation levels at CpG site 327 and CpG site 362 in BDNF exon IX
than the healthy controls, along with lower BDNF protein and mRNA levels. BDNF gene has many
exons, but most earlier DNA methylation studies focused on BDNF exon I and IV, and data on exon
IX was relatively scarce. In a Japanese study, 29 out of 35 investigated CpG sites in BDNF exon I
were differentially methylated between patients with MDD and healthy controls, but no significant
difference was detected in methylations of BDNF exon IV [24]. D’Addario et al. reported higher
methylation of BDNF exon I promoter and lower BDNF gene expression in patients with MDD [44].
In a study sampling patients with MDD as well as bipolar disorder, patients with MDD had higher
BDNEF exon I promoter methylation levels than patients with bipolar disorder and healthy controls [45].
Their follow-up study found higher BDNF exon I promoter methylation levels in both patients with
MDD and patients with bipolar II disorder, but not in patients with bipolar I disorder; when analysis
was performed based on the mood state instead of diagnosis, the study also found that methylation
levels of patients in a depressive state were significantly higher, compared to the levels of patients
in manic/mixed states [46]. In a study using buccal tissues of geriatric patients with MDD, DNA
methylation levels of both BDNF promoters I and IV were associated with depression at baseline,
and chronic late-life depression over the 12-year follow-up period [47]. Three single nucleotide
polymorphisms, including rs6265, were found to modify the association between depression and
BDNF promoter I methylation [47]. Those studies provided a lot of data associating abnormal DNA
methylation levels of BDNF exon I, and to some extent, BDNF exon IV, with MDD. In several Korean
studies, the DNA methylation of the BDNF promoter region was evaluated using four to seven CpG
sites in CpG-rich region of the promoter between —694 and —577. In a follow-up study of patients with
post stroke depression, a higher BDNF methylation level was associated with prevalence, persistence,
and incidence of depression, and with worsening depressive symptoms over follow-up [48]. In patients
with breast cancer after mastectomy, a higher BDNF methylation level was associated with the diagnosis
of depression and with more severe symptoms throughout the study period [49]. In geriatric patients
with depression, a higher BDNF methylation level was associated with both the prevalence and
incidence of depression diagnosis, as well as symptom severity [50]. In patients with acute coronary
syndrome evaluated for depressive disorder, a higher BDNF methylation level was associated with
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prevalent depressive disorder at baseline and with its persistence at follow-up [51]. In patients with
MDD, BDNF promoter methylation level was inversely correlated with the integrity of anterior corona
radiata [52]. In patients with recurrent MDD, higher levels of BDNF promoter methylation were closely
associated with the reduced cortical thickness, and serum BDNF levels were also significantly lower in
MDD [53]. In geriatric women, a higher BDNF DNA methylation level was detected in those with
anxiety/depression compared to healthy controls [54]. The majority of the aforementioned studies
increased methylation levels in patients with MDD [55]. However, there had been few studies focusing
on DNA methylation levels of BDNF exon IX promoter.

In terms of BDNF polymorphism rs6265, we did not find any significant difference on CpG site
140 methylation. The findings on rs6265 and DNA methylation levels were not always consistent
in the past. Three SNPs, including rs6265, were found to modify the association between late-life
depression and BDNF exon I promoter methylation levels [47]. The presence of Met allele of rs6265
was associated with prevalent post stroke depression, but not with persistent and incident types, nor
with depression severity. [48]. In geriatric women, a greater BDNF DNA methylation was observed
in those with anxiety/depression compared to healthy controls, and interestingly, the difference was
more pronounced in patients with the rs6265 CT genotype than with the CC genotype [54]. Other
studies noted no significant association with rs6265, however. In a study involving patients with MDD
and bipolar disorder, no significant genotype-methylation interactions were found with rs6265 [45].
No significant interaction was detected between the BDNF methylation level and rs6265 in patients with
breast cancer after mastectomy [49] or in geriatric patients with depression [50,56]. While BDNF rs6265
was widely investigated in MDD, its significance with epigenetics required further investigations.

Regarding suicide, in our study, no significant differences in methylation levels were found in
the 14 CpG sites between patients with and without a suicide attempt. Most earlier studies found
an association between increased BDNF methylation levels with suicide. In the postmortem brain
samples from suicide subjects, BDNF promoter IV methylation levels were significantly increased, as
compared to controls [37]. A higher level of BDNF promoter methylation was significantly associated
with suicide history, suicidal ideations, and suicide scale score [5]. A higher BDNF methylation level
was also significantly associated with both the prevalence and the incidence of suicidal ideation [56].
Suicide is a severe clinical symptom in MDD, and its association with DNA methylation warrants
further research.

In our study, antidepressant responders had higher methylation levels at CpG site 24 and CpG
site 324 of BDNF exon IX than non-responders. Earlier studies also showed interactions between
BDNF methylation status with treatment response. Patients treated with both mood stabilizers and
antidepressants had decreased BDNF exon I promoter methylation compared to patients treated
with antidepressants alone [44]. Lack of methylation of CpG site-87 of BDNF exon IV promoter was
associated with treatment nonresponse in patients with MDD [28]. However, in the follow-up study of
Tadic et al.’s work, the predictor function of CpG-87 of BDNF exon IV promoter was not replicated,
but in a subgroup of patients with severe depression, patients with hypermethylation at CpG-87 had
significantly higher remission rates than patients without a methylation [57]. In patients after acute
coronary syndrome, increased BDNF methylation was associated with that finding that escitalopram
was more effective than placebo for treating depressive disorder, and this effects lead to prevent
persistent depressive disorder [51]. In addition to medical treatment, electroconvulsive therapy (ECT)
could be associated with BDNF DNA methylation. Patients remitting under ECT had significantly
lower mean promoter methylation rates of BDNF exon I, IV and VI, especially concerning the exon I
promoter, compared to non-remitters [58]. Antidepressant treatment response is an important clinical
indicator, and its association with epigenetic biomarker could pave the way for individualized medicine
in the future.

Our data simultaneously showed that patients with MDD had lower BDNF protein and mRNA
levels than the healthy controls, which was compatible with many previous reports [12,59], but not
with other reports [11,60].
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In conclusion, these results showed that patients with MDD and healthy controls had significantly
different BDNF exon IX promoter methylation levels, BDNF protein level, and mRNA level in
peripheral blood. Our data also showed that some CpG sites were differentially methylated between
antidepressant responders and non-responders. The mainstream theory is that increased BDNF
promoter methylations would lead to impaired DNA expression, thus causing a decrease in protein
production. However, different studies tend to utilize different approaches, such as the number of
CpG sites surveyed (from 4 to 35 in our citations) and how their methylation levels were calculated (as
individual levels vs. a total or global level). Those methodological differences make it difficult to draw
a unifying conclusion to develop reliable diagnostic or outcome prediction tools, but as we gain more
and more understanding of the interconnecting mechanisms of various pathways, we should in turn
develop a better understanding of the underlying pathophysiology of psychiatric disorders.

Author Contributions: Conceptualization, T.-L.H.; Methodology, M.-T.H., C.-C.L., C.-T.L., and T.-L.H.; Software,
M.-T.H. and C.-C.L,; Validation, C.-T.L. and T.-L.H.; Formal Analysis, C.-C.L. and T.-L.H.; Investigation, M.-T.H.,
C.-C.L.,C.-T.L., and T.-L.H.; Resources, C.-T.L., and T.-L.H.; Data Curation, M.-T.H., C.-C.L., C.-T.L., and T.-L.H.;
Writing—Original Draft Preparation, M.-T.H. and C.-C.L.; Writing—Review & Editing, C.-T.L. and T.-L.H.;
Supervision, T.-L.H.; Project Administration, T.-L.H.; Funding Acquisition, T.-L.H.

Funding: This work was supported by a clinical research grant from the National Science Council
(NSC99-2628-B-182-002), Taiwan.

Acknowledgments: We would like to thank Ya-Ting Lo for laboratory and administrative assistances throughout
the project.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Martinotti, G.; Di Iorio, G.; Marini, S.; Ricci, V.; De Berardis, D.; Di Giannantonio, M. Nerve growth factor
and brain-derived neurotrophic factor concentrations in schizophrenia: A review. J. Boil. Regul. Homeost.
Agents 2012, 26, 347-356.

2. Lopes, M.; Fregni, F; Brunoni, A.R. A systematic review and meta-analysis of clinical studies on
major depression and BDNF levels: Implications for the role of neuroplasticity in depression. Int. ].
Neuropsychopharmacol. 2008, 11, 1169-1180.

3.  Krishnan, V,; Nestler, E.J. The molecular neurobiology of depression. Nat. Cell Boil. 2008, 455, 894-902.
[CrossRef] [PubMed]

4. Dwivedi, Y. Brain-derived neurotrophic factor: Role in depression and suicide. Neuropsychiatr. Dis. Treat.
2009, 5, 433-449. [CrossRef]

5. Kang, H.J.; Kim, ].M.; Lee, ].Y,; Kim, S.Y.; Bae, K.Y.; Kim, S.W,; Shin, I.S.; Kim, H.R.; Shin, M.G.; Yoon, J.S.
BDNF promoter methylation and suicidal behavior in depressive patients. J. Affect. Disord. 2013, 151,
679-685. [CrossRef]

6. Duman, R.S.; Heninger, G.R.; Nestler, E.J. A Molecular and Cellular Theory of Depression. Arch. Gen.
Psychiatry 1997, 54, 597-606. [CrossRef]

7. Altar, C.A. Neurotrophins and depression. Trends Pharmacol. Sci. 1999, 20, 59-61. [CrossRef]

8. Nestler, E.J.; Barrot, M.; DiLeone, R.J.; Eisch, A.].; Gold, S.J.; Monteggia, L.M. Neurobiology of depression.
Neuron 2002, 34, 13-25. [CrossRef]

9.  Dwivedi, Y.; Rizavi, H.S.; Conley, R.R.; Roberts, R.C.; Tamminga, C.A.; Pandey, G.N. Altered Gene Expression
of Brain-Derived Neurotrophic Factor and Receptor Tyrosine Kinase B in Postmortem Brain of Suicide
Subjects. Arch. Gen. Psychiatry 2003, 60, 804. [CrossRef] [PubMed]

10. Gonul, A.S.; Akdeniz, F; Taneli, E; Donat, O.; Eker, C.; Vahip, S. Effect of treatment on serum brain-derived
neurotrophic factor levels in depressed patients. Eur. Arch. Psychiatry Clin. Neurosci. 2005, 255, 381-386.
[CrossRef]

11. Huang, T.-L.; Lee, C.-T,; Liu, Y.-L. Serum brain-derived neurotrophic factor levels in patients with major
depression: Effects of antidepressants. J. Psychiatr. 2008, 42, 521-525. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nature07455
http://www.ncbi.nlm.nih.gov/pubmed/18923511
http://dx.doi.org/10.2147/NDT.S5700
http://dx.doi.org/10.1016/j.jad.2013.08.001
http://dx.doi.org/10.1001/archpsyc.1997.01830190015002
http://dx.doi.org/10.1016/S0165-6147(99)01309-7
http://dx.doi.org/10.1016/S0896-6273(02)00653-0
http://dx.doi.org/10.1001/archpsyc.60.8.804
http://www.ncbi.nlm.nih.gov/pubmed/12912764
http://dx.doi.org/10.1007/s00406-005-0578-6
http://dx.doi.org/10.1016/j.jpsychires.2007.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17585940

J. Clin. Med. 2019, 8, 568 9of11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Karege, F.; Bondolfi, G.; Gervasoni, N.; Schwald, M.; Aubry, J.-M.; Bertschy, G. Low Brain-Derived
Neurotrophic Factor (BDNF) levels in serum of depressed patients probably results from lowered platelet
BDNF release unrelated to platelet reactivity. Boil. Psychiatry 2005, 57, 1068-1072. [CrossRef]

Martinotti, G.; Pettorruso, M.; De Berardis, D.; Varasano, P.A.; Pressanti, G.L.; De Remigis, V.; Valchera, A.;
Ricci, V.; Di Nicola, M.; Janiri, L.; et al. Agomelatine Increases BDNF Serum Levels in Depressed Patients
in Correlation with the Improvement of Depressive Symptoms. Int. |. Neuropsychopharmacol. 2016, 19.
[CrossRef]

Ernst, C.; Deleva, V.; Deng, X.; Sequeira, A.; Pomarenski, A.; Klempan, T.; Ernst, N.; Quirion, R.; Gratton, A.;
Szyf, M.; et al. Alternative Splicing, Methylation State, and Expression Profile of Tropomyosin-Related
Kinase B in the Frontal Cortex of Suicide Completers. Arch. Gen. Psychiatry 2009, 66, 22. [CrossRef] [PubMed]
Gau, Y.T; Liou, YJ.; Yu, YW,; Chen, TJ.; Lin, M.W,; Tsai, S.J.; Hong, C.J. Evidence for association between
genetic variants of p75 neurotrophin receptor (p75NTR) gene and antidepressant treatment response in
Chinese major depressive disorder. Am. |. Med. Genet. Part B Neuropsychiatric Genet. 2008, 147b, 594-599.
[CrossRef]

Gratacos, M.; Soria, V.; Urretavizcaya, M.; Gonzalez, J.R.; Crespo, ].M.; Bayes, M.; de Cid, R.; Menchon, ].M.;
Vallejo, J.; Estivill, X. A brain-derived neurotrophic factor (BDNF) haplotype is associated with antidepressant
treatment outcome in mood disorders. Pharmacogenom. J. 2008, 8, 101-112. [CrossRef]

Huo, S.-J.; Yen, E-C; Tung, C.-L.; Pan, G.-M.; Hong, C.-J.; Tsai, S.-]. Association Study of a Brain-Derived
Neurotrophic-Factor Genetic Polymorphism and Mood Disorders, Age of Onset and Suicidal Behavior.
Neuropsychobiology 2003, 48, 186-189.

Kaufman, J.; Yang, B.-Z.; Douglas-Palumberi, H.; Grasso, D.; Lipschitz, D.; Houshyar, S.; Krystal, ] H.;
Gelernter, J. Brain-Derived Neurotrophic Factor-5-HTTLPR Gene Interactions and Environmental Modifiers
of Depression in Children. Boil. Psychiatry 2006, 59, 673—-680. [CrossRef]

Licinio, J.; Dong, C.; Wong, M.-L. Novel sequence variations in the brain-derived neurotrophic factor gene
and association with major depression and antidepressant treatment response. Arch. Gen. Psychiatry 2009,
66, 488-497. [CrossRef]

Schumacher, J.; Jamra, R.A.; Becker, T.; Ohlraun, S.; Klopp, N.; Binder, E.B.; Schulze, T.G.; Deschner, M.;
Schmal, C.; Hofels, S.; et al. Evidence for a Relationship Between Genetic Variants at the Brain-Derived
Neurotrophic Factor (BDNF) Locus and Major Depression. Boil. Psychiatry 2005, 58, 307-314. [CrossRef]
Tsai, S.J.; Cheng, C.Y.; Yu, YW.; Chen, T.].; Hong, C.J. Association study of a brain-derived neurotrophic-factor
genetic polymorphism and major depressive disorders, symptomatology, and antidepressant response. Am. J.
Med. Genet. Part B Neuropsychiatric Genet. 2003, 123B, 19-22. [CrossRef]

Tsai, S.-].; Hong, C.-J.; Liou, Y.-]. Brain-derived neurotrophic factor and antidepressant action: Another piece
of evidence from pharmacogenetics. Pharmacogenomics 2008, 9, 1353-1358. [CrossRef] [PubMed]

Akbarian, S.; Huang, H.S. Epigenetic regulation in human brain-focus on histone lysine methylation.
Biol. Psychiatry 2009, 65, 198-203. [CrossRef] [PubMed]

Fuchikami, M.; Morinobu, S.; Segawa, M.; Okamoto, Y.; Yamawaki, S.; Ozaki, N.; Inoue, T.; Kusumi, I;
Koyama, T.; Tsuchiyama, K.; et al. DNA methylation profiles of the brain-derived neurotrophic factor (BDNF)
gene as a potent diagnostic biomarker in major depression. PloS ONE 2011, 6, €23881. [CrossRef] [PubMed]
Mellios, N.; Huang, H.-S.; Baker, S.P.; Galdzicka, M.; Ginns, E.; Akbarian, S. Molecular Determinants of
Dysregulated GABAergic Gene Expression in the Prefrontal Cortex of Subjects with Schizophrenia. Boil.
Psychiatry 2009, 65, 1006-1014. [CrossRef] [PubMed]

Mill, J.; Tang, T.; Kaminsky, Z.; Khare, T.; Yazdanpanah, S.; Bouchard, L.; Jia, P.; Assadzadeh, A.; Flanagan, J.;
Schumacher, A_; et al. Epigenomic Profiling Reveals DNA-Methylation Changes Associated with Major
Psychosis. Am. |. Hum. Genet. 2008, 82, 696-711. [CrossRef]

Sweatt, ].D. Experience-dependent epigenetic modifications in the central nervous system. Biol. Psychiatry
2009, 65, 191-197. [CrossRef]

Frieling, H.; Lieb, K.; Bleich, S.; Kotsiari, A.; Tadic, A.P. 1.a.026 Methylation of the promoter of brain-derived
neurotrophic factor exon IV and antidepressant response in major depression. Eur. Neuropsychopharmacol.
2014, 24, S169. [CrossRef]

Berton, O. Essential Role of BDNF in the Mesolimbic Dopamine Pathway in Social Defeat Stress. Science
2006, 311, 864-868. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.biopsych.2005.01.008
http://dx.doi.org/10.1093/ijnp/pyw003
http://dx.doi.org/10.1001/archpsyc.66.1.22
http://www.ncbi.nlm.nih.gov/pubmed/19124685
http://dx.doi.org/10.1002/ajmg.b.30646
http://dx.doi.org/10.1038/sj.tpj.6500460
http://dx.doi.org/10.1016/j.biopsych.2005.10.026
http://dx.doi.org/10.1001/archgenpsychiatry.2009.38
http://dx.doi.org/10.1016/j.biopsych.2005.04.006
http://dx.doi.org/10.1002/ajmg.b.20026
http://dx.doi.org/10.2217/14622416.9.9.1353
http://www.ncbi.nlm.nih.gov/pubmed/18781861
http://dx.doi.org/10.1016/j.biopsych.2008.08.015
http://www.ncbi.nlm.nih.gov/pubmed/18814864
http://dx.doi.org/10.1371/journal.pone.0023881
http://www.ncbi.nlm.nih.gov/pubmed/21912609
http://dx.doi.org/10.1016/j.biopsych.2008.11.019
http://www.ncbi.nlm.nih.gov/pubmed/19121517
http://dx.doi.org/10.1016/j.ajhg.2008.01.008
http://dx.doi.org/10.1016/j.biopsych.2008.09.002
http://dx.doi.org/10.1016/S0924-977X(14)70257-3
http://dx.doi.org/10.1126/science.1120972
http://www.ncbi.nlm.nih.gov/pubmed/16469931

J. Clin. Med. 2019, 8, 568 10 of 11

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Roth, T.L.; Lubin, ED.; Funk, A.J.; Sweatt, J.D. Lasting epigenetic influence of early-life adversity on the bdnf
gene. Boil. Psychiatry 2009, 65, 760-769. [CrossRef] [PubMed]

Tsankova, N.; Renthal, W.; Kumar, A.; Nestler, E.J. Epigenetic regulation in psychiatric disorders. Nat. Rev.
Neurosci. 2007, 8, 355-367. [CrossRef]

Tsankova, N.M.; Berton, O.; Renthal, W.; Kumar, A.; Neve, R.L.; Nestler, E.J. Sustained hippocampal
chromatin regulation in a mouse model of depression and antidepressant action. Nat. Neurosci. 2006, 9,
519-525. [CrossRef]

Keller, S.; Sarchiapone, M.; Zarrilli, F; Tomaiuolo, R.; Carli, V.; Angrisano, T.; Videtic, A.; Amato, F,; Pero, R;;
Di Giannantonio, M.; et al. TrkB gene expression and DNA methylation state in Wernicke area does not
associate with suicidal behavior. J. Affect. Disord. 2011, 135, 400-404. [CrossRef]

Ikegame, T.; Bundo, M.; Murata, Y.; Kasai, K.; Kato, T.; Iwamoto, K. DNA methylation of the BDNF gene and
its relevance to psychiatric disorders. |. Hum. Genet. 2013, 58, 434-438. [CrossRef]

Roth, T.L.; Lubin, ED.; Sodhi, M.; Kleinman, J.E. Epigenetic mechanisms in schizophrenia. Biochim. Biophys.
Acta 2009, 1790, 869-877. [CrossRef]

D’Addario, C.; Dell’Osso, B.; Palazzo, M.C.; Benatti, B.; Lietti, L.; Cattaneo, E.; Galimberti, D.; Fenoglio, C.;
Cortini, F; Scarpini, E.; et al. Selective DNA Methylation of BDNF Promoter in Bipolar Disorder: Differences
Among Patients with BDI and BDII. Neuropsychopharmacol 2012, 37, 1647-1655. [CrossRef] [PubMed]
Keller, S.; Sarchiapone, M.; Zarrilli, F,; Videtic, A.; Ferraro, A.; Carli, V.; Sacchetti, S.; Lembo, F.; Angiolillo, A.;
Jovanovi¢, N.; et al. Increased BDNF Promoter Methylation in the Wernicke Area of Suicide Subjects. Arch.
Gen. Psychiatry 2010, 67, 258-267. [CrossRef]

Pruunsild, P.; Kazantseva, A.; Aid, T.; Palm, K.; Timmusk, T.; Kazantseval, A. Dissecting the human BDNF
locus: Bidirectional transcription, complex splicing, and multiple promoters. Genomics 2007, 90, 397—406.
[CrossRef]

Chong, M.-Y.; Wilkinson, G. Validation of 30- and 12-item versions of the Chinese Health Questionnaire
(CHQ) in patients admitted for general health screening. Psychol. Med. 1989, 19, 495. [CrossRef]

Hamilton, M. Development of a Rating Scale for Primary Depressive Illness. Br. J. Soc. Clin. Psychol. 1967, 6,
278-296. [CrossRef]

Bibikova, M.; Lin, Z.; Zhou, L.; Chudin, E.; Garcia, EW.; Wu, B.; Doucet, D.; Wang, Y.; Vollmer, E.;
Goldmann, T;; et al. High-throughput DNA methylation profiling using universal bead arrays. Genome Res.
2006, 16, 383-393. [CrossRef] [PubMed]

Tai, K.-Y,; Shiah, S.-G.; Shieh, Y.-S.; Kao, Y.-R.; Chi, C.-Y,; Huang, E.; Lee, H.-S.; Chang, L.-C.; Yang, P.-C.;
Wu, C.-W. DNA methylation and histone modification regulate silencing of epithelial cell adhesion molecule
for tumor invasion and progression. Oncogene 2007, 26, 3989-3997. [CrossRef]

Lin, C.C.; Hung, Y.Y.; Huang, T.L. Associations between DNA methylation of Promoter Exon IX, Serum Protein
and mRNA levels of Brain-derived Neurotrophic factor in Patients with Bipolar Mania. Neuropsychiatry 2018,
8,224-231.

D’Addario, C.; Dell’'Osso, B.; Galimberti, D.; Palazzo, M.C.; Benatti, B.; Di Francesco, A.; Scarpini, E.;
Altamura, A.C.; Maccarrone, M. Epigenetic Modulation of BDNF Gene in Patients with Major Depressive
Disorder. Boil. Psychiatry 2013, 73, e6—€7. [CrossRef] [PubMed]

Carlberg, L.; Scheibelreiter, J.; Hassler, M.R.; Schloegelhofer, M.; Schmoeger, M.; Ludwig, B.; Kasper, S.;
Aschauer, H.; Egger, G.; Schosser, A. Brain-derived neurotrophic factor (BDNF)—Epigenetic regulation in
unipolar and bipolar affective disorder. . Affect. Disord. 2014, 168, 399-406. [CrossRef]

Dell, B.; Palazzo, M.C.; Benatti, B.; Camuri, G.; Galimberti, D.; Fenoglio, C.; Scarpini, E.; Di Francesco, A.;
Maccarrone, M. Epigenetic modulation of BDNF gene: Differences in DNA methylation between unipolar
and bipolar patients. J. Affect. Disord. 2014, 166, 330-333. [CrossRef]

Januar, V.; Ancelin, M.-L.; Ritchie, K.; Saffery, R.; Ryan, ]. BDNF promoter methylation and genetic variation
in late-life depression. Transl. Psychiatry 2015, 5, e619. [CrossRef] [PubMed]

Kim, J.-M.; Stewart, R.; Kang, H.-J.; Kim, S.-Y; Kim, S.-W.; Shin, I.-S.; Park, M.-S.; Kim, H.-R.; Shin, M.-G.;
Cho, K.-H.; et al. A longitudinal study of BDNF promoter methylation and genotype with poststroke
depression. J. Affect. Disord. 2013, 149, 93-99. [CrossRef] [PubMed]

Kang, H.-J.; Kim, J.-M.; Kim, S.-Y.; Kim, S.-W.; Shin, I.-S.; Kim, H.-R.; Park, M.-H.; Shin, M.-G.; Yoon, J.-H.;
Yoon, ].-S. A Longitudinal Study of BDNF Promoter Methylation and Depression in Breast Cancer. Psychiatry
Investig. 2015, 12, 523-531.


http://dx.doi.org/10.1016/j.biopsych.2008.11.028
http://www.ncbi.nlm.nih.gov/pubmed/19150054
http://dx.doi.org/10.1038/nrn2132
http://dx.doi.org/10.1038/nn1659
http://dx.doi.org/10.1016/j.jad.2011.07.003
http://dx.doi.org/10.1038/jhg.2013.65
http://dx.doi.org/10.1016/j.bbagen.2009.06.009
http://dx.doi.org/10.1038/npp.2012.10
http://www.ncbi.nlm.nih.gov/pubmed/22353757
http://dx.doi.org/10.1001/archgenpsychiatry.2010.9
http://dx.doi.org/10.1016/j.ygeno.2007.05.004
http://dx.doi.org/10.1017/S0033291700012526
http://dx.doi.org/10.1111/j.2044-8260.1967.tb00530.x
http://dx.doi.org/10.1101/gr.4410706
http://www.ncbi.nlm.nih.gov/pubmed/16449502
http://dx.doi.org/10.1038/sj.onc.1210176
http://dx.doi.org/10.1016/j.biopsych.2012.07.009
http://www.ncbi.nlm.nih.gov/pubmed/22901293
http://dx.doi.org/10.1016/j.jad.2014.07.022
http://dx.doi.org/10.1016/j.jad.2014.05.020
http://dx.doi.org/10.1038/tp.2015.114
http://www.ncbi.nlm.nih.gov/pubmed/26285129
http://dx.doi.org/10.1016/j.jad.2013.01.008
http://www.ncbi.nlm.nih.gov/pubmed/23399480

J. Clin. Med. 2019, 8, 568 11 0f 11

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Kang, H.-J.; Kim, J.-M.; Bae, K.-Y,; Kim, 5.-W.; Shin, I.-S.; Kim, H.-R.; Shin, M.-G.; Yoon, ].-S. Longitudinal
associations between BDNF promoter methylation and late-life depression. Neurobiol. Aging 2015, 36,
1764.e1-1764.e7. [CrossRef]

Kim, J.-M.; Stewart, R.; Kang, H.-].; Bae, K.-Y,; Kim, S.-W.; Shin, L-S.; Hong, Y.J.; Ahn, Y.; Jeong, M.H.;
Yoon, J.-S. BDNF methylation and depressive disorder in acute coronary syndrome: The K-DEPACS and
EsDEPACS studies. Psychoneuroendocrinology 2015, 62, 159-165. [CrossRef]

Choi, S.; Han, K.-M.; Won, E.; Yoon, B.-].; Lee, M.-S.; Ham, B.-J. Association of brain-derived neurotrophic
factor DNA methylation and reduced white matter integrity in the anterior corona radiata in major depression.
J. Affect. Disord. 2015, 172, 74-80. [CrossRef] [PubMed]

Na, K.-S.; Won, E.; Kang, J.; Chang, H.S.; Yoon, H.-K.; Tae, W.S.; Kim, Y.-K_; Lee, M.-S ; Joe, S.-H.; Kim, H.;
et al. Brain-derived neurotrophic factor promoter methylation and cortical thickness in recurrent major
depressive disorder. Sci. Rep. 2016, 6, 21089. [CrossRef] [PubMed]

Chagnon, Y.C.; Potvin, O.; Hudon, C.; Préville, M. DNA methylation and single nucleotide variants in
the brain-derived neurotrophic factor (BDNF) and oxytocin receptor (OXTR) genes are associated with
anxiety/depression in older women. Front. Genet. 2015, 6, 230. [CrossRef]

Li, M,; D’Arcy, C.; Li, X.; Zhang, T.; Joober, R.; Meng, X. What do DNA methylation studies tell us about
depression? A systematic review. Transl. Psychiatry 2019, 9, 68. [CrossRef]

Kim, ]J.-M.; Kang, H.-J.; Bae, K.-Y.; Kim, S.-W.; Shin, 1.-S.; Kim, H.-R.; Shin, M.-G.; Yoon, ].-S. Association
of BDNF Promoter Methylation and Genotype with Suicidal Ideation in Elderly Koreans. Am. |. Geriatr.
Psychiatry 2014, 22, 989-996. [CrossRef]

Lieb, K.; Dreimuller, N.; Wagner, S.; Schlicht, K.; Falter, T.; Neyazi, A.; Muller-Engling, L.; Bleich, S.; Tadic, A.;
Frieling, H. BDNF Plasma Levels and BDNF Exon IV Promoter Methylation as Predictors for Antidepressant
Treatment Response. Front. Psychiatry 2018, 9, 511. [CrossRef]

Kleimann, A.; Kotsiari, A.; Sperling, W.; Groschl, M.; Heberlein, A.; Kahl, K.G.; Hillemacher, T.; Bleich, S.;
Kornhuber, J.; Frieling, H. BDNF serum levels and promoter methylation of BDNF exon I, IV and VI
in depressed patients receiving electroconvulsive therapy. |. Neural Transm. (Vienna) 2015, 122, 925-928.
[CrossRef]

Lee, B.-H.; Kim, Y.-K. BDNF mRNA expression of peripheral blood mononuclear cells was decreased in
depressive patients who had or had not recently attempted suicide. J. Affect. Disord. 2010, 125, 369-373.
[CrossRef]

Otsuki, K.; Uchida, S.; Watanuki, T.; Wakabayashi, Y.; Fujimoto, M.; Matsubara, T.; Funato, H.; Watanabe, Y.
Altered expression of neurotrophic factors in patients with major depression. J. Psychiatr. 2008, 42, 1145-1153.
[CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.neurobiolaging.2014.12.035
http://dx.doi.org/10.1016/j.psyneuen.2015.08.013
http://dx.doi.org/10.1016/j.jad.2014.09.042
http://www.ncbi.nlm.nih.gov/pubmed/25451398
http://dx.doi.org/10.1038/srep21089
http://www.ncbi.nlm.nih.gov/pubmed/26876488
http://dx.doi.org/10.3389/fgene.2015.00230
http://dx.doi.org/10.1038/s41398-019-0412-y
http://dx.doi.org/10.1016/j.jagp.2014.02.011
http://dx.doi.org/10.3389/fpsyt.2018.00511
http://dx.doi.org/10.1007/s00702-014-1336-6
http://dx.doi.org/10.1016/j.jad.2010.01.074
http://dx.doi.org/10.1016/j.jpsychires.2008.01.010
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Section 
	Participants 
	Assessments of Serum BDNF Protein, mRNA, and DNA Methylation Levels 
	DNA Isolation and Bisulfite Treatment 
	Pyrosequencing Analysis 
	Serum BDNF Protein Levels 
	mRNA Isolation and Reverse Transcription-Polymerase Chain Reaction 

	Data Analysis 

	Results 
	Demographic Data 
	BDNF Exon IX Promoter Methylation Sequential Analysis 
	Serum BDNF Protein Level 
	Blood BDNF mRNA 

	Discussion 
	References

