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Abstract: Neurotrophins, such as brain-derived neurotrophic factor (BDNF), are essential for neuronal
survival and growth. The signaling cascades initiated by BDNF and its receptor are the key regulators
of synaptic plasticity, which plays important role in learning and memory formation. Changes in
BDNF levels and signaling pathways have been identified in several neurodegenerative diseases,
including Alzheimer’s disease, Parkinson’s disease, and Huntington’s disease, and have been linked
with the symptoms and course of these diseases. This review summarizes the current understanding
of the role of BDNF in several neurodegenerative diseases, as well as the underlying molecular
mechanism. The therapeutic potential of BDNF treatment is also discussed, in the hope of discovering
new avenues for the treatment of neurodegenerative diseases.
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1. Introduction

Neurodegenerative diseases are characterized by the gradual loss of neuronal structure
or function, which can lead to neuronal death. Neurodegenerative disease often results
in progressive cognitive, functional, and behavioral changes, manifested as dysfunctional
motor and cognitive impairment. The most common types of neurodegenerative disease,
such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease, and amyotrophic
lateral sclerosis (ALS), have all been extensively studied. Neurodegenerative diseases repre-
sent a major socioeconomic burden worldwide. The risk of acquiring a neurodegenerative
disease increases dramatically with age [1]. Thus, with an aging population, the number of
people affected is set to increase even further, necessitating the development of therapeutic
strategies capable of reversing or stopping the degenerative process.

Neurotrophins are regulatory factors that mediate the differentiation and survival of
neurons [2]. Neurotrophins include nerve growth factor (NGF), brain-derived neurotrophic
factor (BDNF), neurotrophin-3 (NT3), and neurotrophin-4/5 (NT4/5), which are all derived
from a common ancestral gene and have similar sequences and structures. Among neu-
rotrophins, BDNF has been extensively investigated, and it has emerged as an important
regulator of synaptic plasticity, neuronal survival, and differentiation. In addition, BDNF
serves as a crucial molecular target for the development of drugs to treat neurological dis-
eases. The first evidence of BDNF’s role in the etiology of neurodegenerative illnesses was
discovered in the early 1990s. Since then, research on BDNF in neurodegenerative diseases
has grown tremendously. In this review, we present recent updates on the role of BDNF and
its downstream signaling pathways in neurodegenerative diseases, including Alzheimer’s
disease, Parkinson’s disease, Huntington’s disease, and ALS. In addition, the therapeutic
potential of BDNF in the treatment of neurodegenerative diseases will be reviewed. Scopus
database was searched for articles published between 2010 and 2022. The search terms
included: “BDNF”, “neurodegenerative diseases”, “Alzheimer’s disease”, “Parkinson’s
disease”, “Huntington’s disease”, and “amyotrophic lateral sclerosis”. Full articles were
obtained and the references were reviewed for additional information when necessary.
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2. BDNF Molecular Mechanisms and Signaling Cascades

The synthesis and maturation of BDNF is a multistep process, starting with the for-
mation of several precursor isoforms. The precursor form of BDNF protein, preproBDNF,
is synthesized in the endoplasmic reticulum (Figure 1) [3]. PreproBDNF is then con-
verted into a precursor proneurotrophin isoform of BDNF (proBDNF) by the removal
of the signal peptide. The proBDNF is made up of 129 amino acids with an N-terminal
pro-domain and 118 amino acids, with a mature domain at the C-terminus [4]. The ma-
ture isoform of the BDNF (mBDNF) is produced by additional cleavage of the proBDNF.
ProBDNF can be cleaved intracellularly by endoproteases from the subtilisin-kexin fam-
ily, such as furin, or by convertases in intracellular vesicles [5]. Plasmin and matrix
metalloproteases 2 and 9 (MMP2 and MMP9) are required for the extracellular cleavage
of proBDNF [6]. The physiological activity of mBDNF and proBDNF is enabled by their
secretion into the extracellular space. BDNF secretion can be either constitutive or activity-
dependent, depending on the cell type [4]. In neuronal cells, both proBDNF and mBDNF
are released upon cellular membrane depolarization [7]. The ratio of proBDNF to mBDNF
varies, depending on the particular stages and regions of brain development. ProBDNF
is higher in the early postnatal period, when it is important for the development of brain
function, while mBDNF is higher in adulthood for brain function, such as neuroprotection
and synaptic plasticity [8].

The network of BDNF/tyrosine receptor kinase B (TrkB) and BDNF/ p75 pan-
neurotrophin receptor (p75NTR) signaling pathways was first graphically mapped by
Sandhya et al. in 2013. Briefly, the mature domain of proBDNF interacts preferentially
with the p75NTR, while the pro-domain interacts with the sortilin receptor or other vac-
uolar protein-sorting 10 protein (Vps10p) [9]. The binding of proBDNF to its specific
receptor activates signaling pathways that determine the fate of neurons and synapses.
The proBDNF/p75NTR/sortilin binding complex can cause the activation of the c-Jun
amino-terminal kinase (JNK) pathway, leading to dendritic spine loss, caspase release, and
neuronal apoptosis [10]. The activation of JNK requires neurotrophin receptor-interacting
MAGE homolog (NRAGE), neurotrophin receptor-interacting factor (NRIF), and tumor
necrosis factor receptor-associated factor 6 (TRAF6). The binding of proBDNF to p75NTR
can also cause the activation of the RhoA/Rho-associated kinase (ROCK) signaling path-
way [11]. ROCK then activates the phosphatase and tension homolog (PTEN), which
blocks the phosphoinositide 3-kinases-protein kinase B (PI3K/AKT) signaling necessary
for TrkB-induced potentiation, thus eliciting apoptosis [12]. In addition, the TRAF6 signal-
ing pathway is initiated, which leads to nuclear factor kappa B (NF-kB) activation. The
activation of NF-kB can either promotes neuronal survival or nitric oxide production and
neuroinflammation through multiple reactions [13].

On the other hand, mBDNF binds with the TrkB receptor, which has a high affin-
ity. Upon BDNF binding, TrkB dimerizes, intracellular tyrosine residues are autophos-
phorylated, and several enzymes are activated, including phospholipase C (PLC), PI3K,
guanosine triphosphate hydrolases (GTP), and Janus kinase (JAK) [14]. Through the ac-
tivation of calcium-calmodulin-dependent protein kinase (CAMK) and protein kinase C
(PKC), the PLC-dependent pathway leads to calcium-dependent signaling steps and the
release of calcium ions from intracellular calcium storage, resulting in increased synaptic
plasticity [15]. The PI3K/AKT-related pathway modulates N-methyl-D-aspartate recep-
tor (NMDAR)-dependent synaptic plasticity and exerts pro-survival and antiapoptotic
activity [16]. The PI3K/Akt/mTOR cascade promotes dendritic growth and branching
by regulating the synthesis of protein and the development of the cytoskeleton [17]. The
mitogen-activated protein kinase (MAPK)/RAS-signaling cascade regulates the synthe-
sis of protein during neuronal development and is also involved in the activation of
extracellular-signal-regulated kinase 1/2 (ERK 1/2) and cAMP response element-binding
protein (CREB) [18]. CREB activation leads to the initiation of transcription, the prolon-
gation of synaptic potentiation, dendritic arborization, and neuroprotection [19]. The
JAK/STAT pathway promotes major pelvic ganglia neurite outgrowths [20].



Int. J. Mol. Sci. 2022, 23, 6827 3 of 24Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 3 of 25 
 

 

 
Figure 1. BDNF molecular mechanisms and signaling cascades. The BDNF protein is synthesized as 
a precursor form, preproBDNF. PreproBDNF is then converted into proBDNF, which consists of a 
pro-domain and a mature domain. The proBDNF is further cleaved to generate the mature isoform, 
mBDNF. ProBDNF and mBDNF are exocytosed into the extracellular space. The pro-domain of the 
proBDNF binds to the sortilin receptor, while the mature domain binds to the p75NTR receptor and 
activates the JNK/cJUN, PI3K/AKT, and TRAF6/NF-kB signaling pathways, which determine neu-
ronal fate. The mBDNF binds to the TrkB receptor and activates PLCs, PI3K, MAPK, and JAK/STAT 
signaling cascades, which promote CREB translation, neuronal survival, and synaptic plasticity. 

The network of BDNF/tyrosine receptor kinase B (TrkB) and BDNF/ p75 pan-neuro-
trophin receptor (p75NTR) signaling pathways was first graphically mapped by Sandhya 
et al. in 2013. Briefly, the mature domain of proBDNF interacts preferentially with the 
p75NTR, while the pro-domain interacts with the sortilin receptor or other vacuolar pro-
tein-sorting 10 protein (Vps10p) [9]. The binding of proBDNF to its specific receptor acti-

Figure 1. BDNF molecular mechanisms and signaling cascades. The BDNF protein is synthesized as
a precursor form, preproBDNF. PreproBDNF is then converted into proBDNF, which consists of a
pro-domain and a mature domain. The proBDNF is further cleaved to generate the mature isoform,
mBDNF. ProBDNF and mBDNF are exocytosed into the extracellular space. The pro-domain of the
proBDNF binds to the sortilin receptor, while the mature domain binds to the p75NTR receptor and
activates the JNK/cJUN, PI3K/AKT, and TRAF6/NF-kB signaling pathways, which determine neu-
ronal fate. The mBDNF binds to the TrkB receptor and activates PLCs, PI3K, MAPK, and JAK/STAT
signaling cascades, which promote CREB translation, neuronal survival, and synaptic plasticity.

The specialized role of BDNF in the regulation of numerous physiological brain pro-
cesses is determined by the interaction of BDNF isoforms with different types of receptors.
For example, the activation of TrkB by BDNF is important in the late phase of long-term
potentiation (L-LTP), which stimulates structural changes at the synapse [21]. On the other
hand, P75NTR activation by proBDNF facilitates hippocampal long-term depression (LTD),
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which results in a decrease in synaptic strength [21]. The disruptions in BDNF production
that result in signaling-cascade failure may be responsible for a range of neurological
disorders. In addition, changes in BDNF levels and activities have been associated with a
variety of neurodegenerative diseases, including Alzheimer’s disease, Parkinson’s disease,
Huntington’s disease, and ALS.

3. BDNF in Alzheimer’s Disease

Alzheimer’s disease is a progressive neurodegenerative disorder characterized by
memory loss and multiple cognitive disorders. Currently, it is one of the ten most frequent
causes of mortality worldwide, ranking third in the Americas and Europe in 2019 [22].
Women are disproportionately affected, accounting for 65 percent of Alzheimer’s disease
deaths. Worldwide, around 45 million people have Alzheimer’s disease, and this number
is projected to nearly triple by 2060 [23]. The consequences of Alzheimer’s disease have
a substantial influence on individual lives and social expenditure, with treatment costs
estimated to be as high as USD 600 billion per year [23]. Although considerable efforts have
been undertaken to tackle it, Alzheimer’s disease remains incurable, mainly due to our
poor knowledge about its complex pathological mechanism. The deposition of extracellular
amyloid β (Aβ) protein, or ‘amyloid plaques’, in the brain is the first identifiable pathology,
occurring decades before clinical symptoms appear [24]. The accumulation of Aβ con-
tributes to the increased phosphorylation and secretion of Tau, a microtubule-associated
axonal protein that is extensively expressed in cortical neurons [25]. Disruptions in tau
metabolism cause neurodegeneration, resulting in dystrophic neurites and intraneuronal
neurofibrillary tangles of hyperphosphorylated and truncated tau proteins. Neuronal and
synaptic degeneration, as well as neurofibrillary tangles and neuropil threads, plaques,
granulovacuolar degeneration, and Hirano bodies, are the most prominent microscopic
neuropathological characteristics of Alzheimer’s disease [26]. Most Alzheimer’s disease
cases are termed ‘sporadic’, with the common causes being a combination of hereditary
and environmental risk factors. There are a few rare familial cases of Alzheimer’s disease,
which are termed autosomal-dominant early-onset Alzheimer’s disease.

Several studies have underlined the link between Alzheimer’s disease and BDNF. The
decreased BDNF protein and mRNA levels in the neocortex and hippocampus suggest
that BDNF plays a significant role in Alzheimer’s disease [27–30]. Similarly, a significant
decrease in BDNF levels in the peripheral blood of Alzheimer’s disease patients has
been reported (Table 1) [31–33]. Despite this, several studies reported conflicting results,
according to which there was an elevation in the BDNF levels in the peripheral blood of
Alzheimer’s disease patients [34,35]. It was suggested that the increased BDNF levels were
due to a compensatory mechanism to fight early neurodegeneration or to the activation of
immune cells [34]. As the disease advances, these compensatory processes may begin to fail,
resulting in lower BDNF levels in the peripheral blood. Nevertheless, several meta-analysis
studies reported that peripheral BDNF levels decreased in Alzheimer’s disease [36–38]. A
significant correlation between serum BDNF levels and medial temporal lobe atrophy has
been reported; therefore, decreased serum BDNF can potentially be used as a biomarker
for early Alzheimer’s disease detection [39].

The depletion of BDNF is associated with Aβ accumulation, Tau phosphorylation,
neuroinflammation, and neuronal apoptosis [40]. Tau is involved in the Aβ-induced down-
regulation of BDNF; hence, Alzheimer’s disease treatments that focus solely on Aβmay be
ineffective if the impact of Tau pathology on neurotrophic pathways is not considered [41].
In addition, BDNF/TrkB deficiency increases inflammatory cytokines and stimulates the
JAK2/STAT3 pathway, resulting in transcription factor C/EBPβ overexpression. As a result,
the expression of δ-secretase increases, causing δ-secretase to fragment APP and Tau, and
subsequently death of neurons [40]. Oxidative stress and Aβ decrease PKCε expression,
and reciprocally, a depression in PKCε reduces BDNF and MnSOD in hippocampal pyra-
midal neurons, resulting in oxidative stress and disrupting synaptic plasticity [42]. On the
other hand, BDNF overexpression or BDNF gene delivery have been shown to attenuate
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behavioral deficits, reduced neuronal abnormality, alleviated synaptic degeneration, and
prevented neuron loss, although they did not affect the Tau hyperphosphorylation level [43].
BDNF overexpression also improves the therapeutic potential of engrafted neural stem
cells (NSCs) for Alzheimer’s disease via neuronal replacement and neurogenic effects,
through which it improves the engrafted cells’ viability, neurite complexity, maturation of
electrical properties, neuronal fate, and synaptic density [44]. Furthermore, conditional
BDNF delivery from astrocytes has been shown to rescue memory deficits, spine density,
and synaptic properties [45].

Table 1. Role of BDNF in Alzheimer’s disease.

Observations References

Alzheimer’s disease patients
Serum BDNF levels significantly decreased in early-onset and late-onset Alzheimer’s disease compared to
age-matched healthy controls. [32]

BDNF levels in platelet-rich plasma significantly decreased, which was correlated with moderate-to-severe stages
of dementia. [33]

Alzheimer’s disease patients have higher levels of peripheral BDNF, possibly due to a compensatory mechanism
to fight early neurodegeneration or to the activation of immune cells. [34]

BDNF serum levels are increased in subjects with MCI and decreased in subjects with Alzheimer’s disease. [35]
There is a significant correlation between serum BDNF levels and medial temporal lobe atrophy. [39]
Oxidative stress and Aβ decrease PKCε expression. A depression in PKCε reduces BDNF and MnSOD expression
in hippocampal pyramidal neurons. [42]

BDNF level was reduced in the sera and brains of Alzheimer’s disease patients. [43]
Peripheral BDNF promoter methylation might be a diagnostic marker of Alzheimer’s disease risk. [46]
There was a gender-related alteration in BDNF mRNA expression in brain tissues and a positive genetic
association of rs6265 in BDNF with Alzheimer’s disease in females. There was a clear female-specific risk trend for
the effect of BDNF rs6265 on Alzheimer’s disease-related endophenotypes.

[47]

The ApoE ε4 genotype is involved in regulating BDNF metabolism. The interaction between BDNF and ApoE
genotype plays a critical role in Alzheimer’s disease pathogenesis. [48]

There were dose-dependent genotype effects and significant correlations between the cognitive test scores and
interconnected-cluster volumes, especially in the orbitofrontal cortex. [49]

BDNF genetic variations increase the risk of Alzheimer’s-disease-related depression. [50]
Prefrontal cortex BDNF gene expression is associated with aging, rs6265 carrier status, and AD neuropathology in
a variant-specific manner that seems to be independent of DNA methylation influences. [51]

BDNF-AS levels in the plasma of late-stage Alzheimer’s disease patients showed a significant increase compared
to healthy subjects. [52]

BDNF anti-sense RNA (BDNF-AS) promotes BACE1 expression and Alzheimer’s disease progression through the
competitive binding of miR-9-5p. [53]

Pro-BDNF levels are significantly associated with both amyloid load and pTau in the hippocampus. [54]
Amnestic mild cognitive impairment (aMCI) patients
The interactions between DNA methylation (CpG5) of the BDNF gene promoter and the tag SNP (rs6265) play
important roles in the etiology of amnestic mild cognitive impairment (aMCI) and its conversion to Alzheimer’s
disease.

[55]

The elevation of peripheral BDNF promoter methylation might be used as potential epigenetic biomarkers for
predicting the conversion from aMCI to Alzheimer’s disease. [56]

Patients with subjective cognitive decline (SCD) to mild cognitive impairment (MCI)
BDNF Val66Met increased the risk of progression from SCD to MCI and from MCI to Alzheimer’s disease in
women only. [57]

Cognitively unimpaired (CU) adults
The interaction between BDNF Met and APOE4 has a weak effect on amyloid-β plaque burden, and the
longitudinal PET measurements of Alzheimer’s disease-related carriage have a weak effect on the decline in the
cerebral metabolic rate for glucose (CMRgl) in cognitively unimpaired late-middle-aged and older adults, but
there is no apparent effect on the rate of cognitive decline.

[58]
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Table 1. Cont.

Observations References

Animal model

13.5-month-old BDNFf/f and
TrkBf/f mice

The deprivation of BDNF/TrkB increases inflammatory cytokines and
activates the JAK2/STAT3 pathway, resulting in the upregulation of
transcription factor C/EBPβ. This, in turn, results in the increased expression
of δ-secretase, leading to both APP and Tau fragmentation by δ-secretase and
neuronal loss.

[40]

Transgenic mouse models of
human Tau expression

Tau at least partially mediates Aβ-induced BDNF downregulation. Therefore,
Alzheimer’s disease treatments targeting Aβ alone may not be effective
without considering the impact of Tau pathology on neurotrophic pathways.

[41]

P301L transgenic mice (a mouse
model of tauopathy)

The BDNF level was reduced in the sera and brains of P301L transgenic mice.
BDNF overexpression attenuated behavioral deficits, prevented neuron loss,
alleviated synaptic degeneration, and reduced neuronal abnormality, but did
not affect Tau hyperphosphorylation levels.

[43]

5xFAD mouse model of
Alzheimer’s disease

Conditional BDNF delivery from astrocytes rescues memory deficits, spine
density, and synaptic properties. [45]

APPswe/PS1dE9 (APdE9) mice BDNF gene mutations are deleterious for learning and memory. BDNF protein
accumulates around amyloid plaques in the brains of APdE9 mice. [59]

Cell culture

human Tau (hTau40)-transfected
human neuroblastoma
(SH-SY5Y) cells

Tau at least partially mediates Aβ-induced BDNF downregulation. Therefore,
Alzheimer’s disease treatments targeting Aβ alone may not be effective
without considering the impact of Tau pathology on neurotrophic pathways.

[41]

Beta-amyloid-treated neural
stem cells (NSCs)

BDNF overexpression improves the therapeutic potential of engrafted NSCs
for Alzheimer’s disease via neurogenic effects and neuronal replacement. [44]

SH-SY5Y cell line BDNF anti-sense RNA (BDNF-AS) promotes BACE1 expression and
Alzheimer’s disease progression through the competitive binding of miR-9-5p. [53]

SH-SY5Y cell line There is a synergistic toxic interaction between the amyloid-β peptide (Aβ1-42)
and the pro-domains of both DNT1 and BDNF. [60]

In addition to the BDNF level, BDNF-promoter methylation in the peripheral blood
has been investigated for the prediction of Alzheimer’s disease risk. It has been suggested
that peripheral BDNF-promoter methylation has the potential to be a diagnostic marker
of Alzheimer’s disease risk [46]. The interactions between the tag SNP (rs6265) and DNA
methylation (CpG5) of the BDNF gene promoter are involved in the etiology of amnestic
mild cognitive impairment (aMCI) and its conversion to Alzheimer’s disease [55]. Thus, the
elevation of peripheral BDNF promoter methylation might be used as a potential epigenetic
biomarker for the prediction of aMCI conversion to Alzheimer’s disease [56]. The risk
of progression from MCI to Alzheimer’s disease is also associated with BDNF Val66Met
polymorphism, whereby BDNF Val66Met increases the risk of disease progression [57]. The
Met allele, on the other hand, only raised the risk of Alzheimer’s disease in women [57].
Similarly, there is a sex-related alteration in BDNF mRNA expression in brain tissues,
as well as a positive genetic association of rs6265 in BDNF with Alzheimer’s disease in
females. The influence of BDNF rs6265 on Alzheimer’s-disease-related endophenotypes
had a significant female-specific risk trend [47].

In the pathogenesis of Alzheimer’s disease, the interplay between BDNF and the ApoE
genotype is crucial [48]. There is a weak association between ApoE4 and BDNF Met on
longitudinal PET measurements and the Aβ plaque burden of Alzheimer’s disease-related
carriage on cerebral metabolic rate for glucose (CMRgl) decline in cognitively unimpaired
late-middle-aged and older adults, without an obvious effect upon the rate of cognitive
decline [58]. In addition, there are dose-dependent ApoE genotype effects and significant
correlations between interconnected-cluster volumes and cognitive test scores, especially
in the orbitofrontal cortex [49]. These discoveries support the hypothesis that BDNF rs6265
polymorphisms modulate entorhinal-cortex interconnected clusters [49]. Other studies
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have investigated the transcriptional, epigenetic, and BDNF translational regulation in the
brain and its association with Alzheimer’s disease. BDNF gene mutations are deleterious to
learning and memory [59]. In addition, the risk of Alzheimer’s-disease-related depression
is increased with BDNF genetic variations [50]. Prefrontal-cortex BDNF gene expression is
associated with rs6265 carrier status, aging, and Alzheimer’s disease neuropathology in a
variant-specific pattern that appears to be distinct from DNA methylation [51].

A long noncoding RNA known as BDNF antisense (BDNF-AS) is one of the RNAs
involved in Alzheimer’s disease. The plasma of Alzheimer’s disease patients showed a sig-
nificant increase in BDNF-AS levels compared to those of healthy subjects [52]. BDNF-AS
promotes BACE1 expression and Alzheimer’s disease progression through the competitive
binding of miR-9-5p [53]. These findings suggest that the plasma levels of the long non-
coding RNA BDNF-AS have the potential to be used as a blood/plasma diagnostic marker
for Alzheimer’s disease diagnosis. The silencing of BDNF-AS RNA increases BDNF levels,
enhances cell viability, and reduces Aβ-induced neurotoxicity [61].

In addition to BDNF, pro-BDNF has also been associated with Alzheimer’s disease
and Tau. There is a synergistic toxic interaction between pro-BDNF and the Aβ peptide [60].
The activation of the BDNF pro-domain receptor p75NTR by Aβ1-42 is thought to be the
cause of this synergistic interaction [60]. The pro-BDNF level has also been significantly
associated with pTau and amyloid load in the hippocampus [54]. The ratio of BDNF pro-to-
mature domains in Alzheimer’s disease patients’ brains was shown to increase by more
than thirty-fold [60]. This imbalanced BDNF pro-to-mature-domain ratio in Alzheimer’s
patients could be a biomarker for the disease.

In summary, the decreased BDNF levels in the blood and brains of Alzheimer’s disease
patients suggest that BDNF is imperative in the etiology of Alzheimer’s disease and thus
has the potential to be employed as a biomarker for the early detection of Alzheimer’s
disease. BDNF depletion is associated with neuroinflammation, Tau phosphorylation, Aβ
accumulation, and neuronal apoptosis. Interestingly, BDNF overexpression or gene delivery
has been proven to alleviate neuronal abnormality, neuronal loss, synaptic degeneration,
and behavioral deficits. Therefore, this evidence opens up a new avenue for the treatment
of Alzheimer’s disease using BDNF therapy. However, the exact pathway implicated in the
modulation of BDNF signaling warrants further investigation in order to precisely target
the desired effect.

4. BDNF in Parkinson’s Disease

Parkinson’s disease is the second-worst neurodegenerative disease worldwide after
Alzheimer’s disease. It affects 1-2 per 1000 of the population at any time [62]. The preva-
lence of Parkinson’s disease increases with age; 1% of the population over the age of 60 is
affected. The disease costs over USD 51.9 billion annually in the US [63]. An increased
understanding of this disease is critically important, particularly in countries with aging
populations. The main neuropathological finding is the presence of α-synuclein-containing
Lewy bodies and the loss of selected populations of dopaminergic neurons, particularly
within the pars compacta of the substantia nigra (SNpc). In Parkinson’s disease, the axons
of nigral dopamine (DA) neurons that transmit afferent axons to the striatum degenerate,
causing striatal morphological alterations (e.g., altered synaptic connections, decreased
spine density) and, ultimately, the loss of DA neurons in the midbrain, thus leading to both
motor and non-motor symptoms. The classical features of Parkinson’s disease are resting-
muscle rigidity, tremor, loss of postural reflexes, bradykinesia, flexed posture, mask-like
facial expression, festinating gait, cognitive decline, handwriting changes, and postural
deformities [64]. The causes of Parkinson’s disease are unknown, but substantial evidence
suggests a multifactorial etiology involving environmental and genetic factors. Mutations
in the gene encoding α-synuclein, deletions in the parkin gene, defects in mitochondrial
metabolism, constitutive metabolic deficiencies, mitochondrial gene deletions, and oxida-
tively induced cellular damage have been associated with Parkinson’s disease etiology.
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The established effects of BDNF on supporting the function and survival of substantia
nigra (SN) DA neurons, as well as its structural and functional influence on striatal medium
spiny neurons (MSNs), have sparked interest in the role of BDNF in Parkinson’s disease.
BDNF has been shown to promote SN neuron survival in vitro and protects against vari-
ous neurotoxic assaults in vitro and in vivo [65–67]. Furthermore, BDNF-TrkB signaling
increases the number of docked vesicles within active zones at glutamatergic synapses,
such as those established between cortical afferents and striatal MSNs, and also changes the
activation kinetics of N-ethyl-D-aspartate (NMDA) and inhibitory gamma-amino butyric
acid (GABA) receptors in the postsynaptic membrane [68]. Previous studies also showed
that BDNF is essential for the function and maturation of these neurons and facilitates the
establishment of striatal connections during brain development, the actin remodeling of
MSNs, and dendritic spine dynamics [65,66,69,70].

Currently, there is strong evidence linking BDNF with Parkinson’s disease. For in-
stance, several studies demonstrated a significant decrease in serum BDNF levels in patients
with Parkinson’s disease (Table 2) [71–76]. These decreases in serum BDNF levels have
been correlated with cognitive impairment [71,74], depression [72,76], and restless legs
syndrome (RLS) [75]. In addition, lower levels of BDNF were significantly correlated with
nigrostriatal system degeneration [73]. Moreover, the decreased peripheral alterations in
BDNF/TrkB levels found in patients with Parkinson’s disease have been directly associated
with the degeneration of dopaminergic neurons [77]. Recent evidence demonstrates that
BDNF is strongly decreased in the guts and brains of Parkinson’s disease patients, and con-
ditional BDNF knock-out in the gut elicits dopaminergic neuronal loss, motor dysfunctions,
and constipation [78]. Gut inflammation exacerbates BDNF reduction by inducing C/EBPβ
activation and triggers Parkinson’s disease non-motor and motor symptoms [78].

BDNF gene Val66Met polymorphism has been associated with an increased risk of
Parkinson’s disease at an older age [79,80]. A later study, on the other hand, suggested that
BDNF Val66Met polymorphism was not associated with Parkinson’s disease risk or onset,
nor with cognitive status in Parkinson’s disease patients (Białecka et al., 2014). However,
it was demonstrated that patients with Met/Met alleles exhibited better delayed recall of
information than patients with Val/Val alleles [81]. These findings uncovered the possible
difference in the implication of Parkinson’s disease progression between the genotypes.
Val66Met (rs6265) is a common single-nucleotide polymorphism in the pro-domain of the
BDNF protein that causes a valine (Val) to methionine (Met) substitution at amino acid
position 66. The Met allele is heterozygous in approximately 20 to 30 percent of the human
population. The presence of the minor allele (Met) of this polymorphism results in altered
intracellular distribution and decreased activity-induced secretion of the BDNF protein
in neurons [82]. Compared with Val homozygotes, the Met allele carriers demonstrated a
higher prevalence of cognitive impairment in Parkinson’s disease patients [83]. The Met
allele decreases neuronal dendrite distribution and targeting to secretory granules, lowering
extracellular BDNF levels and causing cognitive impairment [83]. In addition, the Met allele
has been associated with a higher neuropsychiatric burden in Parkinson’s disease [84].
However, one study suggests that carrying two copies of the Met allele is associated
with a reduced severity of motor symptoms and, potentially, a slower rate of Parkinson’s
disease progression [85]. Furthermore, the Met allele carriers demonstrated a significantly
lower set-shifting decline compared with the homozygous Val allele carriers [86]. On the
other hand, the G/G (Val/Val) genotype has been associated with depression and anxiety
symptoms and the development of Parkinson’s disease [87]. The Val/Val genotype in
Parkinson’s disease leads to a set of cortical and subcortical brain alterations that could
increase cognitive decline in early Parkinson’s disease patients [88]. These disparities
between BDNF genotypes and their effects on cognition, brain alterations, symptoms,
and Parkinson’s disease progression warrants further research on the exact role of BDNF
polymorphism in the pathomechanisms of Parkinson’s disease.
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Table 2. Role of BDNF in Parkinson’s disease.

Observations References

Parkinson’s disease patients
Serum BDNF levels and cognitive function scores were significantly lower in Parkinson’s disease patients versus
healthy controls. [71]

Decreased serum BDNF may be involved in the pathophysiology of depression in Parkinson’s disease patients. [72]
Serum BDNF levels were lower in recently diagnosed, untreated Parkinson’s disease patients compared to
controls. These lower levels were significantly correlated with nigrostriatal system degeneration. [73]

Low BDNF is associated with cognitive impairment in patients with Parkinson’s disease. [74]
Decreased serum BDNF levels may be involved in the pathophysiology of restless legs syndrome (RLS) in
Parkinson’s disease. [75]

The serum BDNF levels were lower in depressed Parkinson’s disease patients compared to non-depressed
Parkinson’s disease patients and controls. [76]

The decreased peripheral alteration in BDNF/TrkB levels found in patients with Parkinson’s disease is directly
related to dopaminergic neuron neurodegeneration. [77]

BDNF genetic polymorphism greatly increases the risk of leucine-rich repeat kinase 2 (LRRK2) in Parkinson’s
disease, particularly in subjects with older onset age. [79]

BDNF Val66Met (rs6265, G196A) polymorphism was not associated with cognitive status in Parkinson’s disease
patients, nor with Parkinson’s disease risk or onset. [81]

The carriers of at least one BDNF 66Met allele presented a higher prevalence of cognitive impairment. [83]
The BDNF Met allele is associated with a higher neuropsychiatric burden in Parkinson’s disease. [84]
Carrying two copies of the BDNF rs6265 Met66 allele is associated with the reduced severity of motor symptoms
and, potentially, a slower rate of progression. [85]

The BDNF Met-allele carriers showed a significantly smaller decline in set-shifting compared with the
homozygous BDNF Val-allele carriers. [86]

The G/G genotype was significantly associated with depression and anxiety symptoms and the development of
Parkinson’s disease. [87]

The BDNF Val/Val genotype in Parkinson’s disease leads to a set of cortical and subcortical brain alterations that
could promote cognitive decline. [88]

Carriers of dopamine receptors DRD2 haplotypes and possibly the BDNF variants rs6265 and DRD3 haplotypes,
were at increased risk of dyskinesia, suggesting that these genes may be involved in
dyskinesia-related pathomechanisms.

[89]

Animal model

CEBPβ (+/−) mice
Gut inflammation induces C/EBPβ activation, which leads to both BDNF and
Netrin-1 reduction and triggers non-motor and motor symptoms of
Parkinson’s disease.

[78]

MPTP-induced mouse model LncRNA BDNF-AS promotes autophagy and apoptosis by ablating
microRNA-125b-5p. [90]

Cell culture

MPP+-induced SH-SY5Y cell

BDNF-AS knockdown significantly promotes cell proliferation and suppresses
apoptosis and autophagy in SH-SY5Y cells treated by MPP+. miR-125b-5p, a
putative target gene of BDNF-AS, is involved in the effects of BDNF-AS on
SH-SY5Y cell apoptosis and autophagy.

[90]

Additionally, the G2385R allele of the leucine-rich repeat kinase 2 (LRRK2) gene
has recently been identified as a frequent genetic mutation that raises the risk of typical
Parkinson’s disease exclusively among Asians [79]. BDNF genetic polymorphism may
significantly increase the LRRK2-induced risk for Parkinson’s disease patients with an
onset age of more than 60 years, implying a synergistic effect between the two genes [79].
In another study, the carriers of dopamine receptor DRD2 and DRD3 haplotypes, as well as
the BDNF variant rs6265, were associated with an increased risk of dyskinesia, suggesting
that these genes may be implicated in dyskinesia-related pathomechanisms in Parkinson’s
disease patients [89]. Similar to Alzheimer’s disease, BDNF-AS has been associated with
Parkinson’s disease. BDNF-AS was up-regulated in the MPTP-induced mouse model
of Parkinson’s disease and dopamine neurons, as well as the MPP+-induced SH-SY5Y
cell model, while miR-125b-5p was down-regulated [90]. LncRNA BDNF-AS promotes
autophagy and apoptosis by ablating microRNA-125b-5p [90]. The silencing of BDNF-AS
RNA can significantly increase cell proliferation and viability while inhibiting apoptosis
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and autophagy, suggesting that BDNF-AS might act as a potential therapeutic target for
Parkinson’s disease [90].

In summary, the consistent finding of decreased serum BDNF levels in Parkinson’s
disease patients support the potential use of BDNF as a biomarker for the early detection
of Parkinson’s disease. There is considerable evidence suggesting is the presence of im-
paired BDNF signaling in the aged striatum, which may be exacerbated in people who
have the BDNF rs6265. The importance of BDNF signaling in the nigrostriatal system,
especially its role in maintaining synaptic function and dendritic spine density, supports
the relationship between BDNF and Parkinson’s disease. However, research on the role of
BDNF in Parkinson’s disease is still lacking. The precise molecular mechanisms of BDNF
and its signaling cascades that lead to neurodegeneration and cognitive impairment in
Parkinson’s disease remain unknown. Moreover, the contradictory results between the
BDNF genotypes in the pathomechanisms of Parkinson’s disease warrant further research.
Thus, there remains a great need for further exploration, especially of the targeting of
modulate BDNF signaling for the treatment of aging-related neurodegenerative diseases,
including Parkinson’s disease.

5. BDNF in Huntington’s Disease

Huntington’s disease is a neurodegenerative disorder caused by CAG repeat expansion
in the huntingtin (HTT) gene. When the number of CAG repeats in the translated enlarged
polyglutamine-containing HTT protein (mutant HTT [mHTT]) surpasses 36, it disrupts the
normal functions of various cellular proteins, jeopardizing critical cellular machinery in
neurons, astrocytes, and microglia [91]. The neuropathological changes include neuronal
loss, particularly in the neocortex, striatal projection neurons, and cortico-basal ganglia-
thalamocortical (CBGTC) loop, resulting in the manifestation of dysfunctional motor,
cognitive, and behavioral characteristics [92,93].

The huntingtin protein promotes BDNF expression by interacting with the repres-
sor element-1 transcription factor/neuron-restrictive silencer factor (REST/NRSF) in the
cytoplasm via HAP1 and the REST-interacting LIM domain protein (RILP), preventing
the translocation of this complex into the nucleus and attaching to the repressor element
1/neuron-restrictive silencer element (RE1/NRSE) found in the promoters of the BDNF
and many other neuronal genes [94]. It also enhances BDNF vesicular trafficking along
microtubules via a mechanism involving HAP1 and the dynactin p150 subunit [95]. Thus,
mutations in the huntingtin protein default these functions, which results in a reduction in
BDNF trafficking, the suppression of BDNF transcription, and a subsequent decrease in
striatal BDNF.

In support of this view, reduced levels of BDNF are detected in the striata [96–100],
brainstem regions [101], and prefrontal cortexes [102] of Huntington’s disease cell cultures,
animal models, and patients (Table 3). However, inconsistent changes have been reported
in the peripheral BDNF levels of Huntington’s disease patients. Huntington’s disease
patients exhibited moderately increased intra-platelet BDNF levels and significantly re-
duced cognitive/emotional abilities, suggesting that platelet BDNF did not specifically
underlie psychosocial deficits in stage II Huntington’s disease [103]. By contrast, BDNF
levels were decreased in the saliva and plasma of Huntington’s disease patients compared
to the control [104,105], although there was no correlation between the BDNF level and
motor symptoms and cognitive impairment [105]. Furthermore, DNA methylation at the
BDNF promoter IV in the blood of Huntington’s disease patients has been reported to
increase [104]. Although most recent studies consistently report a decrease in BDNF levels
in Huntington’s disease animal models and patients, the varying results warrant further
study on the potential use of peripheral BDNF levels and BDNF-promoter methylation
as biomarkers of Huntington’s disease onset and psychiatric symptoms. Several studies
have investigated the probable mechanisms of the reduced BDNF levels seen in Hunting-
ton’s disease. Mutant huntingtin progressively reduced BDNF mRNA in cortical limbic,
midbrain striatal afferents, motor cortex, and thalamic afferents, resulting in a gradual loss
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of BDNF in the subcortical and cortical striatal afferents, followed by progressive striatal
neuronal loss and neurodegeneration [96]. BDNF loss in dopaminergic and limbic striatal
inputs contributes to psychiatric/cognitive dysfunction, while the subsequent loss of BDNF
in the thalamic and cortical motor afferents accelerates striatal degeneration, resulting
in progressive involuntary movements [96]. It was also suggested that the development
of Huntington’s disease is reinforced by abnormal BDNF transcription, transport, and
cortical axonal secretion in the striatum, since the partial-fusion and full-fusion modes of
BDNF-containing vesicles are significantly altered after the onset of Huntington’s disease
symptoms [106]. There is a significant decrease in BDNF release in the cortical neurons,
the BDNF levels in the striatum, and the total travel speed and length of BDNF-containing
vesicles in the neurons [100]. In addition, several BDNF signaling pathways have been
implicated, including mBDNF-TrkB, TrkB-Erk1/2, cAMP, MAPK, and Ras, suggesting that
the downregulation of these pathways results in a decrease in BDNF expression [97,99,107].

Table 3. Role of BDNF in Huntington’s disease.

Observations References

Huntington’s disease patients
BDNF levels were significantly reduced in brainstem regions containing cardiovascular nuclei. Central
administration of BDNF restored the heart rate to control levels. [101]

In silico prediction and reporter systems prove that levels of BDNF, a central node in the miRNA-mRNA
regulatory network, can be post-transcriptionally controlled by upregulated miR-10b-5p and miR-30a-5p. Reduced
BDNF expression is associated with neuronal dysfunction and death in Huntington’s disease.

[102]

Huntington’s disease patients exhibited moderately increased intra-platelet BDNF levels and significantly reduced
cognitive/emotional abilities. However, platelet BDNF and serotonin (5-HT) transporter (SERT) did not
specifically underlie psychosocial deficits in stage-II- Huntington’s disease.

[103]

The BDNF protein levels are decreased in saliva while BDNF-promoter methylation is increased in the blood in
Huntington’s disease subjects when compared to controls. Salivary BDNF measures may represent an early
marker of disease onset and DNA methylation at the BDNF promoter IV could be a biomarker of psychiatric
symptoms in Huntington’s disease patients.

[104]

The BDNF level was significantly lower in Huntington’s disease patients compared to the control; however, there
was no correlation between the BDNF level and motor symptoms or cognitive impairment. [105]

The pathogenesis of Huntington’s disease involved low BDNF expression, potentially mediated by the cAMP,
MAPK, and Ras signaling pathways. [107]

Animal model

R6/2 transgenic mouse
model

There is an age-dependent decrease in BDNF expression in the major sources of the
afferents to the striatum. BDNF mRNA is progressively reduced in the cerebral cortexes
and subcortical sources of striatal afferents, including inputs from the thalamus and the
midbrain. The loss of BDNF plays an important role in motor and nonmotor
abnormalities in Huntington’s disease and contributes to striatal neurodegeneration.

[96]

zQ175/zQ175|BDNF-
HA/BDNF-HA
mice

There is a significant decrease in mBDNF–TrkB signaling, but no induction of
proBDNF-p75NTR signaling, in the striatal neurons of zQ175 mice, suggesting that the
maturation of proBDNF to mBDNF remains intact. The local induction of p75NTR and
sortilin is found in immature striatal oligodendrocytes and is associated with severe
myelin deficits in the striata of aged zQ175 mice.

[97]

R6/2 transgenic mouse
model

Striatal neurons exhibited a blunted trophic response to BDNF that was associated with
the decreased activation of the TrkB-Erk1/2 signaling pathway. [99]

zQ175 mice
There is a significant decrease in BDNF release in the cortical neurons, in the BDNF
levels in the striatum, and in the total travel length and speed of BDNF-containing
vesicles in the neurons.

[100]

N171-82Q mice
The BDNF levels were significantly reduced in the brainstem regions containing
cardiovascular nuclei. The central administration of BDNF restored the heart rate to
control levels.

[101]
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Table 3. Cont.

Observations References

Emx1-Cre/Q140 or
Emx1-Cre/Q175
heterozygote mouse
model

The full-fusion and partial-fusion modes of BDNF-containing vesicles were significantly
altered after the onset of Huntington’s disease symptoms. The development of
Huntington’s disease is reinforcedby abnormal BDNF transcription, transport, and
cortical axonal secretion in the striatum.

[106]

Wild-type and
age-matched
symptomatic
R6/2 mice

BDNF exerts neuroprotective effects on NMDA-dependent toxicity, these effects of
BDNF seem specifically related to the pathological genotype, and they require
endogenous A2AR activation.

[108]

R6/2-BDNF
Huntington’s disease
transgene mice

BDNF supplementation in vivo can enhance the survival and development of adult
subventricular-zone-derived cells that divert to the striatum; however, augmenting
BDNF levels within the olfactory bulb does not substantially improve the survival of
adult-born GABAergic granule cells (GCs) in R6/2 mice at late disease stages.

[109]

3-nitropropionic acid
mice model

BDNF and neurotrophin-4/5 (NT-4/5) elicit an antagonistic or synergistic effect that
depends on the activation of the truncated isoform or the stimulation of the full-length
isoform of the tropomyosin receptor kinase B.

[110]

Cell culture

Huntington’s disease
mutant knock-in and
wild-type striatal cells

Huntington’s disease cells released lower levels of pro- and mature-BDNF.
BDNF-mCherry overexpression rescued the decreased AKT phosphorylation, reduced
the caspase-3 activation, and enhanced the activated ERK observed in Huntington’s
disease cells.

[98]

OS-7 cell culture
BDNF and neurotrophin-4/5 (NT-4/5) elicit an antagonistic or synergistic effect that
depends on the activation of the truncated isoform or the stimulation of the full-length
isoform of the tropomyosin receptor kinase B.

[110]

In order to circumvent these problems, the modulation of BDNF has shown some
success in alleviating symptoms in several studies in Huntington’s disease preclinical
models. BDNF exerts neuroprotective effects on NMDA-dependent toxicity, and NMDA
receptor-mediated excitotoxicity is hypothesized to be involved in Huntington’s disease
pathogenesis [108]. These BDNF effects appear to be linked to the diseased genotype
and the need for endogenous A2AR activation [108]. The levels of BDNF, a major node
in the miRNA–mRNA regulation network, can be modulated post-transcriptionally by
increased miR-10b-5p and miR-30a-5p, according to in silico prediction and reporter sys-
tems [102]. BDNF-mCherry overexpression reversed the caspase-3 activation, increased
the AKT phosphorylation, and enhanced the activation of ERK observed in Huntington’s
disease cells [98]. Furthermore, BDNF supplementation in vivo improves the survival
and development of adult subventricular-zone-derived cells that divert to the striatum,
although supplementing BDNF within the olfactory bulb does not significantly improve
the survival of adult-born GABAergic granule cells (GCs) in R6/2 mice at late disease
stages [109]. An interesting study discovered that NT-4/5 signaling occurring alone or
in conjunction with BDNF-TrkB signaling might potentiate corticostriatal transmission;
however, NT-4/5-TrkB-signaling can have an antagonistic effect on the BDNF-mediated
modulation of corticostriatal transmission if it follows BDNF exposure in the context of
striatal degeneration that mimics Huntington’s disease [110].

According to the findings described in this review, BDNF reduction in the striatum is
undoubtedly linked to Huntington’s disease etiology. In animal models of Huntington’s
disease, restoring cortical expression, axonal transport, and BDNF release in the striatum
promotes neuronal survival and improves behavioral phenotypes. Currently, the drugs
used to treat Huntington’s disease only treat its symptoms and do not halt or stop the
progression of the disease. Restoring striatal BDNF levels or activating downstream
signaling pathways may afford therapeutic potential in the treatment of Huntington’s
disease and overcoming the functional deficits experienced by its patients. The preclinical
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studies on BDNF modulation offer some cause for optimism, albeit cautious, for the
therapeutic potential of BDNF in Huntington’s disease.

6. BDNF in Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS), also known as Lou Gehrig’s disease, is a fatal
adult-onset neurodegenerative disease in which the upper motor neurons (UMNs, corti-
cospinal neurons) of the motor cortex and the alpha lower motor neurons (LMNs) of the
brain stem and spinal cord degenerate and die selectively [111]. These tracts control a
variety of motor processes, including swallowing and breathing, which can be severely
affected in ALS, with fatal consequences. With an onset typically in the fifties, the limbs
gradually weaken, and mortality occurs within three years of diagnosis, primarily due
to respiratory difficulties. The neuropathology associated with ALS includes astrocytosis,
neuronal loss, and the deposition of aberrant phosphorylated neurofilament in the cyto-
plasm of neurons [112]. ALS affects 1.7 per 100,000 people each year; 90% of these cases
are sporadic (sALS), while the remaining 10% exhibit familial inheritance (fALS) [113].
Mutations in the gene encoding Cu/Zn superoxide dismutase 1 (SOD1), a free radical
scavenging enzyme, were the first to be identified as primary ALS mutations [114] and,
since then, they have been the most studied, with extensively used mouse models of SOD1
mutations. Overall, SOD 1 mutations are responsible for 20% of fALS and 1–2% of sALS
cases, with more than 180 mutations found in the SOD1 gene [115].

BDNF gene polymorphisms, specifically the G196A and C270T SNPs, are significantly
associated with neurodegenerative diseases, including ALS. The frequency of the C270T T
allele and the CT genotype was found to be significantly higher in the ALS group compared
to controls, suggesting that BDNF C270T polymorphism could be a candidate susceptibility
locus for sALS (Table 4) [116]. In addition, ALS phenotypic variability has been linked
with serum BDNF levels. The BDNF serum levels were significantly lower in ALS patients
expressing depressive traits and lower cognitive scores [117]. Nonetheless, no correlation
was found between serum BDNF levels and disease progression speed or site of onset [117].
On another note, BDNF immunoreactivity was significantly positive in the epidermis of
ALS patients, as well as moderately positive in some dermal blood vessels and glands, and
these findings became more noticeable as the disease progressed [118]. These data suggest
that a metabolic alteration in BDNF may occur in the skin of ALS patients.

BDNF/TrkB signaling has been demonstrated to be a key regulator of the individual
and complementary actions of presynaptic activity and the subsequent muscle contraction
over presynaptic kinases [119]. The disrupted connection between nervous and mus-
cular tissues causes deficits in presynaptic activity and muscle contractility, leading to
neuromuscular junction dismantling, motor neuron degeneration, and skeletal muscle
denervation and atrophy [120]. Imbalances between (i) PKC isoforms and PKA subunits,
(ii) BDNF and TrkB isoforms, and (iii) Munc18-1 and SNAP-25 phosphorylation ratios
have been observed in symptomatic mice, while alterations in TrkB.T1 and cPKCβI have
been observed in pre-symptomatic SOD1G93A mice [121]. These molecular alterations
are moderately linked to the known fast-to-slow motor unit transition during the disease
process, as well as the initial disease pathogenesis. Furthermore, it was shown that the
deletion of BDNF receptor TrkB.T1 delays muscle weakness and spinal cord motoneuron
cell death via an unknown cellular mechanism [122]. However, the deletion of TrkB.T1 did
not affect the inflammatory state of the SOD1 mutant spinal cord, implying that TrkB.T1
has no effect on the activation of astrocytes or microglia [123]. Although TrkB.T1 knockout
in astrocytes retains coordination and muscle strength at the early stages of the disease, the
conditional deletion of TrkB.T1 in motoneurons or astrocytes does not prevent motoneuron
cell death [123]. These findings imply that TrkB.T1 may be involved in ALS pathogenesis
by negatively regulating the BDNF/TrkB in motor neurons. Therefore, more studies are
needed to determine whether the presence of TrkB isoforms is important for planning
future treatment trials with TrkB agonists in ALS.
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Previous studies attempted to examine the potential value of BDNF in the treatment
of ALS, although the vast majority ended in failure. Giving human neural progenitor
cells engineered to express BDNF to SOD1 transgenic mice did not improve symptoms or
survival [124]. Similarly, although a study reported the slowing of lung-function loss and
an increase in the survival rate in ALS patients given intrathecal BDNF or recombinant
methionyl BDNF (rhmetBDNF) [125], most other studies reported no or very little improve-
ment [125–128]. More recently, other approaches to modulating BDNF for the treatment of
ALS have been attempted. The non-toxic C-terminal fragment of the tetanus toxin (TTC)
heavy chain has been explored as a neuroprotective agent and a carrier molecule to the CNS.
Treatment with TTC alone and with the fusion molecule BDNF-TTC significantly delayed
the onset of functional deficits and symptoms in SOD1G93A mice [129]. The treatment
partially preserved muscle innervation, increased the number of surviving motoneurons in
the L2 spinal cord segment, inhibited pro-apoptotic protein targets (caspase-3 and Bax), and
phosphorylated Akt and ERK in the spinal cord [129]. Similarly, exogenous BDNF supple-
mentation reversed autocrine expression and organellar ultrastructural changes, inhibited
apoptosis, and completely revived choline acetyltransferase (ChAT) expression; however, it
may not be completely receptor-mediated, as the TrkB levels were not restored [130]. The
incomplete revival at the ultrastructural level indicates that elements other than BDNF are
required for the near-total protection of motor neurons, which also helps to explain why
clinical studies using BDNF in ALS patients have only had limited success. Furthermore, it
was discovered that transplanting BDNF-overexpressing hUC-MSC-derived motor neurons
into hSOD1G93A mice can improve motor performance and extend longevity [131]. This
study suggests the combination of BDNF with stem-cell-derived motor neurons as a new
therapeutic strategy for ALS.

Riluzole, a glutamatergic neurotransmission inhibitor, and Edaravone, an antioxidant
medication, are the only two FDA-approved treatments for ALS to date. They are found
to have modest benefits for survival and are effective at halting ALS progression during
its early stages [132]. However, a few dose-related side effects of their usage have been
reported, such as nausea, asthenia, and elevated liver-enzyme levels [132]. Considering the
importance of BDNF and its signaling pathways in ALS disease onset and progression, its
therapeutic potential should be exploited and further explored. Although earlier studies
using intrathecal BDNF failed to produce positive outcomes, these findings do not rule out
the possibility of BDNF’s use in ALS. Issues may arise from the intrathecal BDNF protein
delivery, including its passage across the cerebrospinal fluid (CSF)–brain barrier, as well as
the protein’s low distribution rate and short half-life, which could explain the poor clinical
outcomes. The presence of abundant truncated TrkB receptors in the brain can mop up
and impede protein delivery, causing insufficient levels of BDNF to reach the corticospinal
neurons. Furthermore, BDNF also binds to the p75NTR receptor, which has been linked
to the neuropathology of ALS, whereas a p75NTR antagonist has been demonstrated to
decrease ALS progression in SOD1 mice [133]. In addition, combination therapies or fusion
molecules, such as BDNF-TTC, may work best for treating ALS. Moreover, the use of a
basket design when conducting clinical trials may be more effective for ALS. Overall, these
difficulties must be addressed to offer BDNF-associated treatment a fair chance as a possible
therapy for this crippling disease.



Int. J. Mol. Sci. 2022, 23, 6827 15 of 24

Table 4. Role of BDNF in amyotrophic lateral sclerosis.

Observations References

ALS patients
The frequency of the CT genotype and the C270T T allele was significantly higher in the ALS group than in the
controls. BDNF C270T polymorphism may be a candidate susceptibility locus for sALS, at least in Han
Chinese populations.

[116]

The BDNF serum levels did not differ between the patients and the controls, although ∼25% lower levels
characterized the patients carrying a depressive trait. The BDNF serum levels were significantly lower in the ALS
patients expressing lower cognitive scores.

[117]

The BDNF immunoreactivity was markedly positive in the epidermis and moderately positive in some dermal
blood vessels and glands. A metabolic BDNF alteration may take place in the skin of ALS patients. [118]

Animal model

Pre- and symptomatic
SOD1G93A mice

There are imbalances between (I) BDNF and TrkB isoforms, (II) PKC isoforms and
PKA subunits, and (III) Munc18-1 and SNAP-25 phosphorylation ratios in
symptomatic mice. Changes in TrkB.T1 and cPKCβI are frequently observed in
pre-symptomatic mice.

[121]

SOD1G93A T1-/- ALS
mouse model

TrkB.T1 deletion significantly delayed the onset of motor-neuron degeneration and
the development of muscle weakness. [122]

ALS G93A SOD1
animal model

TrkB.T1 may limit BDNF signaling to motoneurons via a non-cellular autonomous
mechanism. [123]

SOD1G93A
transgenic mice

Significant improvements in behavioral and electrophysiological results, motoneuron
survival, and anti-apoptotic/survival-activated pathways were observed with
BDNF-TTC treatment. However, no synergistic effect was found for this fusion
molecule.

[129]

hSOD1G93A mice The transplantation of BDNF-overexpressing hUC-MSC-derived motor neurons
improves motor performance and prolongs the survival of hSOD1G93A mice. [131]

Cell culture

NSC-34 cells

The exogenous BDNF supplementation ameliorated most, but not all, degenerative
changes. BDNF supplementation reversed autocrine expression; however, it may not
be completely receptor-mediated, as the TrkB levels were not restored. BDNF
completely revived ChAT expression, inhibited apoptosis, and partially reversed
organellar ultrastructural changes.

[130]

7. BDNF in Other Neurodegenerative Diseases

Spinocerebellar ataxia type 1 (SCA1) is a fatal neurodegenerative disease caused
by the aberrant amplification of CAG repeats in the Ataxin1 (ATXN1) gene. SCA1 is
characterized by cerebellar neurodegeneration, motor deficits, and changes in gliosis and
gene expression. Extrinsic BDNF delivery has been shown to delay the onset of motor
deficits and Purkinje neuron pathology in ATXN1(82Q) mice, implying that it could be
used as a new SCA1 treatment [134]. Another study reported that the post-symptomatic
delivery of extrinsic BDNF alleviated cerebellar pathologies and motor deficits, such as
astrogliosis and the dendritic atrophy of Purkinje cells, although the expression of the
Purkinje cell gene was not altered [135]. In spinocerebellar ataxia type 6 (SCA6), an
autosomal-dominant neurodegenerative disease caused by a small expansion of CAG
repeat encoding polyglutamine (polyQ) in the gene for α1A voltage-dependent calcium
channel (Cav2.1) and characterized by Purkinje cell neuronal loss, the BDNF mRNA
levels and BDNF protein expression in the SCA6 cerebellum significantly reduced, whilst
numerous BDNF-immunoreactive granules were found in the dendrites of SCA6 Purkinje
cells [136]. This suggests that the SCA6 pathogenic mechanism is associated with the
abnormal localization of BDNF proteins and a reduction in BDNF mRNA expression. A
comprehensive transcriptome analysis in Friedreich’s ataxia (FRDA) patients, a hereditary
neurodegenerative disease characterized by guanine-adenine-adenine (GAA) nucleotide
repeat expansion in the first intron of the frataxin (FXN) gene, identified BDNF and FXN as
novel targets of miRNAs [137].

In multiple sclerosis (MS) patients, the serum levels of BDNF have the potential to be
used as severity biomarkers [138–140]. The percentage of BDNF gene methylation may be
used as a predictive marker for the progression of the disease toward severe disability in
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MS patients [141]. In addition, BDNF Val66Met polymorphism (rs6265) has been shown to
modulate neurodegeneration and inflammation in the early phases of MS [142]. Val66Met
MS patients had a higher volume of hippocampal subfields than BDNF Val66Val MS
patients, suggesting that BNDF Val66Met polymorphism may protect MS patients from
cognitive impairment and hippocampal atrophy, and that the BDNF genotype may be a
biomarker for predicting cognitive prognosis [143]. BDNF Val66Met polymorphism has
also been shown to protect against cognitive impairment and improve motor recovery in
MS patients [144,145].

Additionally, BDNF has been linked to the syndromes associated with neurodegenera-
tive diseases such as dementia and MCI. Serum BDNF levels are associated with the risk
and severity of Alzheimer’s disease dementia [146,147], whereas BDNF Val66Met polymor-
phisms are associated with the phenotypic variability seen in patients with frontotemporal
lobar degeneration (FTLD) syndromes [148]. Decreased hippocampal BDNF expression,
with significant neuronal damage and cognitive impairment, was observed in a vascular
dementia rat model [149]. The cognitive impairment in vascular dementia involved the
BDNF-ERK-CREB pathway [150]. Additionally, BDNF Val66Met polymorphisms are asso-
ciated with reduced BDNF serum levels in patients with MCI [151] and with poor cognitive
functions in patients with aMCI [152]. The potential use of the peripheral BDNF level as a
biomarker for MCI has also been discussed [153–155].

8. Conclusions

In this review, we discussed the role of BDNF and the underlying molecular mech-
anism in the pathophysiology of neurodegenerative diseases. BDNF regulates a wide
range of processes in the brain, sometimes with contrasting effects. This can be explained
by its unique synthesis pattern, which includes several biologically active isoforms that
interact with various types of receptors, ultimately initiating multiple signaling pathways.
BDNF Val66Met polymorphism influences the risk of neurodegenerative disease devel-
opment, onset, and pathomechanisms. Because of the importance of BDNF signaling in
the nigrostriatal system, especially for synaptic function and maintaining dendritic spine
density, impaired BDNF signaling in association with rs6265 SNV and/or aging is likely to
have a significant and negative impact on basal ganglia plasticity and function in health
and disease.

The evidence discussed in this article indicates that deficiency in BDNF and TrkB
signaling may play a role in the pathophysiology of Alzheimer’s disease, Parkinson’s
disease, and Huntington’s disease. Consequently, this suggests that peripheral BDNF
or TrkB levels and other associated factors, such as the role of TrkB isoforms, BDNF
promoter methylation, BDNF-AS, and the BDNF pro-to-mature-domain ratio, may be used
as biomarkers for early disease detection, risk, mnemonic symptoms, and conversion. The
modulation of these factors may offer neuroprotective effects and, potentially, treatment for
some neurodegenerative diseases. The primary studies on BDNF therapy in patients and
animal models provide compelling evidence that supplying exogenous BDNF or increasing
endogenous BDNF production could have therapeutic effects. Nevertheless, the application
of BDNF therapy needs to be strategized for it to be efficacious, safe, and administered
in an appropriate amount and spatiotemporal context. Furthermore, other interventions,
such as the chronic administration of fluoxetine, exercise, and environmental enrichment
have been shown to enhance serum BDNF levels, cognitive performance, and neurogenesis,
suggesting the potential of BDNF modulation for the treatment of neurodegenerative
diseases. However, various methodological and safety issues for patients need to be
considered before this strategy can be extensively utilized. In addition, future research
should concentrate on determining the multifunctional roles of BDNF in different brain
regions, as well as closely controlled clinical trials.
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Abbreviations

Amnestic mild cognitive impairment: aMCI. Amyloid β: Aβ. Amyotrophic lateral sclerosis:
ALS. Ataxin 1: ATXN1. BDNF antisense: BDNF-AS. Brain-derived neurotrophic factor: BDNF. c-Jun
amino terminal kinase: JNK. Calcium-calmodulin-dependent protein kinase: CAMK. cAMP response
element-binding protein: CREB. Cerebral metabolic rate for glucose: CMRgl. Cerebrospinal fluid:
CSF. Choline acetyltransferase: ChAT. Cortico-basal ganglia-thalamocortical: CBGTC. Dopamine:
DA. Extracellular-signal-regulated kinase 1

2 : ERK 1/2. Familial amyotrophic lateral sclerosis: fALS.
Frataxin: FXN. Friedreich’s ataxia: FRDA. Frontotemporal lobar degeneration: FTLD. Gamma-amino
butyric acid: GABA. Guanine-adenine-adenine: GAA. Guanosine triphosphate hydrolases: GTP.
Huntingtin: HTT. Janus kinase: JAK. Late-phase long-term potentiation: L-LTP. Leucine-rich repeat
kinase 2: LRRK2. Long-term depression: LTD. Lower motor neurons: LMNs. Mitogen-activated
protein kinase: MAPK. Multiple sclerosis: MS. Mutant HTT: mHTT. N-methyl-D-aspartate receptor:
NMDAR. Nerve growth factor: NGF. Neural stem cells: NSCs. Neurotrophin-3: NT3. Neurotrophin-
4/5: NT4/5. Neurotrophin receptor-interacting factor: NRIF. Non-toxic C-terminal fragment of the
tetanus toxin: TTC. Nuclear factor kappa B: NF-kB. p75 pan-neurotrophin receptor: p75NTR; Pars
compacta of the substantia nigra: SNpc; Phosphatase and tension homolog: PTEN. Phosphoinositide
3-kinases-protein kinase B: PI3K/AKT. Phospholipase C: PLC. Polyglutamine: polyQ. Protein kinase
C: PKC. Recombinant methionyl BDNF: rhmetBDNF. Repressor element 1/neuron-restrictive silencer
element: RE1/NRSE. Repressor element-1 transcription factor/neuron-restrictive silencer factor:
REST/NRSF. REST-interacting LIM domain protein: RILP. Restless legs syndrome: RLS. RhoA/Rho-
associated kinase: ROCK. Spinocerebellar ataxia type 1: SCA1. Spinocerebellar ataxia type 6: SCA6.
Sporadic amyotrophic lateral sclerosis: sALS. Striatal medium spiny neurons: MSNs. Substantia
nigra: SN. Superoxide dismutase 1: SOD1. Tumor necrosis factor receptor-associated factor 6:
TRAF6. Tyrosine receptor kinase B: TrkB. Upper motor neurons: UMNs. Vacuolar protein-sorting
10 protein: Vps10p.
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