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Abstract  
Brain-derived neurotrophic factor is the most prevalent member of the nerve growth factor family. 
Since its discovery in 1978, this enigmatic molecule has spawned more than 27,000 publications, 
most of which are focused on neurological disorders. Brain-derived neurotrophic factor is 
indispensable during embryogenesis and postnatally for the normal development and function of 
both the central and peripheral nervous systems. It is becoming increasingly clear, however, that 
brain-derived neurotrophic factor likewise plays crucial roles in a variety of other biological functions 
independently of sympathetic or parasympathetic involvement. Brain-derived neurotrophic factor is 
also increasingly recognized as a sophisticated environmental sensor and master coordinator of whole 
organismal physiology. To that point, we recently found that a common nonsynonymous (Val66→Met) 
single nucleotide polymorphism in the brain-derived neurotrophic factor gene (rs6265) not only 
substantially alters basal cardiac transcriptomics in mice but subtly influences heart gene expression 
and function differentially in males and females. In addition to a short description of recent results 
from associative neuropsychiatric studies, this review provides an eclectic assortment of research 
reports that support a modulatory role for rs6265 including and beyond the central nervous system.   
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Introduction 
Brain-derived neurotrophic factor (BDNF) is a member of the neurotrophin 
family of nerve growth factors (NGF), which in addition to BDNF include 
NGF itself, neurotrophin 3 (NT3), and NT4/5. NTs, including BDNF, are 
initially produced as pro-proteins (pro-NTs), which upon cleavage release an 
N-terminal pro-domain region and mature C-terminus of roughly equal sizes. 
All pro-NTs, including pro-BDNF, bind with relatively low affinity to a common 
tyrosine kinase receptor, p75 neurotrophin receptor (p75NTR). Mature NTs 
selectively bind with high affinity to one of three tropomyosin-related kinases 
(TrkA, TrkB, and TrkC), which subsequently dimerize and transduce signaling. 
BDNF elicits context-dependent signaling events that can lead to a myriad 
of biological functions primarily via its “specific receptor, TrkB. In addition 
to playing pivotal roles in both the central and peripheral nervous systems, 
BDNF has pleiotropic effects on whole organismal physiology,  including, 
for example, sympathetic and parasympathetic regulation of cardiovascular 
functions (Fujitani et al., 2021), immunomodulation, and regulation of the 
body’s energy balance via influencing cellular responses to glucose and 
insulin, mitochondrial functions, thermogenic tissue differentiation, and 
exercise-mediated cognition (Di Rosa et al., 2021).          

BDNF is arguably one of the most complex neuronal proteins, with nuanced 
differences at every level of its processing leading to vastly different 
outcomes. Full-length pro-BDNF can be actively or passively secreted to 
elicit antegrade or retrograde signaling. BDNF can be secreted into the 
bloodstream or act locally in an autocrine or paracrine fashion. The binding of 
pro-BDNF to p75NTR leads to the recruitment of a co-receptor and subsequent 
signaling that differs depending on cell type and condition. Pro-BDNF can 
be cleaved before, during, or after secretion releasing the carboxy-terminal 
mature domain (mBDNF) and the pro-domain portion that participates in the 
processing and secretion of mBDNF. Binding of mature BDNF to TrkB leads 
to activation of a myriad of signaling pathways, including mitogen-activated 
protein kinase, phosphoinositol-3 kinase, phospholipase C, protein kinase A/
cAMP, Janus kinase, nuclear factor kappa-light-chain-enhancer of activated 
B cells, and others. The prodomain may also function as a third independent 
ligand, although precisely how this occurs is not fully characterized.  

It makes sense that the mechanisms of action of neurotrophic factors, such 
as BDNF might be highly context-dependent. On the other hand, BDNF’s 

coordinated effects on whole organismal physiology, including the central 
nervous system, parasympathetic, sympathetic, and localized organ functions, 
is incredible given the inability of BDNF to cross the blood-brain barrier. An 
excellent example of BDNF’s inter-cellular and inter-systemic functionality is at 
the neuromuscular junction where BDNF acts locally in response to the brain, 
environmental input, and whole-body metabolism. Despite the coordinated 
nature of these physiologically connected events, BDNF transcription 
and secretion in the neurological, muscular, and circulatory systems are 
apparently localized. BDNF is constitutively expressed in myofibers, satellite 
cells, Schwann cells, and endothelial cells and is upregulated in muscles in 
response to exercise and intermittent fasting. BDNF is important for normal 
muscle mass and functional maintenance and mediates exercise-induced 
enhancement of cognitive function and energy metabolism, but BDNF is not 
released into the circulation from contracting muscle. This revelation has 
fueled dozens of studies focused on BDNF-mediated retrograde signaling and 
subsequent neuromuscular function (Stuardo et al., 2020). The few studies 
of muscle cells themselves have shown that BDNF is required for maintaining 
myoblast progenitors and for the early phases of myogenic differentiation 
(Clow and Jasmin, 2010). More recently, muscle-derived BDNF was shown 
to induce AMPK-mediated fat oxidation in an autocrine fashion (Ahuja et 
al., 2021). Additionally, BDNF plays a direct role in skeletal muscle fiber-
type specification and locomotion, as demonstrated using conditional BDNF 
knockout mice (Delezie et al., 2019).

Among the hundreds of polymorphisms in the BDNF gene, BDNF rs6265 
(G196A or Val66Met) in exon XI within the prodomain region of BDNF is one of 
the most common and consequential. Mechanistically, this non-conservative 
single nucleotide substitution alters BDNF expression, localization, and signal 
transduction contributing to nuanced alterations in phenotype. The rs6265 
variant disrupts a translin-binding region required for targeting of BDNF mRNA 
to dendrites, and the G→A transition subsequently affects hippocampal 
function and episodic memory (Chiaruttini et al., 2009). In the BDNF protein, 
the methionine substitution interrupts a sortilin binding site, subsequently 
disrupting activity-dependent secretion of BDNF at the synapse. Moreover, 
replacement of the “G” allele with an “A” in the BDNF gene eliminates a CpG 
methylation site, allowing for epigenetic and genotypic interaction that could 
partially account for environmentally influenced phenotypes, like depressive 
disorders for example (Ursini et al., 2016; Nociti et al., 2018, 2019; Nassan 
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et al., 2020). The Val→Met change also elicits divergent signal transduction 
events and functional outcomes among the three alternative BDNF peptides. 
The amino acid substitution directly alters the ~28 kDa proBDNF precursor 
isoform and subsequent signaling and also confers an acquired binding 
ability of the cleaved prodomain to sortilin related VPS10 domain-containing 
receptor 2 (Zanin et al., 2017). The polymorphism even affects downstream 
signaling of the otherwise identical “mature” portion, albeit indirectly via 
aberrant compartmentalization and dysregulation of the balance of pro-
BDNF/p75NTR and mBDNF/TrkB signaling complexes. 

A multitude of human genetic studies has demonstrated the critical structural 
and functional roles of BDNF rs6265 in the brain, such as synaptic plasticity, 
hippocampal volume, hippocampal activation, and memory performance 
(Additional Table 1). Herein, we emphasize discussing the results of the latest 
studies that have reported novel functions of BDNF rs6265 and association 
with a variety of complex pathophysiologies (Figure 1).

functions (van der Kolk et al., 2015). Met allelic carriers showed a significantly 
smaller decline in set-shifting during follow-up, suggesting a role for BDNF 
rs6265 in modulating mental flexibility in Parkinson’s disease patients. 
Interestingly, BDNF rs6265 (Met66) carriers had faster memory decline (4×), 
hippocampal volume loss, along with increased cerebrospinal fluid tau and 
ptau181 (6×) than Val66 homozygotes (Lim et al., 2018). An even larger 
study of 1024 older patients at baseline and 12-year follow-up showed a 
correlation between the BDNF rs6265 allele and the development of chronic 
late-life depression (Januar et al., 2015). This observation is consistent with 
other findings that the BDNF rs6265 polymorphism is related to the severity 
of depressive symptoms, independently of neurotransmitter levels (Czira et 
al., 2012). Human associative studies of BDNF rs6265 are especially difficult 
to interpret, in part due to influences of co-morbidities. A case in point is the 
correlation between BDNF rs6265 and cancer-related cognitive impairment, 
which can be further subdivided by chemotherapy regimens, nicotine usages, 
and genetic predisposition for anxiety or depression-related disorders 
(Additional Table 1). 

Metabolic
BDNF regulates food intake and subsequently body weight (Vanevski and Xu, 
2013), and the rs6265 allele has been associated with eating disorders and 
obesity in humans (Additional Table 1). There is evidence to suggest that 
the rs6265 allele might modulate metabolic homeostasis systemically. For 
example, increased depression was associated with Han Chinese subjects 
with Type 2 diabetes, purportedly by virtue of decreased serum levels of 
BDNF in rs6265 carriers (Zhou et al., 2013).  A connection between the Met 
allele, lower serum BDNF, and West Ukrainian patients with Hashimoto’s 
thyroiditis has also been reported. Further, in an elderly Chinese population 
with exceptional longevity, the rs6265 allele was correlated with unfavorable 
metabolic profiles, including higher weight and blood pressure, along with 
lower high-density lipoprotein cholesterol levels (Peng et al., 2017). On 
the other hand, no association was found between rs6265 and metabolic 
disturbances in a study of veterans with post-traumatic stress disorder 
(Tudor et al., 2018). A significant impediment to ascertaining BDNF’s role in 
metabolism is the lack of knowledge related to BDNF-mediated regulation of 
food intake via the brain centers associated with hunger and satiation versus 
those linked to depression or other psychological confounders. 

Immune System
BDNF contributes to the neuroimmune axis as a bidirectional mediator 
between nerves and immune cells, which produce BDNF and express TrkB 
and p75NTR receptors. BDNF also promotes the proliferation of central 
innate immune cells, and microglial cells secrete BDNF in response to 
inflammatory cytokines (Kozlov et al., 2020). In the context of immunity, 
BDNF has antinociceptive actions that may blunt neuropathic inflammatory-
associated pain. BDNF-mediated analgesic effects may be affected by the 
rs6265 mutation since G196A carrier and methylation status were found 
to be associated with chronic post-surgical pain (Tian et al., 2018) and pain 
catastrophizing in persons with fibromyalgia (da Silveira Alves et al., 2020; Polli 
et al., 2020). BDNF rs6265 also affects several neurodegenerative diseases 
with strong inflammatory components, including Alzheimer’s disease, 
amyotrophic lateral sclerosis, multiple sclerosis (MS), and bronchial asthma. 
BDNF’s role in non-neurogenic inflammation is less clear, but several isolated 
studies have suggested a wider involvement for BDNF in the immune system 
more generally. An association of the BDNF rs6265 allele was suggested 
for allergic rhinitis, chronic periodontitis, Hepatitis B-induced cirrhosis, and 
Crohn’s disease, for example (Additional Table 1). These seemingly unrelated 
connections underscore the pleiotropic nature of BDNF’s inter-systemic 
influence on whole organismal physiology.   

As a chronic autoimmune neurodegenerative disease, MS provides perhaps 
the strongest support for the involvement of the BDNF rs6265 polymorphism 
in the neuroimmune axis. However, the results of human studies have been 
largely enigmatic due to conflicting results likely arising from interactions 
among multiple genetic factors (Shen et al., 2018), including epigenetic 
modifications (Nociti et al., 2019). A lower volume of cerebral gray matter 
and hippocampal subfields were reported for MS patients who are Met 
allele carriers (De Meo et al., 2021), and there might be sexual differences, 
as suggested by the association of the Met allele with increased MS 
susceptibility in females and earlier onset of disease in males (Mirowska-
Guzel et al., 2008). This latter possibility is supported by genetic imaging 
studies that found differences in parieto-prefrontal network activation and 
hippocampal disengagement in healthy subjects, but not in MS patients 
(Cerasa et al., 2010). On the other hand, the Met allele has also been 
proposed as protective for MS (Portaccio et al., 2021), as others reported that 
MS Met allele carriers had preserved grey matter volumes (Zivadinov et al., 
2007; Dinacci et al., 2011; Ramasamy et al., 2011), increased hippocampus 
posterior cingulate cortex connectivity (Fera et al., 2013) and higher 
circulating BDNF levels, relative to healthy control subjects (Liguori et al., 
2009). Still, others have reported a lack of association of BDNF rs6265 with 
MS susceptibility or clinical course (Lindquist et al., 2005; Blanco et al., 2006; 
Mero et al., 2012). Larger and longitudinal studies, with patients segregated 
by gender and ethnic status, would perhaps provide clarity for some of these 
discrepancies. Moreover, an interaction between methylation status and 
MS disease progression was recently reported (Nociti et al., 2018, 2019), 
suggesting epigenetic influences may additionally contribute to some of these 
discrepancies.    

Figure 1 ｜ Schematic showing effects of the brain-derived neurotrophic factor (BDNF) 
rs6265 single nucleotide polymorphism Val66Met on various body compartments. 
Systems affected by rs6265 include cardiovascular homeostasis and injury-related repair 
(top left), the immune system and neuroimmune axis (bottom left), metabolism, and 
musculature (top right). Sexual differences (middle right) and region-specific effects on 
the brain (bottom right). The BDNF gene with G→A alteration is depicted in the middle 
with arrows indicating multiple simultaneous effects on the various organs shown.  

Search Strategy and Criterion 
PubMed literature searches were performed from August 2021 to January 
2022 using the following search words: rs6265, [Val66Met NOT rs6265], 
[G196A NOT rs6265 NOT Val66Met], restricted to humans, and then articles 
were manually compiled by disease/condition/disorder. All years were chosen 
in the search. Only pathological conditions were included, with all presented 
in the Additional Table 1. For obtaining animal studies, the following terms 
were used in various combinations: BDNF, rs6265, Val66Met, proBDNF, BDNF 
prodomain – with obesity, skeletal muscle, Cre-recombinase, knockout, 
animal models, flox, TrkB, p75NTR, neurotrophins, NGF, signaling pathways.  

Neuropsychiatric  
There is a correlation between Met allele carrier status and BDNF disbalance 
in the brain that likely undergirds at least some of the associative studies 
linking BDNF rs6265 with various neuropsychiatric disorders, including post-
traumatic stress disorder, depression, anxiety disorder, bipolar disorder, 
suicidal behavior, and schizophrenia (Additional Table 1). On the other hand, 
relatively small cohorts and differences in outcome measures have provided 
conflicting results, suggesting that these conclusions may be influenced by 
gender, age, ethnicity, and epigenetics (Faris et al., 2020). For example, BDNF 
rs6265 was shown to be associated with risk of major depressive disorder 
in Chinese and Caucasians, whereas other studies of Korean or Japanese 
subjects found no association of BDNF rs6265 with major depressive disorder 
(Yan et al., 2014). Similarly, the BDNF rs6265 (Met66Met) genotype was 
associated with a higher risk of developing dyskinesia earlier during treatment 
with dopaminergic agents and with older age of onset (Foltynie et al., 2009); 
whereas subsequent studies were unable to find any association using similar 
clinical measurements (Gao et al., 2010; Karakasis et al., 2011). 

Association of BDNF with various other psychiatric disorders, including suicidal 
behavior and attention deficit hyperactivity disorder, have likewise yielded 
conflicting results (Additional Table 1). Some of these discrepancies might 
be explained by relatively small numbers of patients leading to insufficient 
statistical power. Thus, obtaining replicated results would minimally require 
consideration of cross-sectional, environmental, and possibly epigenetic 
effects, for associative investigations of BDNF rs6265 and neuropsychiatric 
disorders at the haplotype and genotype levels (Abdolhosseinzadeh et al., 
2020). 

A recent study of a large cohort of 392 Parkinson’s disease patients, including 
227 BDNF Val/Val subjects and 152 BDNF Val66Met or Met66Met patients, 
reported a significant association between carrier status and various cognitive 
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Cardiovascular
BDNF and its receptor play an important role in heart development, 
microvasculature development, and regulation of heart rate via brainstem 
cholinergic parasympathetic neurons. Nonetheless, the focus on BDNF’s role 
in the cardiovascular system is relatively recent, recently reviewed (Fujitani 
et al., 2021). An increase in circulating BDNF is thought to promote the 
survival of cardiomyocytes and is associated with increased expression of 
pro-angiogenic factors (Trombetta et al., 2020). These findings demonstrate 
that a higher level of cardiorespiratory fitness is associated with a higher 
level of circulating BDNF, which in turn is related to lower cardiovascular 
risk (Kermani and Hempstead, 2019). However, the mechanisms involved in 
BDNF-mediated regulation of cardiovascular functions are poorly understood. 
Several studies investigated the potential association between BDNF rs6265 
and cardiovascular disease, although the outcomes were unclear (Sustar et 
al., 2016; Amadio et al., 2017; Jiang et al., 2017). Insights are provided by 
some studies of healthy individuals, showing Val→Met mediated alterations in 
sympathovagal balance (Yang et al., 2010). Recent studies from our laboratory 
showed that the Met allele was associated with worse skeletal muscle 
function but better cardiac function in Duchenne muscular dystrophy patients 
(Raucci et al., 2020). Additional human studies are required, informed by 
animal models of cardiovascular diseases in controlled experimental settings 
(discussed in a separate section).   

Sexual Dimorphism
Several studies have reported sex-linkage of rs6265 with a variety of 
psychiatric disorders, including patients with panic disorder (Konishi et al., 
2014), as well as the age of onset of psychosis in cannabis users (Lodhi et 
al., 2019), which might result from differences in cerebral blood flow and 
functional connectivity between brain regions with high versus low BDNF 
expression (Wei et al., 2012). Moreover, estrogen affects expression levels 
of BDNF, and platelet levels of BDNF are altered during menstruation. Men 
and women also displayed differential reactivity to stress depending on 
carrier status, as measured by saliva levels of cortisol (Shalev et al., 2009). 
The male-specific linkage between rs6265 and cognitive benefits of physical 
activity (Watts et al., 2018), as well as cognition in older adult subjects, were 
likewise previously reported (Hupfeld et al., 2018; Barha et al., 2019). Carrier 
status in males was also shown to correlate with major depressive disorder 
(Foltynie et al., 2005; Verhagen et al., 2010), but replicative studies did not 
find a gender-specific association (Cho et al., 2010; Ozan et al., 2010). On the 
other hand, female-specific linkages were reported for methamphetamine 
use, (Heinzerling and Shoptaw, 2012), attention-deficit/hyperactivity disorder, 
attention deficit hyperactivity disorder (Li et al., 2014), functional outcomes 
with post-stroke rehabilitation, and rate of long-term open-angle glaucoma 
progression (Shen et al., 2019). These findings provide yet another layer of 
complexity that could be related to the effects of BDNF on the cardiovascular 
system and metabolism, especially in light of reported sex-dependent effects 
of the BDNF rs6265 allele on sympathovagal balance (Chang et al., 2014).

Insights from Animal Models
Homozygous BDNF knockout mice die shortly after birth, due primarily 
to intramyocardial hemorrhage (Donovan et al., 2000), but heterozygous 
BDNF+/– knockdown mice provide some insights. BDNF+/– mice exhibit 
increased appetite and obesity, reduced locomotor activity, and mild but 
variable alterations in learning, memory, and psychological stress responses. 
Conditional deletion of BDNF has likewise provided valuable information 
regarding systemic versus tissue-specific effects of BDNF/TrkB signaling. 
Specific deletion of BDNF from microglial cells using BDNFflox mice crossed 
with mice expressing Cre-recombinase under control of the Cx3Cr1 (C-X3-C 
motif chemokine receptor 1) promoter, for instance, revealed that BDNF is 
protective against nerve injury-induced synapse remodeling and neuropathic 
pain (Huang et al., 2021). These findings also have implications for multiple 
sclerosis and other neuroinflammatory diseases.            

The BDNF rs6265 mutation is human-specific and while human studies of the 
polymorphism are mainly limited to associative studies, the development 
of a transgenic knock-in mouse that expresses the human BDNF gene with 
G196A mutation (Chen et al., 2006) has provided valuable insights into 
the underlying mechanisms that can be related back to neurological and 
psychiatric disorders, energy use and obesity, and sexual differences. BDNF 
rs6265 involvement in neuropsychology is overwhelmingly represented in 
the literature (Additional Table 1), for instance, because neuronal signaling 
is dramatically affected by the reduction in activity-dependent (but not 
constitutive) release of BDNF consequent to the Val→Met alteration. Lower 
bioavailability of BDNF impairs hippocampal function, the area of the brain 
that is important for learning and memory and is dysregulated in a variety of 
neurological and psychiatric disorders. 

Hippocampal BDNF expression is increased in response to exercise and is 
also thought to act by increasing muscle-specific production and release of 
FNDC5, a circulating adipokine with thermogenic properties (Ieraci et al., 
2016). The rs6265 allele, however, was shown to abrogate exercise-induced 
up-regulation of BDNF expression, weight loss, and neurogenesis in mice after 
4 weeks of voluntary wheel running (Ieraci et al., 2016). These mice have also 
been used as a model for diet-induced obesity, because when fed a high-fat 

diet they develop extreme obesity and metabolic dysfunctions (Yang et al., 
2018), presumably better representing the physio-psychological complexity 
of disease in humans. However, whereas association studies in humans have 
linked the Met allele with lower BMI, mice with homozygous expression of 
the human BDNF gene with Met allele are considerably overweight, even 
when fed a normal ad lib diet, when compared to Val/Val littermate controls. 
Skeletal muscle-specific knockout of the gene encoding the TrkB receptor 
(Ntrk2) using muscle creatine kinase (MCK)-promoter-driven Cre recombinase, 
on the other hand, showed that the BDNF/TrkB signaling nexus is essential for 
mitochondrial energy regulation and metabolic balance in diet-induced obese 
mice (Chan et al., 2015). Disentangling these discrepancies is complicated 
by BDNF’s pleiotropic regulation of multiple neurobiological processes, 
and in humans, additional modulatory environmental, psychological, and 
pharmacological interactions. 

In mice, BDNF rs6265 Met homozygosity was associated with arterial 
thrombosis (Amadio et al., 2017) and with increased pro-inflammatory and 
migratory macrophages after experimental myocardial infarction (Sandrini et 
al., 2020). Recent studies from our laboratory showed that cardiomyocytes 
isolated from transgenic Val66Met mice exhibit reduced myocyte contractility, 
which could help to explain observed alterations in cardiac function (Raucci 
et al., 2020; Negron et al., 2021). The BDNF rs6265 polymorphism possibly 
exerts subtle molecular signaling modifications that might exacerbate overt 
cardiac comorbidities. Recently reported alterations in basal cardiac gene 
expression profiles in Val66Met suggest that the BDNF rs6265 Met allele 
influences the development of diastolic dysfunction, perhaps in the context of 
comorbidities that exacerbate dysfunctional myocardial relaxation (Negron et 
al., 2021). On the other hand, a stronger inflammatory profile was observed 
specifically in male Met/Met mice, which might confer protection from 
cardiac remodeling and histopathology associated with the BDNF rs6265 
polymorphism. These were serendipitous findings that ironically surfaced on 
the heels of a study aimed at defining the role of BDNF in Duchenne Muscular 
Dystrophy cardiomyopathy (Galindo et al., 2016), an X-linked disease affecting 
primarily the male population. Additional studies are required, perhaps 
utilizing alternative models in addition to Val66Met mice, such as recently 
developed mice (Bird et al., 2019) and rat models (Mercado et al., 2021) 
which express the rodent Val68Met equivalent mutation of the human BDNF 
Val66Met rs6265 polymorphism. 

Brain-Derived Neurotrophic Factor-Based 
Therapies
BDNF’s generally positive effects across multiple organs coupled with its lower 
expression in a variety of disorders make it an attractive therapeutic target 
(Miranda-Lourenco et al., 2020). As the BDNF protein has a very short half-life 
and is also impermeable to the blood-brain barrier, strategies that modulate 
endogenously produced levels are desirable. Some herbal extracts, such 
as ginseng, for instance, were found to harbor BDNF-inducing compounds, 
identified by a high throughput screening strategy (Fukuchi et al., 2019). 
BDNF gene delivery using viral vectors or BDNF-producing cells, intranasal 
delivery, and conjugating BDNF to carrier molecules have been tested for 
circumventing the brain-blood barrier, with variable successes. BDNF gene 
transfer using an adenoviral vector is an especially promising strategy for the 
treatment of obesity and metabolic syndrome disorder, as demonstrated 
across several animal models of both genetic and diet-induced adiposity 
(Siu et al., 2017). Strategies aimed at TrkB receptor activation are another 
major area of focus, including small molecule agonists, BDNF mimetics, 
and receptor transactivators or facilitators. The small molecule flavonoid-
derivative, 7,8-dihydroxyflavone, for instance, has been widely demonstrated 
in pre-clinical studies to mimic many of the positive effects of BDNF, such as 
efficacy for treating diet-induced obesity (Chan et al., 2015). So far, clinical 
trials aimed at testing neurotrophins therapeutics have largely failed, due to 
undesirable side effects and/or minimal efficacy as measured by magnitude 
and consistency of a variety of clinical outcomes (Miranda-Lourenco et al., 
2020). These failures, however, only underscore the importance of increased 
study and the necessity of breaking organ-based boundaries to incorporate 
more systemic-based study using the valuable technical tools available and by 
developing new ones more reflective of human complexities and the highly 
contextual nature of BDNF.

Conclusion 
Despite an astounding number of studies aimed at unraveling the 
physiological mystery of how BDNF modulates the human condition, there 
remain perhaps as many questions as there are answers. Mechanisms of 
action of BDNF are a conglomeration of genetic, somatic, and environmental 
cues that vary by organ and chronology. While the best scientific experiment 
is simple – a null hypothesis with a single variable – BDNF is perhaps a study in 
complex crosstalk that is more likely the reality for many, if not most signaling 
and regulatory proteins. Human studies of BDNF reflect this assertion, as 
comorbidities are increasingly considered and roles of BDNF outside of 
classical neuropsychological disorders are on the rise (Figure 2 and Additional 
Table 1). Pushing the boundaries of BDNF research going forward will require 
cross-disciplinary and novel approaches, along with continued fortitude and 
patience for those of us who have chosen to study this enigmatic protein.  



NEURAL REGENERATION RESEARCH｜Vol 18｜No. 1｜January 2023｜105

NEURAL REGENERATION RESEARCH
www.nrronline.orgReview

Author contributions: Conceptualization, writing – original draft: CLG and 
VTN. Writing – review & editing: BH, NS, AH, MN, and CL. Funding acquisition: 
CLG. All authors approved the final version of the manuscript. 
Conflicts of interest: The authors declare no conflicts of interest.
Availability of data and materials: All data generated or analyzed during this 
study are included in this published article and its supplementary information 
files.
Open access statement: This is an open access journal, and 
articles are distributed under the terms of the Creative Commons 
AttributionNonCommercial-ShareAlike 4.0 License, which allows others 
to remix, tweak, and build upon the work non-commercially, as long as 
appropriate credit is given and the new creations are licensed under the 
identical terms.
Additional file: 
Additional Table 1: Comprehensive list of published studies of the BDNF 
rs6265 polymorphism subdivided by disease or disorder.

References
Abdolhosseinzadeh S, Alizadeh N, Shams J, Asadi S, Ahmadiani A (2020) BDNF association 

study with obsessive-compulsive disorder, its clinical characteristics, and response to 
fluvoxamine-treatment in Iranian patients. Exp Clin Psychopharmacol 28:216-224.

Ahuja P, Ng CF, Pang BPS, Chan WS, Tse MCL, Bi X, Kwan HR, Brobst D, Herlea-Pana O, 
Yang X, Du G, Saengnipanthkul S, Noh HL, Jiao B, Kim JK, Lee CW, Ye K, Chan CB (2021) 
Muscle-generated BDNF (brain derived neurotrophic factor) maintains mitochondrial 
quality control in female mice. Autophagy doi: 10.1080/15548627.2021.1985257. 

Amadio P, Colombo GI, Tarantino E, Gianellini S, Ieraci A, Brioschi M, Banfi C, Werba 
JP, Parolari A, Lee FS, Tremoli E, Barbieri SS (2017) BDNFVal66met polymorphism: a 
potential bridge between depression and thrombosis. Eur Heart J 38:1426-1435.

Barha CK, Liu-Ambrose T, Best JR, Yaffe K, Rosano C, Health A, Body Composition S (2019) 
Sex-dependent effect of the BDNF Val66Met polymorphism on executive functioning 
and processing speed in older adults: evidence from the health ABC study. Neurobiol 
Aging 74:161-170.

Bird CW, Baculis BC, Mayfield JJ, Chavez GJ, Ontiveros T, Paine DJ, Marks AJ, Gonzales 
AL, Ron D, Valenzuela CF (2019) The brain-derived neurotrophic factor VAL68MET 
polymorphism modulates how developmental ethanol exposure impacts the 
hippocampus. Genes Brain Behav 18:e12484.

Blanco Y, Gomez-Choco M, Arostegui JL, Casanova B, Martinez-Rodriguez JE, Bosca 
I, Munteis E, Yague J, Graus F, Saiz A (2006) No association of the Val66Met 
polymorphism of brain-derived neurotrophic factor (BDNF) to multiple sclerosis. 
Neurosci Lett 396:217-219.

Cerasa A, Tongiorgi E, Fera F, Gioia MC, Valentino P, Liguori M, Manna I, Zito G, 
Passamonti L, Nistico R, Quattrone A (2010) The effects of BDNF Val66Met 
polymorphism on brain function in controls and patients with multiple sclerosis: an 
imaging genetic study. Behav Brain Res 207:377-386.

Chan CB, Tse MC, Liu X, Zhang S, Schmidt R, Otten R, Liu L, Ye K (2015) Activation of 
muscular TrkB by its small molecular agonist 7,8-dihydroxyflavone sex-dependently 
regulates energy metabolism in diet-induced obese mice. Chem Biol 22:355-368.

Chang CC, Chang HA, Chen TY, Fang WH, Huang SY (2014) Brain-derived neurotrophic 
factor (BDNF) Val66Met polymorphism affects sympathetic tone in a gender-specific 
way. Psychoneuroendocrinology 47:17-25.

Chen ZY, Jing D, Bath KG, Ieraci A, Khan T, Siao CJ, Herrera DG, Toth M, Yang C, McEwen 
BS, Hempstead BL, Lee FS (2006) Genetic variant BDNF (Val66Met) polymorphism 
alters anxiety-related behavior. Science 314:140-143.

Chiaruttini C, Vicario A, Li Z, Baj G, Braiuca P, Wu Y, Lee FS, Gardossi L, Baraban JM, 
Tongiorgi E (2009) Dendritic trafficking of BDNF mRNA is mediated by translin and 
blocked by the G196A (Val66Met) mutation. Proc Natl Acad Sci U S A 106:16481-
16486.

Cho SC, Kim HW, Kim BN, Kim JW, Shin MS, Chung S, Cho DY, Jung SW, Yoo HJ, Chung 
IW, Chung US, Son JW (2010) Gender-specific association of the brain-derived 
neurotrophic factor gene with attention-deficit/hyperactivity disorder. Psychiatry 
Investig 7:285-290.

Clow C, Jasmin BJ (2010) Brain-derived neurotrophic factor regulates satellite cell 
differentiation and skeltal muscle regeneration. Mol Biol Cell 21:2182-2190.

Czira ME, Wersching H, Baune BT, Berger K (2012) Brain-derived neurotrophic factor 
gene polymorphisms, neurotransmitter levels, and depressive symptoms in an elderly 
population. Age 34:1529-1541.

da Silveira Alves CF, Caumo W, Silvestri JM, Zortea M, Dos Santos VS, Cardoso DF, 
Regner A, de Souza AH, Simon D (2020) Pain catastrophizing is associated with the 
Val66Met polymorphism of the brain-derived neurotrophic factor in fibromyalgia. Adv 
Rheumatol 60:39.

De Meo E, Portaccio E, Prestipino E, Nacmias B, Bagnoli S, Razzolini L, Pasto L, Niccolai 
C, Goretti B, Bellinvia A, Fonderico M, Giorgio A, Stromillo ML, Filippi M, Sorbi S, De 
Stefano N, Amato MP (2021) Effect of BDNF Val66Met polymorphism on hippocampal 
subfields in multiple sclerosis patients. Mol Psychiatry doi: 10.1038/s41380-021-
01345-1. 

Delezie J, Weihrauch M, Maier G, Tejero R, Ham DJ, Gill JF, Karrer-Cardel B, Ruegg MA, 
Tabares L, Handschin C (2019) BDNF is a mediator of glycolytic fiber-type specification 
in mouse skeletal muscle. Proc Natl Acad Sci U S A 116:16111-16120.

Di Rosa MC, Zimbone S, Saab MW, Tomasello MF (2021) The pleiotropic potential of 
BDNF beyond neurons: implication for a healthy mind in a healthy body. Life (Basel) 
11:1256.

Dinacci D, Tessitore A, Russo A, De Bonis ML, Lavorgna L, Picconi O, Sacco R, Bonavita 
S, Gallo A, Servillo G, Marcuccio L, Comerci M, Galletti P, Alfano B, Tedeschi G (2011) 
BDNF Val66Met polymorphism and brain volumes in multiple sclerosis. Neurol Sci 
32:117-123.

Donovan MJ, Lin MI, Wiegn P, Ringstedt T, Kraemer R, Hahn R, Wang S, Ibanez CF, Rafii S, 
Hempstead BL (2000) Brain derived neurotrophic factor is an endothelial cell survival 
factor required for intramyocardial vessel stabilization. Development 127:4531-4540.

Faris A, Cheah PS, Ling KH (2020) Single nucleotide polymorphism of BDNF Val66Met 
(rs6265) and its association to neuropsychiatric disorders. Neurosci Res Notes 3:9-26.

Fera F, Passamonti L, Cerasa A, Gioia MC, Liguori M, Manna I, Valentino P, Quattrone A 
(2013) The BDNF Val66Met polymorphism has opposite effects on memory circuits of 
multiple sclerosis patients and controls. PLoS One 8:e61063.

Foltynie T, Lewis SG, Goldberg TE, Blackwell AD, Kolachana BS, Weinberger DR, Robbins 
TW, Barker RA (2005) The BDNF Val66Met polymorphism has a gender specific 
influence on planning ability in Parkinson’s disease. J Neurol 252:833-838.

Foltynie T, Cheeran B, Williams-Gray CH, Edwards MJ, Schneider SA, Weinberger D, 
Rothwell JC, Barker RA, Bhatia KP (2009) BDNF val66met influences time to onset of 
levodopa induced dyskinesia in Parkinson’s disease. J Neurol Neurosurg Psychiatry 
80:141-144.

Fujitani M, Otani Y, Miyajima H (2021) Do neurotrophins connect neurological disorders 
and heart diseases? Biomolecules 11:1730.

Fukuchi M, Okuno Y, Nakayama H, Nakano A, Mori H, Mitazaki S, Nakano Y, Toume K, Jo M, 
Takasaki I, Watanabe K, Shibahara N, Komatsu K, Tabuchi A, Tsuda M (2019) Screening 
inducers of neuronal BDNF gene transcription using primary cortical cell cultures from 
BDNF-luciferase transgenic mice. Sci Rep 9:11833.

Galindo CL, Soslow JH, Brinkmeyer-Langford CL, Gupte M, Smith HM, Sengsayadeth S, 
Sawyer DB, Benson DW, Kornegay JN, Markham LW (2016) Translating golden retriever 
muscular dystrophy microarray findings to novel biomarkers for cardiac/skeletal 
muscle function in Duchenne muscular dystrophy. Pediatr Res 79:629-636.

Gao L, Díaz-Corrales FJ, Carrillo F, Díaz-Martín J, Caceres-Redondo MT, Carballo M, 
Palomino A, López-Barneo J, Mir P (2010) Brain-derived neurotrophic factor 
G196A polymorphism and clinical features in Parkinson’s disease. Acta Neurologica 
Scandinavica 122:41-45.

Heinzerling KG, Shoptaw S (2012) Gender, brain-derived neurotrophic factor Val66Met, 
and frequency of methamphetamine use. Gend Med 9:112-120.

Huang L, Jin J, Chen K, You S, Zhang H, Sideris A, Norcini M, Recio-Pinto E, Wang J, Gan 
WB, Yang G (2021) BDNF produced by cerebral microglia promotes cortical plasticity 
and pain hypersensitivity after peripheral nerve injury. PLoS Biol 19:e3001337.

Hupfeld KE, Vaillancourt DE, Seidler RD (2018) Genetic markers of dopaminergic 
transmission predict performance for older males but not females. Neurobiol Aging 
66:180.

Ieraci A, Madaio AI, Mallei A, Lee FS, Popoli M (2016) Brain-derived neurotrophic 
factor Val66Met human polymorphism impairs the beneficial exercise-induced 
neurobiological changes in mice. Neuropsychopharmacology 41:3070-3079.

N
um

be
r o

f p
ub

lis
he

d 
st

ud
ie

s
120

100

80

60

40

20

0

20
03

20
04

20
05
20

06
20

07
20

08
20

09
20

10
20

11
20

12
20

13
20

14
20

15
20

16
20

17
20

18
20

19
20

20

20
21

–2

Other conditions

Psychological disorders
Neurological disorders

Figure 2 ｜ The proportion of published studies of the brain-derived neurotrophic 
factor (BDNF) rs6265 polymorphism in association with non-neurological human 
disorders is increasing. 
The X-axis represents binned periods as labeled (in years). The Y-axis represents the 
number of published articles in the PubMed database (last date search of January 
30, 2022) that mention the BDNF rs6265 (G196A, Val66Met) polymorphism with 
psychological disorders (black portion), neurological disorders (red portion), or other 
nonclassical, non-neuropsychological conditions (blue portion). Stacked bars are 
additive and represent the total number of human studies of BDNF rs6265 including 
any pathological condition. Each reference is provided in Additional Table 1. Conditions/
disorders considered as “Psychological Disorders” were substance abuse (alcohol and/
or drugs), obsessive-compulsive disorder, panic disorder, psychosis (general), anxiety 
disorder, schizophrenia, suicide behavior, behavior disorders (various), bipolar disorder, 
borderline personality disorder, depression (variable cause), major depressive disorder 
(MDD), binge eating disorder, and anorexia nervosa. The “Neurological Disorders” 
category included spinocerebellar ataxia, attention deficit disorder (ADHD), autism, 
Rett syndrome, Tourette syndrome, dementia (general), dystonia (idiopathic), epilepsy, 
frontotemporal lobar degeneration, Huntington’s disease, Alzheimer’s disease, 
amyotrophic lateral sclerosis, multiple sclerosis, and Parkinson’s disease. “Other 
Disorders” include chemotherapy-associated cognitive impairment, cirrhosis (Hep-B 
induced), concussion, constipation, coronary artery disease, Crohn’s disease, diabetes, 
dry eye disease, dysmenorrhea, endometriosis, enuresis (nocturnal), fibromyalgia, 
glaucoma, glioma, hypertension, hypothyroidism, increased esophageal sensitivity, 
inflammation (in MDD), insomnia, lumbar disc herniation, lupus, lymphoma, allergic 
rhinitis, Coeliac disease, migraine, melanoma, metabolic syndrome, obesity, obstructive 
sleep apnea, optic neuritis, osteoporosis. pain (chronic), paraphilia, periodontitis 
(chronic), postoperative cognitive dysfunction, prelingual deafness, psoriasis vulgaris, 
post-traumatic stress syndrome (PTSD), reversible cerebral vasoconstriction syndrome, 
stroke, sudden infant death, tardive dyskinesia, tinnitus, traumatic brain injury (TBI), 
transient global amnesia, and Wilson’s disease.    



106  ｜NEURAL REGENERATION RESEARCH｜Vol 18｜No. 1｜January 2023

NEURAL REGENERATION RESEARCH
www.nrronline.org Review

Januar V, Ancelin ML, Ritchie K, Saffery R, Ryan J (2015) BDNF promoter methylation and 
genetic variation in late-life depression. Transl Psychiatry 5:e619.

Jiang R, Babyak MA, Brummett BH, Hauser ER, Shah SH, Becker RC, Siegler IC, Singh A, 
Haynes C, Chryst-Ladd M, Craig DM, Williams RB (2017) Brain-derived neurotrophic 
factor rs6265 (Val66Met) polymorphism is associated with disease severity and 
incidence of cardiovascular events in a patient cohort. Am Heart J 190:40-45. 

Karakasis C, Kalinderi K, Katsarou Z, Fidani L, Bostantjopoulou S (2011) Association of 
brain-derived neurotrophic factor (BDNF) Val66Met polymorphism with Parkinson’s 
disease in a Greek population. J Clin Neurosci 18:1744-1745. 

Kermani P, Hempstead B (2019) BDNF actions in the cardiovascular system: roles in 
development, adulthood and response to injury. Front Physiol 10:455.

Konishi Y, Tanii H, Otowa T, Sasaki T, Tochigi M, Umekage T, Motomura E, Shiroyama T, 
Kaiya H, Okazaki Y, Okada M (2014) Genexgenexgender interaction of BDNF and COMT 
genotypes associated with panic disorder. Prog Neuropsychopharmacol Biol Psychiatry 
51:119-125.

Kozlov EM, Grechko AV, Chegodaev YS, Wu WK, Orekhov AN (2020) Contribution of 
neurotrophins to the immune system regulation and possible connection to alcohol 
addiction. Biology 9:63.

Li H, Liu L, Tang Y, Ji N, Yang L, Qian Q, Wang Y (2014) Sex-specific association of brain-
derived neurotrophic factor (BDNF) Val66Met polymorphism and plasma BDNF 
with attention-deficit/hyperactivity disorder in a drug-naive Han Chinese sample. 
Psychiatry Res 217:191-197.

Liguori M, Fera F, Patitucci A, Manna I, Condino F, Valentino P, Telarico P, Cerasa A, Gioia 
MC, di Palma G, Quattrone A (2009) A longitudinal observation of brain-derived 
neurotrophic factor mRNA levels in patients with relapsing-remitting multiple 
sclerosis. Brain Res 1256:123-128.

Lim YY, Hassenstab J, Goate A, Fagan AM, Benzinger TLS, Cruchaga C, McDade E, 
Chhatwal J, Levin J, Farlow MR, Graff-Radford NR, Laske C, Masters CL, Salloway 
S, Schofield P, Morris JC, Maruff P, Bateman RJ (2018) Effect of BDNFVal66Met on 
disease markers in dominantly inherited Alzheimer’s disease. Ann Neurol 84:424-435. 

Lindquist S, Schott BH, Ban M, Compston DA, Sawcer S, Sailer M (2005) The BDNF-
Val66Met polymorphism: implications for susceptibility to multiple sclerosis and 
severity of disease. J Neuroimmunol 167:183-185.

Lodhi RJ, Wang Y, Macintyre G, Crocker C, Loverock A, Henriques BC, Heywood B, 
Sivapalan S, Bowker A, Majeau B, Bolt C, Bugbee D, Newton V, Tibbo P, Purdon SE, 
Aitchison KJ (2019) Trend level gene-gender interaction effect for the BDNF rs6265 
variant on age of onset of psychosis. Psychiatry Res 280:112500.

Mercado NM, Stancati JA, Sortwell CE, Mueller RL, Boezwinkle SA, Duffy MF, Fischer DL, 
Sandoval IM, Manfredsson FP, Collier TJ, Steece-Collier K (2021) The BDNF Val66Met 
polymorphism (rs6265) enhances dopamine neuron graft efficacy and side-effect 
liability in rs6265 knock-in rats. Neurobiol Dis 148:105175.

Mero IL, Smestad C, Lie BA, Lorentzen AR, Sandvik L, Landro NI, Aarseth JH, Myhr 
KM, Celius EG, Harbo HF (2012) Polymorphisms of the BDNF gene show neither 
association with multiple sclerosis susceptibility nor clinical course. J Neuroimmunol 
244:107-110.

Miranda-Lourenco C, Ribeiro-Rodrigues L, Fonseca-Gomes J, Tanqueiro SR, Belo RF, 
Ferreira CB, Rei N, Ferreira-Manso M, de Almeida-Borlido C, Costa-Coelho T, Freitas 
CF, Zavalko S, Mouro FM, Sebastiao AM, Xapelli S, Rodrigues TM, Diogenes MJ (2020) 
Challenges of BDNF-based therapies: from common to rare diseases. Pharmacol Res 
162:105281.

Mirowska-Guzel D, Mach A, Gromadzka G, Czlonkowski A, Czlonkowska A (2008) BDNF 
A196G and C270T gene polymorphisms and susceptibility to multiple sclerosis in the 
Polish population. Gender differences. J Neuroimmunol 193:170-172.

Nassan M, Veldic M, Winham S, Frye MA, Larrabee B, Colby C, Biernacka J, Bellia F, 
Pucci M, Terenius L, Vukojevic V, D’Addario C (2020) Methylation of brain derived 
neurotrophic factor (BDNF) Val66Met CpG site is associated with early onset bipolar 
disorder. J Affect Disord 267:96-102.

Negron M, Kristensen J, Nguyen VT, Gansereit LE, Raucci FJ, Chariker JL, Heck A, Brula I, 
Kitchen G, Awgulewitsch CP, Zhong L, Rouchka EC, Banga S, Galindo CL (2021) Sex-
based differences in cardiac gene expression and function in BDNF Val66Met mice. Int 
J Mol Sci 22:7002.

Nociti V, Santoro M, Quaranta D, Losavio FA, De Fino C, Giordano R, Palomba NP, Rossini 
PM, Guerini FR, Clerici M, Caputo D, Mirabella M (2018) BDNF rs6265 polymorphism 
methylation in multiple sclerosis: a possible marker of disease progression. PLoS One 
13:e0206140.

Nociti V, Santoro M, Quaranta D, Losavio FA, De Fino C, Giordano R, Palomba NP, 
Rossini PM, Guerini FR, Clerici M, Caputo D, Mirabella M (2019) Correction: BDNF 
rs6265 polymorphism methylation in multiple sclerosis: a possible marker of disease 
progression. PLoS One 14:e0212906.

Ozan E, Okur H, Eker C, Eker OD, Gonul AS, Akarsu N (2010) The effect of depression, 
BDNF gene val66met polymorphism and gender on serum BDNF levels. Brain Res Bull 
81:61-65.

Peng JH, Liu CW, Pan SL, Wu HY, Liang QH, Gan RJ, Huang L, Ding Y, Bian ZY, Huang 
H, Lv ZP, Zhou XL, Yin RX (2017) Potential unfavorable impacts of BDNF Val66Met 
polymorphisms on metabolic risks in average population in a longevous area. BMC 
Geriatr 17:4.

Polli A, Ghosh M, Bakusic J, Ickmans K, Monteyne D, Velkeniers B, Bekaert B, Godderis 
L, Nijs J (2020) DNA methylation and brain-derived neurotrophic factor expression 
account for symptoms and widespread hyperalgesia in patients with chronic fatigue 
syndrome and comorbid fibromyalgia. Arthritis Rheumatol 72:1936-1944.

Portaccio E, Bellinvia A, Prestipino E, Nacmias B, Bagnoli S, Razzolini L, Pasto L, Niccolai 
C, Goretti B, Fonderico M, Zimatore GB, Losignore NA, Sorbi S, Amato MP (2021) 
The brain-derived neurotrophic factor Val66Met polymorphism can protect against 
cognitive impairment in multiple sclerosis. Front Neurol 12:645220.

Ramasamy DP, Ramanathan M, Cox JL, Antulov R, Weinstock-Guttman B, Bergsland N, 
Benedict RH, Dwyer MG, Minagar A, Zivadinov R (2011) Effect of Met66 allele of the 
BDNF rs6265 SNP on regional gray matter volumes in patients with multiple sclerosis: 
a voxel-based morphometry study. Pathophysiology 18:53-60.

Raucci FJ Jr, Singh AP, Soslow J, Markham LW, Zhong L, Aljafar W, Lessiohadi N, 
Awgulewitsch CP, Umbarkar P, Zhang Q, Cannon PL, Buchowski M, Roland JT, 
Carrier EJ, Burnette WB, Hatzopoulos AK, Lal H, Galindo CL (2020) The BDNF 
rs6265 polymorphism is a modifier of cardiomyocyte contractility and dilated 
cardiomyopathy. Int J Mol Sci 21:7466.

Sandrini L, Castiglioni L, Amadio P, Werba JP, Eligini S, Fiorelli S, Zara M, Castiglioni S, 
Bellosta S, Lee FS, Sironi L, Tremoli E, Barbieri SS (2020) Impact of BDNF Val66Met 
polymorphism on myocardial infarction: exploring the macrophage phenotype. Cells 
9:1084.

Shalev I, Lerer E, Israel S, Uzefovsky F, Gritsenko I, Mankuta D, Ebstein RP, Kaitz M (2009) 
BDNF Val66Met polymorphism is associated with HPA axis reactivity to psychological 
stress characterized by genotype and gender interactions. Psychoneuroendocrinology 
34:382-388.

Shen T, You Y, Joseph C, Mirzaei M, Klistorner A, Graham SL, Gupta V (2018) BDNF 
polymorphism: a review of its diagnostic and clinical relevance in neurodegenerative 
disorders. Aging Dis 9:523-536.

Shen T, Gupta VK, Klistorner A, Chitranshi N, Graham SL, You Y (2019) Sex-specific effect 
of BDNF Val66Met genotypes on the progression of open-angle glaucoma. Invest 
Ophthalmol Vis Sci 60:1069-1075.

Siu JJ, Queen NJ, Liu X, Huang W, McMurphy T, Cao L (2017) Molecular therapy of 
melanocortin-4-receptor obesity by an autoregulatory BDNF vector. Mol Ther 
Methods Clin Dev 7:83-95.

Stuardo N, Moya-Alvarado G, Ramirez C, Schiavo G, Bronfman FC (2020) An improved 
protocol to purify and directly mono-biotinylate recombinant BDNF in a tube for 
cellular trafficking studies in neurons. J Vis Exp doi: 10.3791/61262. 

Sustar A, Nikolac Perkovic M, Nedic Erjavec G, Svob Strac D, Pivac N (2016) A protective 
effect of the BDNF Met/Met genotype in obesity in healthy Caucasian subjects but 
not in patients with coronary heart disease. Eur Rev Med Pharmacol Sci 20:3417-
3426.

Tian Y, Liu X, Jia M, Yu H, Lichtner P, Shi Y, Meng Z, Kou S, Ho IHT, Jia B, Cheng BCP, 
Lam CKM, Tsang S, Wong SH, Yu J, Cheng CHK, Gin T, Wu WKK, Chen Z, Chan MTV, 
et al. (2018) Targeted genotyping identifies susceptibility locus in brain-derived 
neurotrophic factor gene for chronic postsurgical pain. Anesthesiology 128:587-597.

Trombetta IC, DeMoura JR, Alves CR, Carbonari-Brito R, Cepeda FX, Lemos JR Jr (2020) 
Serum levels of BDNF in cardiovascular protection and in response to exercise. Arq 
Bras Cardiol 115:263-269.

Tudor L, Konjevod M, Nikolac Perkovic M, Svob Strac D, Nedic Erjavec G, Uzun S, 
Kozumplik O, Sagud M, Kovacic Petrovic Z, Pivac N (2018) Genetic variants of 
the brain-derived neurotrophic factor and metabolic indices in veterans with 
posttraumatic stress disorder. Front Psychiatry 9:637.

Ursini G, Cavalleri T, Fazio L, Angrisano T, Iacovelli L, Porcelli A, Maddalena G, Punzi G, 
Mancini M, Gelao B, Romano R, Masellis R, Calabrese F, Rampino A, Taurisano P, 
Di Giorgio A, Keller S, Tarantini L, Sinibaldi L, Quarto T, et al. (2016) BDNF rs6265 
methylation and genotype interact on risk for schizophrenia. Epigenetics 11:11-23. 

van der Kolk NM, Speelman AD, van Nimwegen M, Kessels RP, IntHout J, Hakobjan M, 
Munneke M, Bloem BR, van de Warrenburg BP (2015) BDNF polymorphism associates 
with decline in set shifting in Parkinson’s disease. Neurobiol Aging 36:1605. 

Vanevski F, Xu B (2013) Molecular and neural bases underlying roles of BDNF in the 
control of body weight. Front Neurosci 7:37.

Verhagen M, van der Meij A, van Deurzen PA, Janzing JG, Arias-Vasquez A, Buitelaar 
JK, Franke B (2010) Meta-analysis of the BDNF Val66Met polymorphism in major 
depressive disorder: effects of gender and ethnicity. Mol Psychiatry 15:260-271.

Watts A, Andrews SJ, Anstey KJ (2018) Sex differences in the impact of BDNF genotype 
on the longitudinal relationship between physical activity and cognitive performance. 
Gerontology 64:361-372.

Wei SM, Eisenberg DP, Kohn PD, Kippenhan JS, Kolachana BS, Weinberger DR, Berman KF 
(2012) Brain-derived neurotrophic factor Val(6)(6)Met polymorphism affects resting 
regional cerebral blood flow and functional connectivity differentially in women 
versus men. J Neurosci 32:7074-7081.

Yan T, Wang L, Kuang W, Xu J, Li S, Chen J, Yang Y (2014) Brain-derived neurotrophic 
factor Val66Met polymorphism association with antidepressant efficacy: a systematic 
review and meta-analysis. Asia Pac Psychiatry 6:241-251.

Yang AC, Chen TJ, Tsai SJ, Hong CJ, Kuo CH, Yang CH, Kao KP (2010) BDNF Val66Met 
polymorphism alters sympathovagal balance in healthy subjects. Am J Med Genet B 
Neuropsychiatr Genet 153B:1024-1030.

Yang J, Park KW, Cho S (2018) Inhibition of the CD36 receptor reduces visceral fat 
accumulation and improves insulin resistance in obese mice carrying the BDNF-
Val66Met variant. J Biol Chem 293:13338-13348.

Zanin JP, Unsain N, Anastasia A (2017) Growth factors and hormones pro-peptides: the 
unexpected adventures of the BDNF prodomain. J Neurochem 141:330-340.

Zhou JX, Li HC, Bai XJ, Chang BC, Li CJ, Sun P, Chen LM (2013) Functional Val66Met 
polymorphism of brain-derived neurotrophic factor in type 2 diabetes with depression 
in Han Chinese subjects. Behav Brain Funct 9:34.

Zivadinov R, Weinstock-Guttman B, Benedict R, Tamano-Blanco M, Hussein S, 
Abdelrahman N, Durfee J, Ramanathan M (2007) Preservation of gray matter volume 
in multiple sclerosis patients with the Met allele of the rs6265 (Val66Met) SNP of 
brain-derived neurotrophic factor. Hum Mol Genet 16:2659-2668.

C-Editors: Zhao M, Liu WJ, Qiu Y; T-Editor: Jia Y 


