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Brain-derived neurotrophic factor (BDNF) is a neurotrophin that modulates neuroplasticity

in the brain, and is one of the most widely investigated molecule in psychiatric disorders.

The researches of BDNF emcompassed the advance of investigative techniques of past

decades. BDNF researches ranged from protein quantilization, to RNA expression mea-

surements, to DNA sequencing, and lately but not lastly, epigenetic studies. In this review,

we will briefly address findings on BDNF protein levels, mRNA expression, Val66Met

polymorphism, and epigenetic modifications, in schizophrenia, major depressive disorder

(MDD), and bipolar disorder.
Overview

Brain-derived neurotrophic factor (BDNF) is a neurotrophin

that modulates neuronal survival and neuroplasticity in the

brain, with important roles in the growth, survival,
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differentiation and repair of neurons [1]. Human BDNF gene

consists of 11 exons and 9 promoters [2]. The most widely

studied single nucleotide polymorphism (SNP) of BDNF gene is

Val66Met polymorphism, also known as rs6265 or G196A

polymorphism [3]. The biological effects of BDNF aremediated

by the transmembrane tropomyosin-related kinase B (TrkB).
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On one hand, binding ofmature BDNF to the TrkB receptor can

trigger autophosphorylation of the tyrosine residue in the

receptor's intracellular domain and activate downstream

signaling pathways, associated with neurogenesis and neu-

roplasticity [4]. On the other hand, binding of pro-BDNF with

p75 neurotrophin receptor mediates processes opposite to

mature-BDNF, such as apoptosis, reduction in arborization,

and impairment of long term potentiation [5]. Medications are

also known to affect the BDNF pathway. For example, cyclo-

porine, an immunosuppressant associated with depression,

could decrease BDNF and TrkB mRNA expressions in the

hippocampus and midbrain of rats [6].

Past studies showed BDNF can cross the bloodebrain bar-

rier in both directions [7]. Animal studies have demonstrated

that blood BDNF levels correlated positively with cortical

BDNF levels [7,8]. Those studies have important implications

in clinical research. While cerebrospinal fluid (CSF) and brain

tissues are frequently studied in animal models, they become

difficult to acquire in clinical samples, where peripheral

samples such as serum and plasma are preferred.

BDNF has been associated with various neuropsychiatric

disorders. In this review, we will briefly address findings on

BDNF protein levels, mRNA expression, Val66Met poly-

morphism, and epigenetic modifications, in schizophrenia,

major depressive disorder (MDD), and bipolar disorder.
Schizophrenia

Protein and mRNA

From serum samples of patients with schizophrenia, lower

BDNF protein levels had also been reported [9]. In one of our

earlier studies, we found no significant differences in serum

BDNF protein levels between 126 patients with schizophrenia

and 96 healthy controls, but patients with catatonic subtype

had lower BDNF protein levels than patients with paranoid or

residual subtype [10]. After relief of catatonia with intramus-

cular injections of lorazepam, patients with catatonic

schizophrenia showed decreased serumBDNF levels [11]. In 34

drug-naive patients with first episode schizophrenia, signifi-

cantly lower baseline BDNF protein levels were observed, as

compared to healthy controls [12]. In patients with first-

episode and chronic schizophrenia, lower plasma BDNF

levels were observed [13]. From the plasma samples of 589

patients of schizophrenia and 254 patients with bipolar dis-

order, lower BDNF levels were found compared to controls;

among patients, lower BDNF levels were associated withmore

depressive episodes, shorter time in remission, and childhood

sexual abuse [14]. Those data suggested that lower peripheral

BDNF levels had been relatively consistently observed in pa-

tients with schizophrenia.

Given that schizophrenia was characterized by cognitive

deficits in addition to psychotic symptoms, and BDNF was

involved in neuroplasticity, there were studies aiming to

identify their relationships. In patients with schizophrenia,

we found their serum BDNF protein levels to be negatively

correlated with interpersonal communication of social

function and accuracy rate of conjunction search in cognitive

test [15]. In patients with first-episode and chronic
schizophrenia, worse cognitive performance was noted, and

BDNF correlated with several cognitive dimensions [13]. A

meta-analysis also found BDNF levels to be significantly

associated with several cognitive domains in patients with

schizophrenia [16].

One thing worth noting is that gender difference of BDNF

effect had been observed in schizophrenia. No difference in

serum BDNF levels between patients with schizophrenia and

body mass index (BMI) matched controls was initially re-

ported, but when gender groups were analyzed separately,

BDNF levels negatively correlated with BMI gain in females

with schizophrenia, but not in males [17]. We found that male

patients with schizophrenia with metabolic syndrome had

higher serum BDNF levels than those without [18]. Pooling our

data from the past ten years, we found BDNF levels of 224

patients with schizophrenia to be significantly lower than 390

controls, but comparable with levels of patients with MDD.

The receiver operating characteristic curve analysis showed

that BDNF levels had a moderate accuracy of differentiating

female patients with schizophrenia from controls [19].

Another study found increased plasma BDNF levels in female

patients with schizophrenia, as compared to male patients as

well as female controls [20]. Among 132 Chinese patients with

schizophrenia, female patients had lower BDNF levels

compared to males [21]. Gender difference might affect the

outcome of analyses of BDNF protein levels in patients with

schizophrenia.

In patients with schizophrenia treated with atypical anti-

psychotics for four weeks, their serum BDNF protein levels

showed no significant change after treatment; however,

serum BDNF levels were increased in the subgroup receiving

risperidone compared to that receiving clozapine, but the

phenomenonwas observed inmales only, suggesting a gender

difference in terms of drug effect [22]. After six weeks of

olanzapine or lurasidone treatment, unmedicated patients

with schizophrenia showed increase of serum BDNF levels,

and the increase was more prominent with the olanzapine

group [23]. After eight weeks of olanzapine treatment, four-

teen drug-naive patients with first-episode schizophrenia

showed no statistical significant increase of serum BDNF

levels [24]. While most data suggested an increase of BDNF

levels after medications, statistical significant increase was

not always achieved. Different treatment durations, different

drug mechanics, and even heterogenous sample populations

could all contribute to the discrepancy.

Single nucleotide polymorphism (SNP)

Met/Met allele of Val66Met polymorphism was initially

thought to increase the risk of schizophrenia [25]. Our

investigation of Val66Met polymorphism of 132 patients

with schizophrenia and 103 healthy controls found no sig-

nificant difference of allele or genotype distributions be-

tween the two groups, though a significant difference was

detected between patients with and without suicide history

[26]. A recent updated meta-analysis of 11,480 patients with

schizophrenia and 13,490 healthy controls found no associ-

ation between Val66Met polymorphism with schizophrenia

[27]. Yet, there could be a gender and ethnic difference in

how Val66Met polymorphism affect patients with
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schizophrenia. Female patients with schizophrenia with Val

allele of the BDNF Val66Met polymorphism scored higher in

PANSS scale and lower in cognitive tests, but no perfor-

mance difference was observed in male patients [28]. When

analyzing Val66Met polymorphism based on different ethnic

groups, a meta-analysis found that Met/Met genotype was a

risk factor of schizophrenia, and increased the risk of

schizophrenia up to 9% in Asian, up to 26% in European

populations, and up to 9% in people with Chinese origin [29].

In terms of antipsychotic response, a recent meta-analysis

found no association between Val66Met polymorphism and

treatment response [30]. The role of Val66Met polymorphism

in schizophrenia might not be as robust as we initially

thought, but the SNP may affect a range of clinical symp-

toms such as age of onset, treatment response, cognition,

and brain morphology [31].

Epigenetic modifications

Epigenetic modifications such as DNA methylation, histone

modifications, and non-coding RNAs can affect gene activity

and expression, without changing the DNA sequence. In a

genome-wide epigenomic analysis of the postmortem brains

of patients with schizophrenia and bipolar disorder, no sig-

nificant methylation level difference was found in BDNF gene

from controls, but Val homozygotes of Val66Met SNP in exon

IX had significantly higher DNA methylation in the four

nearby CpG sites than Val/Met or Met/Met carriers [32]. In

another study using postmortem brains of 15 patients with

schizophrenia and 15 controls, analysis of a region sur-

rounding BDNF promoter IV revealed that a single CpG site at

�93 was hypomethylated in patients with schizophrenia [33].

Using DNA from blood samples of patients with schizo-

phrenia and healthy controls, frequency of the BDNF gene

methylation was highlighted as a statistically significant

relationship between patients and controls regarding

decreased risk of disease in comparison to unmethylated

patterns [34]. In the peripheral blood cells of the patients with

schizophrenia and healthy controls, patients had a higher

methylation level at BDNF promoter I compared to controls,

but no significant difference was detected in methylation

levels of BDNF promoter IV [35].

Histone methylation is the transfer to one to three methyl

groups to lysine or arginine residues of histone proteins,

performed by histone methyltransferase. Mixed-lineage leu-

kemia 1 (MLL1) is a histone 3 lysine-specificmethyltransferase

which could affect BDNF histone modifications. We found

increased levels of blood MLL1 mRNA and BDNF exon IV

promoter H3K4me3 in patients with schizophrenia as

compared to healthy controls [36]. In the follow-up study

evaluating clozapine treatment effect, we found higher

H3K9me2 levels in patients with schizophrenia, but found no

difference in MLL1 mRNA levels, H3K9me2 levels, and

H3K27me3 levels between patients with clozapine treatment

and non-clozapine treatment [37].

The most well-studied noncoding RNAs are microRNA

(miRNA), which are 21e23 nucleotides long and can inhibit the

translation of messenger RNA (mRNA), regulating protein

expression via post-transcriptional gene silencing. A large

number of miRNAs had been investigated in schizophrenia.
For example, miR-183 levels in the whole blood samples were

significantly decreased in the patients with tumor alone than

the patients with comorbid tumor and schizophrenia [38]. The

study design and investigated targets often vary widely

among epigenetic studies, thus it has not been hard to find an

unified conclusion. Nevertheless, as more data accumulate,

we might be able to utilize those findings better in diagnosis,

treatment, and prognosis.
Major depressive disorder (MDD)

Protein and mRNA

Similar to schizophrenia, BDNF is also one of the most well

studied molecule in MDD. Lower serum BDNF protein levels

had been observed in patients with MDD. In our recent study,

patientswithMDDhad a lower serumBDNFprotein andmRNA

levels than the healthy controls [39]. Compared to healthy

controls, serum BDNF levels were lower in patients with MDD

[40]. Plasma BDNF levels were significantly lower in patients

withMDDand thosewith attempted suicide [41].Wealsonoted

a gender difference of BDNF effect in MDD. At baseline, only

female patients with MDD had significantly lower serum BDNF

protein levels than controls, but no significant difference was

found between male patients and controls [42]. Drug naive

patients with first episode MDD had lower BDNF protein levels

than healthy controls [43]. Pooling our data from the past ten

years, we found BDNF levels of 224 patientswith schizophrenia

to be significantly lower than 390 controls, but comparablewith

levels of 273 patients with MDD. The receiver operating char-

acteristic curve analysis showed that BDNF levels had a mod-

erate accuracy of differentiatingmale patients with MDD from

controls [19]. Generally, lower BDNF protein and mRNA levels

were observed in patients with MDD.

Antidepressant treatment has also been shown to increase

BDNF levels [44]. A meta-analysis also reported similar find-

ings [45]. In our recent study, we also found that BDNF protein

and mRNA levels significantly increased after four weeks of

antidepressant treatment [46]. Baseline plasma BDNF to leptin

ratio was lower in patients with MDD, but in antidepressant

responders the ratio was higher than non-responders [47].

After twelveweeks of antidepressant treatment, plasma BDNF

increased significantly [41]. There may also be a gender dif-

ference in terms of BDNF and antidepressant. After antide-

pressant treatment, BDNF levels increased significantly, but

only female responders had significantly increased changes in

serum BDNF protein levels [42]. Antidepressant treatment

appears to increase BDNF levels in patients with MDD.

Down regulation of the TrkB signaling pathway has been

suggested as one of the underlying mechanisms of MDD [48].

Patients with MDD had significantly higher TrkB levels than

healthy controls [49]. Similarly, significantly higher TrkB pro-

tein levels were found in obese patients with MDD as

compared to non-obese patients with MDD [50]. The other

component of BDNF pathway could be susceptible to the dis-

ease process, and a holistic evaluation of the entire pathway

may be needed in the future.

https://doi.org/10.1016/j.bj.2020.01.001
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SNP

The relationships between BDNF Val66Met polymorphism

and MDD also have been extensively studied, but the results

were not entirely consistent, as a meta-analysis in 2010 found

no association between Val66Met polymorphism and

depression, but sex-stratified analyses revealed that Met

increased risk for depression in men, but not in women,

hinting at a gender difference of Val66Met effect on depres-

sion [51]. Another meta-analysis found no association be-

tween Val66Met polymorphism with MDD [52], but later

studies found Val66Met polymorphismmoderate life stress in

depression [53,54]. The findings on Val66Met polymorphism

and DNA methylation levels were limited and were mostly

inconsistent. Three SNPs, including Val66Met, couldmodulate

the association between late-life depression and BDNF exon I

promoter methylation levels [55]. In a study investigating

patients with MDD and bipolar disorder, no significant

genotypeemethylation interactions were found with Val66-

Met polymorphism [56]. We did not find any significant dif-

ference on Val66Met methylation levels in patients with MDD

[39]. A recent study found that Val66Met polymorphism was

associated with less antidepressant-induced insomnia [57]. A

recent prospective study found Val66Met polymorphism to

have no correlation with suicide ideation or treatment

response [41]. Val66Met showed no influence on serum BDNF

levels and BDNFmethylation levels in patients with MDD [40].

Using machine learning, Val66Met polymorphism along with

several other SNPs of various genes could predict antide-

pressant response [58,59]. Similar to schizophrenia, the evi-

dences of Val66Met polymorphism having a strong

association with MDD appear weak, though the particular

polymorphism could modulate other associated symptoms

such as life stress. Furthermore, advances in deep learning

might detect previously subtle effect of SNPs.

Epigenetic modifications

DNA methylation studies were the most frequently investi-

gated epigenetic studies of BDNF gene, and BDNF exon I and IV

promoters were the most studied. Among 29 differentially

methylated CpG sites out of 35 studied sites in BDNF exon I

between patients with MDD and healthy controls, no signifi-

cant difference was detected in methylation levels in BDNF

exon IV [60]. D'Addario et al. reported higher methylation of

BDNF exon I promoter and lower BDNF gene expression in

patients with MDD [61]. In a study of both patients with MDD

and bipolar disorder, patients with MDD had higher BDNF

exon I promoter methylation levels than patients with bipolar

disorder and healthy controls [56]. Their follow-up study

found higher BDNF exon I promotermethylation 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 reported higher methylation levels among patients in

depressive state, than those of manic/mixed states [62]. In

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 [55]. Three SNPs,

including Val66Met polymorphism, were found to modify the
association between depression and BDNF promoter I

methylation level [55]. BDNF exon IV promoter methylation

levels were not associated with memory performance [63]. A

recent study reported increased BDNF methylation levels

were detected in patients with MDD [40]. We recently found

that patients withMDD had a significantly highermethylation

level at CpG site 217 and lower methylation levels at CpG site

327 and CpG site 362 in BDNF exon IX than the healthy con-

trols, along with lower BDNF protein and mRNA levels [39].

Associations between BDNF methylation levels and psy-

chiatricmedications were reported. Patients treatedwith both

mood stabilizers and antidepressants had lower BDNF exon I

promoter methylation levels than those treated with just an-

tidepressants [61]. Lack of methylation of CpG site �87 of

BDNF exon IV promoter was associated with poor treatment

response in patients with MDD [64]. However, in the follow-up

study, the predictor function of CpG-87 of BDNF exon IV pro-

moter 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 [65]. In patients after acute coronary syndrome,

increased BDNF methylation was associated with the finding

that escitalopramwasmore effective than placebo for treating

depressive disorder, and this effect leads to prevent persistent

depressive disorder [66]. In our study, antidepressant re-

sponders had higher methylation levels at CpG site 24 and

CpG site 324 of BDNF exon IX than non-responders [39].

Several miRNAs had been known to affect the expression

of BDNF in depression. Depressive patients had an inverse

relationship between the serum BDNF levels and themiR-132/

miR-182 levels [67]. Increased miR-132 levels in patients with

MDD were reported, and miR-132 levels significantly corre-

latedwith visual memory [68]. We found serummiR-30e, miR-

132, miR-185, and miR-212 levels were increased in patients

with MDD at baseline compared to healthy controls [46].

miRNAs associated with BDNF could also affect treatment

response. miR-30b, miR-132, and miR-212 levels differed

significantly between paroxetine-sensitive and non-sensitive

cell lines [69]. After twelve weeks of escitalopram treatment

in ten patients with MDD, levels of 26 miRNAs were statisti-

cally increased [70]. We found that antidepressant treatment

increased serum miR-183 and miR-212 levels in patients with

MDD [71]. Data on treatment response had still been scarce,

however, especially among clinical populations.

As in schizophrenia, epigenetic investigations of BDNF in

MDD utilize a wide variety of study methods and samples, so

the current findings could not be deciphered with a simple,

clear message. Further studies will be needed.
Bipolar disorder

Protein and mRNA

Bipolar disorder features three distinct mood states: manic,

depressive, and euthymic states. Peripheral BDNF protein

levels and their relationship with various mood states of bi-

polar disorder had been studied in the past [45,72], but not all

studies were consistent [73].

https://doi.org/10.1016/j.bj.2020.01.001
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A meta-analysis showed that BDNF levels were decreased

in patients with either depressive or manic episodes, but no

significant differences were found between euthymic patients

and controls [45]. Another meta-analysis reported similar

findings [72]. We initially found no significant differences in

serum BDNF protein levels between patients with bipolar

mania and healthy controls [73]. However, in a more recent

study, we did find that patients with bipolar mania had

decreased BDNF protein levels compared to healthy controls

[74]. Pooling our data from the past twenty years, we

compared 83 patients with bipolar disorder with 222 controls

matched with age, sex, and BMI and found that patients had

significantly lower BDNF protein levels. Furthermore, the

receiver operating characteristic curve analysis showed that

BDNF levels showed a moderate accuracy of differentiating

patients with bipolar disorder from healthy controls [75].

Another recent study reported lower plasma BDNF levels were

found in patients with bipolar disorder [14]. Lower serum

BDNF levelswere observed in bipolar patients of euthymic and

manic states, and BDNF levels were associated with executive

functioning and verbal memory [76].

Most studies concerning BDNF mRNA and bipolar disorder

utilized postmortem brains. Lower BDNF mRNA levels were

found in bipolar group than control group [77,78]. The patients

with bipolar disorder from aforementioned studies included

patients in both manic and depressive episode. In patients

with only bipolar mania, we found lower BDNF mRNA levels

than did the controls [74]. In another study, we simulta-

neously showed that patients with bipolar mania exhibited

lower BDNF protein and mRNA levels than did the healthy

controls [79].

A meta-analysis found an increase in BDNF levels

following the treatment for acute mania [72]. After about two

months of treatment, the initially decreased BDNF levels of

acute manic patients showed a sharp increase after medica-

tions [80]. After eight weeks of treatment, pediatric bipolar

patients had significantly higher BDNF mRNA levels [81]. In

contrast, our earlier work found no significant change in

serum BDNF protein levels after four weeks of treatment with

mood stabilizers [73], and our follow-up study found no sig-

nificant change in BDNF protein and mRNA levels after four

weeks of treatment [74]. Given that antipsychotics were

frequently prescribed during manic phase, antipsychotics

may have different effect on BDNF protein and mRNA levels.

After a sixteen week follow-up, extended-release quetiapine

increases BDNF levels with time in those with a depressive

episode, but decreases BDNF levels with time in those with a

manic/mixed episode [82]. The frequent co-prescription of

antipsychotics in addition to mood stabilizer to treat acute

manic patients could affect BDNF protein and mRNA levels in

unexpected directions. Those data also suggest that BDNF

levels could be affected by the disease state of bipolar

disorder.

SNP

Early findings suggested a significant association bewteen

BDNF Val66Met polymorphism and bipolar disorder [83], but

recent meta-analysis indicated otherwise [84,85]. When

different ethnic groups were taken into consideration,
Val66Met polymorphism was significantly associated with

bipolar disorder in Europeans, but not in Asians [86]. A meta-

analysis investigating Val66Met polymorphism's effects on

cognitive functions of patients with bipolar disorder found

that adult Val carriers were associated with better executive

functions, verbal learning, and verbal memory, and Met car-

riers might negatively module the association between

childhood trauma and cognitive performances, as well as

structural abnormalities in cognitive cerebral structures [87].

As previously mentioned, there were gender and ethnic dif-

ferences in BDNF's effect in various psychiatric disorders.

More data will be needed to clarify the role of Val66Met

polymorphism in bipolar disorder.
Epigenetic modifications

In the postmortem brains of 35 patients with schizophrenia

and 35 patients with bipolar disorder, Val homozygotes of

Val66Met polymorphism had significantly higher DNA

methylation levels across the exonic region profiled with

pyrosequencing [32]. In the postmortem brains of ten patients

with bipolar disorder, global DNA hypermethylation and

BDNF CpG hypermethylation were found [88]. In BDNF exon I,

higher degree of methylation of BDNF and lower mRNA level

were found in the blood of patients with bipolar II diorder, but

not of patients with bipolar I disorder [89]. That study also

found that patients treated with both mood stabilizers and

antidepressants had increased methylation levels than the

patients treated with mood stabilizers alone, and that treat-

ment with lithium or valproate was associated with signifi-

cant decrease of methylation compared to other drugs. In

BDNF promoters III and V in the leukocytes of 50 patients of

bipolar I disorder and 50 age and sex matched controls, five

CpG sites out of 36 CpG sites showed significantly increased

methylation levels [90]. In BDNF exon I, higher methylation

levels were found in the blood of patients with MDD than in

either bipolar disorder or control group, and higher methyl-

ation levels were associated with antidepressant treatment

[56]. In a follow-up of D'Addario et al.'s work focusing on BDNF

exon I using peripheral blood samples, higher methylation

was found again in patients with bipolar II diosrder as

compared to patients with bipolar I disorder or major

depressive disorder, and higher methylation levels was found

in patients with depressed state as compared to patients with

manic or mixed state [62]. That study continued to find that

treatment with lithium or valproate was associated with

lower methylation levels in BDNF exon I. Overall, the inves-

tigated regions of BDNF methylation could vary widely be-

tween the studies, making direct comparisons challenging,

not to mention the methodological and analytical differences

[91]. We found that patients with bipolar mania had a higher

degree of methylation at CpG site 217 and lower degree of

methylation at CpG site 391 than did the healthy controls in

BDNF exon IX, but no difference was detected at Val66Met

polymorphisms [79]. We also found that serum BDNF protein

level correlated significantly with the degree ofmethylation at

CpG site 348, and that BDNF mRNA level correlated signifi-

cantly with degree of methylation at CpG sites 134, 177, and

217.

https://doi.org/10.1016/j.bj.2020.01.001
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Conclusion

The researches of BDNF summarized the advance of investiga-

tive techniques of past decades. Wemoved from protein quan-

tilization, to RNA expression measurements, to DNA

sequencing,and lately,epigeneticstudies.WhileBDNFhadbeen

demonstrated tobedifferentially expressed inmanypsychiatric

disorders, BDNF alone could not explain everything. That leads

to another line of study techniques that look for differentially

expressedmoleculesbetweendiseasedpopulationsandhealthy

controls, such as proteomics andmetabolomics.

Utilizing metaolomics and proteomics of medicinal plants

used in sleep disorders, BDNF activity positively correlated

with the isolated proteins and metabolites [92]. Proteomic

approach was also utilized to identified BDNF regulated pro-

teins in patients undergoing cochlear implantation [93]. We

had also utilized proteomic investigations on psychiatric dis-

orders, such as schizophrenia [94], MDD [95e97], catatonia

[98], and medication effects, such as risperidone [99], antide-

pressants [100]. Those investigations provide a different

approach which would complement our understanding of the

BDNF pathway.

BDNF is relatively well studied in the major psychiatric dis-

orders, but its protein level alone could not explain everything.

Advancing investigative techniques give us new insights into

howBDNFbehave indisease presentations aswell as treatment

responses.While the heterogenous nature of epigenetic studies

make drawing a simple conclusion challenging, they neverthe-

less pave the way to a better understanding of this particular

molecule, and hopefully, human brains.
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