Born to protect: leveraging BDNF against cognitive deficit in Alzheimer’s disease
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Abstract

Alzheimer’s disease (AD) is a chronic, neurodegenerative and devastating disorder affecting a high percentage of the
population over 65 years of age and causing a relevant emotional, social and economic burden. Clinically, it is
characterized by a prominent cognitive deficit associated with language and behavioral impairments. The molecular
pathogenesis of AD is multifaceted and involves changes in neurotransmitter levels together with alterations of
inflammatory, oxidative, hormonal and synaptic pathways, which may represent a druggable target for both prevention
and treatment; however, an effective treatment for AD still represents an unmet goal.

Since neurotrophic factors participate in the modulation of the above-mentioned pathways, they have been
pointed out as critical contributors of AD etiology, whose modulation might be beneficial for AD. We here focused on
the neurotrophin Brain-Derived Neurotrophic Factor (BDNF) providing several lines of evidence pointing to BDNF as a
plausible endophenotype of cognitive deficit in AD, illustrating some among the most recent possibilities to modulate the
expression of this neurotrophin in the brain in an attempt to ameliorate cognition and delay the progression of AD.

This review shows that otherwise disparate pharmacologic or non-pharmacologic approaches converge on BDNF
providing a means whereby apparently unrelated medical approaches may nevertheless produce similar synaptic and
cognitive outcomes in AD pathogenesis through its modulation, suggesting that BDNF-based synaptic repair may

represent a modifying strategy to ameliorate cognition in AD.

Key points:

1) The neurotrophin Brain-Derived Neurotrophic Factor (BDNF) represents a plausible endophenotype of cognitive

deficit in Alzheimer’s disease (AD) and a mechanistic underpinning to be targeted to offset the cognitive decline of AD.

2) Otherwise disparate pharmacologic or non-pharmacologic approaches converge on BDNF, influencing synaptic

plasticity and ameliorating the cognitive deficit

3) BDNF-based synaptic repair may represent an interesting modifying strategy to improve cognition in AD patients.



1. Alzheimer’s disease and BDNF
Alzheimer's disease (AD) is a complex, multifactorial disease that primarily affects the aged population in the world,
causing a substantial social and economic burden. Its pathophysiological hallmarks are represented by a plethora of
dysfunctions involving the accumulation of specific proteins (Af and tau) and tau hyperphosphorylation coupled with
altered synaptic functions and mitochondrial alterations, all of which would result into marked impairment of cognitive

processes that represent the trademark of this neurodegenerative disorder.

Despite the greater understanding of AD pathogenesis over the last 30 years, there is still no cure for the disease,
suggesting that novel approaches are requested. Since the neurotrophin Brain-Derived Neurotrophic Factor (BDNF) is
crucially involved in synaptic remodeling during cognitive processes, the possibility exists that interventions aimed at

restoring BDNF expression and function might be therapeutically [1].

BDNF belongs to a group of proteins called neurotrophins, which play a pleiotropic role in the central nervous system
(CNS). Historically, BDNF has been shown to play a critical role during CNS development by modulating cell growth,
cell survival and cell differentiation [2]. More recently, besides its well-established role in regulating cell homeostasis, a
more ‘plastic’ role of BDNF has been demonstrated. In fact, several lines of evidence have shown, in the adult brain, a
pivotal role of this neurotrophin in neuroprotection and activity-dependent structural remodeling [3]. Also, it is well
established that BDNF is critical for the neuroplastic changes subserving cognitive processes [4], thus providing a
reasonable ground for therapeutic interventions aimed at restoring cognitive functions in neurodegenerative disorders

such as AD.

The organization of the Bdnf gene is complex with several 5’ non-coding exons, each characterized by a separate promoter
region that drives the transcription of a common 3’ exon and encoding for the same protein [5]. These multiple transcripts
are differently regulated, although their function is still elusive, it is clear that it provides heterogeneity in expression in
different brain regions. We know that specific exons may undergo different intracellular targeting: for instance, exon ITa
and VI are targeted to dendrites [6] suggesting that treatments aimed at potentiating the synaptic pool of BDNF may
indeed represent a mechanism for the consolidation and strengthening of synapses, thus influencing the cognitive process.
BDNF synthesis occurs in the endoplasmic reticulum leading to a precursor form (proBDNF, 32 kDa) that, after being
sorted in the Golgi and cleaved at both intracellular and extracellular level, gives rise to the mature form of the
neurotrophin (mBDNF, 14 kDa), which is anterogradely transported to its target neurons [7]. Generally, proBDNF and
mBDNF are dynamically balanced in the CNS; however, it has to be taken into account that proBDNF, before the cleavage
to mBDNF, has opposite functions compared to its mature form in terms of neuron survival suggesting that such

proteolytic process of the neurotrophin is a very delicate, sensitive and potentially druggable target to promote BDNF



maturation. Once released, BDNF binds to its high-affinity receptor trkB (tropomyosin receptor kinase B) and, after
dimerization and autophosphorylation, trkB is activated [8] and it stimulates three major downstream intracellular
pathways, namely phosphoinositide 3-kinase (PI3-K), phospholipase C-y (PLC-y) and mitogen-activated protein kinase
(MAPK) pathways. Thereafter, the signal is conveyed into the nucleus where it triggers the activation of related
transcription factors [such as cyclic AMP response element binding protein (CREB)], which modifies gene expression

[9].

Several lines of evidence point to BDNF as critical for AD. The neurotrophin has been associated with a reduction of Af
aggregation, AB-induced neurotoxicity, and synaptic dysfunction [10]. The expression of BDNF is decreased early in the
course of disease in transgenic preclinical models of AD [11] and the removal of its high-affinity BDNF receptor, trkB,
in transgenic mice precipitates and exacerbates the phenotype [12]. Interestingly, BDNF-devoid neurons contained
neurofibrillary tangles, a feature of AD, which were, instead, absent in densely BDNF-labeled neurons [13]. Arancibia
and colleagues (2008) showed that BDNF is protective effects against AP peptide neurotoxicity in vivo and in vitro [14].
However, we cannot disregard relevant studies contradicting the role of neurotrophins in AD. To this end, Burbach and
associates (2004) have shown induction of BDNF in plaque-associated glial cells of aged APP23 transgenic mice that
significantly correlated with the B-amyloid load, pointing to the neurotrophin as a critical regulator of inflammatory
processes [15]. Interestingly, in the same transgenic mice, a cortical increase of BDNF was observed that tightly correlated
with B -amyloid load [16]. Of note, a similar discrepancy is observed in humans as a decrease in the neurotrophin levels
has been observed in the brain [17-19], serum [20-22] as well as in the CSF of AD patients [23-25]. In contrast, Durany
and coworkers (2000) found a significant increase in BDNF protein in the hippocampus and the parietal cortex of AD
patients [26]. Taking these preclinical and clinical data together, the levels of the neurotrophin appear to be variable,

presumably depending upon the severity of the degenerative state.

Of note, familial caregivers of AD patients, who are in charge of taking care of their relatives with AD, experience
themselves robust emotional burden and display cognitive impairment, suggesting that being a familial caregiver of an
AD patient is a risk factor. Notably, Corréa and associates (2019) have analyzed the serum of caregivers and found lower
BDNF levels associated with a functional deficit of prefrontal cortex and hippocampus [27]. Of note, such deficit was
associated with contextual memory impairment that was reversible suggesting that caregivers exhibit a cognitive reserve,
a sort of plasticity, that can be used in case of demand to reduce the deleterious effects of stress [27] in order to adjust the

negative emotional state induced by the family environment.



While we could add a plethora of evidence to further dissect the role of BDNF in AD, the take-home message is that
reduction of BDNF levels in experimental animal models as well as in humans points to a multifaceted role of this
neurotrophin that could be considered a flexible hub for synaptic plasticity and cognition functioning as prognostic,

diagnostic but also a therapeutic factor in AD (Fig 1).

1.1 BDNF polymorphisms

The neurotrophin BDNF is indeed a valuable candidate for disorders involving memory loss, because of its role in
hippocampal-mediated long-term neuroplasticity, which is impaired in AD. It has also been widely shown that the BDNF
gene suffers from a functional, naturally occurring single nucleotide polymorphism (SNP) in the 5 proregion of the
human Bdnf gene at codon 196. Such SNP results in a Valine (Val) to Methionine (Met) amino acid substitution at codon
66 (Val66Met). The joint production of Val-BDNF and Met-BDNF in neurons leads to heterodimers that impair the
neurotrophin trafficking and its secretion, causing memory deficit [28]. Along this line of reasoning, Lim and associates
found that elevated levels of AP in human Met carriers are indicative of a faster cognitive deficit and hippocampal
degeneration in an early stage of AD [29]. The role of the BDNF Val66Met polymorphism is reinforced by recent evidence
showing that human Met carriers are more prone to gray matter damage [30]. In another recent clinical study, the effect
of BDNF Val66Met on cognitive trajectories was investigated, including several cognitive domains. In this study, Met
carriers exhibited a steeper decline in episodic memory and executive functions, suggesting that these individuals may
show an accelerated cognitive impairment, further substantiating its potential role in the cognitive decline of subjects at
risk of AD [31]. In another clinical study, the BDNF Val66Met polymorphism worsened episodic memory deficits in
autosomal dominant AD and was associated with increased tau, hippocampal dysfunction, and memory impairment [32].
Furthermore, in the same study, it was shown that carrying the Met66 allele seems to be correlated with a more severe
manifestation of AD, primarily in subjects carrying mutations in other genes such as APP, PSEN1 or PSEN2 [32]. Thus,
the issue of BDNF polymorphisms appears to be critical in AD; the effect of Val66Met polymorphism on the severity of
endophenotypes is well documented, although other Bdnf gene variants do exist such as the rs56164415 that have been
shown to be associated with increased of late onset AD in humans [33]. However, we still need to learn more on these
polymorphisms and their effects on AD as, for instance, Met carriers seem to better perform, compared to Val/Val
homozygotes, at older age [34] suggesting that the role of the neurotrophin on cognition may change over years and Met
carriers could even be protected later in life. Taken all together, these findings point to the importance of BDNF
polymorphisms for AD pathology. In particular, the proBDNF Val66Met variation impairs the conversion of the preform
of BDNF into its mature form resulting in higher levels of proBDNF [35]: the lack of such proteolytic cleavage may be

detrimental for AD pathogenesis.



1.2 proBDNF

We have above mentioned that the precursor form of BDNF, proBDNF, undergoes proteolytic processing, ultimately
leading to the cleaved mBDNF. Clinical evidence exists showing that proBDNF levels are enhanced over mBDNF levels
in the brain of AD patients, suggesting a potential critical role of proBDNF in AD pathogenesis [36]. Besides, reduced
levels of proBDNF have been found in the nucleus basalis of Meynert of AD patients [37], preceding the diminution of
acetylcholinesterase activity, a marker of AD [36]. It has been hypothesized that the accumulation of proBDNF may
activate the p75 pathway causing amyloidogenesis [38]. Along this line of reasoning, Gerenu and colleagues (2017) have
elegantly shown that soluble AP interferes with the proteolytic cleavage of the neurotrophin, suggesting that impaired
BDNF maturation may contribute to degeneration and cognitive deficit in both AD patients and animal models of AD
[39]. This evidence has been further corroborated by the work of other groups. Chen and associates (2017) have shown
that reduced extracellular conversion of pro-BDNF to mBDNF, with consequent proBDNF accumulation, exacerbates
the formation of AP deposits promoting the formation of senile plaques, thus accelerating learning and memory deficits
in a transgenic mouse model and possibly contributing to AD pathology [40]. The neurotoxic functions of proBDNF in
AD are further strengthened by Fleitas and coworkers (2018), who showed that proBDNF levels are increased in the brain
and CSF of AD patients [41]. Intriguingly, these authors found that the toxicity of proBDNF can be worsened by common
mutations found in familial forms of AD, that interfere with the proteolytic cleavage, a synergistic interaction caused by
the potentiation of p75-mediated signaling, further pointing to the proBDNF/p75 pathway as pivotal for AD pathogenesis.
These findings suggest that promoting the conversion of proBDNF into mBDNF, thus reducing proBDNF levels at a
preclinical stage, may contribute to disease prevention, opening the fascinating possibility that novel neuroprotective
strategies for AD might target this specific process. To this end, it would be interesting to carefully monitor the levels of
proBDNF/mBDNF during the evolution of AD in order to get crucial information inherent to the mechanisms regulating

such proteolytic cleavage for the development of AD pathology.

2. Administration of exogenous BDNF
Although the evidence that reduction of BDNF levels can be considered a hallmark of AD suggesting that its replenishing
may be beneficial, however, its exogenous administration faces multiple technical challenges and drawbacks that can
result in deleterious secondary effects [42]. In particular, the neurotrophin does not readily cross the blood-brain barrier
(BBB), and due to pharmacokinetic issues, its half-life is short in the bloodstream [43-45]. A potential solution could be
the intraventricular injection of BDNF; however, since this approach is highly invasive and cannot be used for prolonged

treatments, it has been so far pursued in preclinical models of the disease only. For instance, Xu and co-workers (2019)



used this modality of BDNF administration in the okadaic acid rat model of AD [46]. The neurotrophin, delivered via
intra-hippocampal injection, mitigated okadaic acid-induced tau hyperphosphorylation, which is known to reduce BDNF
secretion and levels in cortical neurons [47]; in addition, BDNF delivered through this way also improved cognition by

potentiating PP2A activity through the activation of BDNF downstream pathway PI3K/GSK-33/Akt [46].

Due to these technical problems, the administration of small molecules, with easy access through the BBB into the brain
parenchyma, with the function of mimicking BDNF and its intracellular actions, is suitable as it allows to control the
modulation of BDNF-induced activities [45, 48]. To this end, small peptide mimetics exist that can enhance transcription
of BDNF through modulation of Trk receptor, thus rescuing BDNF deficient situations in experimental models [49].
BDNF mimetic compounds may be designed to bind BDNF receptors with an affinity similar to the full-length protein
with the hope to ameliorate the pharmacokinetic features of BDNF; alternatively, these small peptides can allosterically
improve the functional efficacy of BDNF receptor, or they could influence the activation or inhibition of BDNF
intracellular signaling [48]. Interestingly, small CNTF-based peptidergic compounds also exist that can enhance
transcription of BDNF in rodents rescuing cognitive impairment representing a novel, potential therapeutic approaches
[50-53].

Alternatively, BDNF can also be delivered via microspheres, which are minimally invasive. To this end, Bertram and
associates (2010) have synthesized polymers based on with Poly Lactic-co-Glycolic Acid (PLGA) micro-particle, which
can lead to the delivery of bioactive BDNF lasting for more than 60 days [54]. This approach has been implemented by
an innovative method that allows bringing BDNF in the brain by transplantation of exogenous stem cells that can express
BDNF, through a complex system using positively charged polyprodrug amphiphiles. In this way, it has been shown that
it is possible to control exogenous neural stem cells that may represent a source of BDNF for AD therapy [55]: such way

of delivery of BDNF resulted in a significant improvement of cognitive abilities in a transgenic mouse model of AD [55].

The progress of science and increased knowledge has allowed hypothesizing alternative ways of providing BDNF support.
Recently, BDNF was conditionally and locally delivered to rescue several deficits observed in an amyloid mouse model
of AD [56]. Since astrogliosis is indeed a hallmark of AD [57], these authors engineered astrocytes to deliver BDNF
under the GFAP promoter to provide neurotrophic support when needed. In this preclinical model of AD, hippocampal
BDNF loss was totally rescued together with BDNF-dependent signaling leading to improvements in cognition as well
as structural and functional synaptic plasticity [56].

A very recent possibility to interfere with BDNF expression relies on epigenetic therapy, i.e. the possibility to manipulate
chromatin remodeling, histone acetylation/deacetylation and methylation to elevate BDNF expression, which represents

novel epigenomic therapeutic targets [58]. Interesting improvements in several markers of AD, including amyloid-f



protein levels and tau phosphorylation as well as improved spatial learning and memory together with increased BDNF
expression have been found following treatment with RGFP-966, a brain-penetrant, and selective HDAC3 inhibitor, in

vitro and in rodents [59].

Similar to epigenetic therapy, the possibility exists to target specific microRNAs, i.e. small non-coding RNAs that regulate
gene expression post-transcriptionally by interfering with the translation of their target mRNAs, to enhance BDNF
availability. In fact, Li and colleagues (2016) have shown that targeting of micro-613 may represent a therapeutic
intervention to oppose to a BDNF reduction in patients and animal models [60]. Notably, mesenchymal stem cells
engineered to over-express antisense of miRNA-937 were transplanted into a murine model of AD leading to reduced
deposition of AP, improving recognition and short memory as well as learning deficits, at least in part through BDNF

elevation [61].

Notably, Eremenko and colleagues (2019) have conceived a T cell-based system to deliver BDNF into the brain
parenchyma [62]. These authors genetically engineered AB-specific CD4 T cells to express BDNF and then injected these
cells intracerebroventricularly in a murine model of AD. These cells augmented the levels of the neurotrophin as well as
of other synaptic proteins reducing the amyloidogenic process revealing the therapeutic ability of T cells as a promising

strategy to fight AD [62].

In sum, the very recent improvements in knowledge regarding the possibility to convey BDNF in the brain coming from
preclinical studies must be taken into account when developing BDNF-based therapies for AD, to overcome the problems
related to the exogenous administration of the neurotrophin (i.e. flooding of the neurotrophin in brain regions other than

those affected by AD), in an attempt to improve the therapeutic effect and to reduce potential side effects.

3. Modulation of endogenous BDNF

3.1 Pharmacologic modulation

In 2006, we had provided a comprehensive overview of the drugs that, back then, were mainly used for AD, and that
shared the peculiarity to modulate the expression of the neurotrophin BDNF in brain regions that are specifically involved
in the pathophysiology of the disease [1]. These lines of evidence have been recently corroborated. In fact, recent evidence
shows that drugs commonly used to treat AD promote, at least partially, the activation of the BDNF pathway. Donepezil,
a cholinergic agonist, has been shown to improve cognitive deficit in a tree shrew model of AD via activation of the
BDNF/TrkB signal pathway [63]. Interestingly, recent evidence regarding another approved drug for AD, memantine,
indicated that the NMDA inhibition provided by memantine prevents the negative effect of Ap on BDNF functions in

rodents, thus allowing the neurotrophin to positively influence brain plasticity [64].



Although no disease-modifying drugs have recently been developed since then and, on the market, only
symptomatic drugs (i.e. drugs that alleviate the clinical manifestations of AD) are available, novel drugs have been shown
to improve cognitive deterioration in experimental models of AD, via BDNF-mediated mechanisms. Recent emphasis
has been put on the natural compound, 7,8-dihydroxyflavone (7,8-DHF). 7,8-DHF is a prodrug that binds the extracellular
domain of the high-affinity BDNF receptor, trkB, acting as a selective agonist and thereby mimicking the physiological
actions of the neurotrophin. The properties of 7,8-DHF have also been demonstrated in different independent studies
employing animal models of various brain disorders. With respect to AD, 7,8-DHF has been shown to ameliorate spatial
memory together with the repression of BACE1 expression and a reduction of AB deposits in a murine model of AD
characterized by neuronal loss [65]. 7,8-DHF also reduced AP deposition in transgenic mice that co-express five
familial Alzheimer's disease mutations (SXFAD mice), also inhibiting the hippocampal synapses loss, thus preventing
memory deterioration [66]. In addition, Chen and colleagues (2014) showed that 7,8-DHF reverses AP deposition,
oxidative stress, synaptic dysfunction, and learning impairments caused by the cholinergic antagonist, scopolamine [67].
Recently, Chen and associates (2018) have developed several 7,8-DHF derivatives by inducing several modifications on
the catechol ring in the parent compound [68]. Following detailed pharmacokinetic in vitro and in vivo studies, a single
compound, namely R13, was chosen that is characterized by a better absorption, longer half-life, rapid hydrolyzation in
liver microsomes, and improved oral bioavailability. The repeated oral administration of R13 to 5XFAD mice reduced
AP deposit and hippocampal loss of synapses improving memory impairments [68]. Interestingly, the activation of trkB
has been shown to indirectly activate glutamate transmission, namely AMPA receptor-dependent transmission, in a
transgenic mouse model of AD, ameliorating memory, and learning deficits [69]. Altogether, these findings point to 7,8-
DHF as a novel oral bioactive therapeutic agent for the treatment of AD, which acts by activating the BDNF-mediated

pathway.

Several causative compensatory mechanisms may contribute to AD, in particular to altered cognition, such as, for
instance, anxiety and hyperactivity. Accordingly, drugs that specifically ameliorate such symptoms could also be used
for AD, and intriguingly, some of them share the property of interfering with BDNF expression. Accordingly, evidence
exists that drugs used for psychiatric disorders may provide benefit to AD patients, through the modulation of BDNF
levels. To this end, recent evidence has shown that lithium, the drug of choice for bipolar disorder, may be used for
agitation in AD [70]. Notably, chronic micro-doses of lithium prevented memory loss and neuro-histopathological
changes in a transgenic murine model of AD through BDNF up-regulation, an effect that was associated with a less
anxious state [71]. Such an effect on anxiety in AD also characterizes a second-generation antipsychotic, quetiapine,

which prevents memory deficit in a murine model of AD, at least in part through elevation of BDNF expression [72].



Interestingly, a recent report has shown that quetiapine prevents Ap-induced cell death in cultured neurons via increased
release of the neurotrophin from astrocytes, further pointing to astrocytes as critical for the action of drugs that interfere
with mechanisms that contribute to AD [73]. Another second-generation antipsychotic shown to interfere with AD
mechanisms is clozapine, whose treatment has been shown to improve cognitive decline by reducing Af deposits and
plaque deposition in a transgenic mouse model of AD, effects that appear to be mediated by BDNF up-regulation [74].
Along with this line of reasoning, another second-generation antipsychotic, aripiprazole, improves AB1-42-induced
decreased neurite outgrowth and viability in neuronal cells, suggesting that it might be effective against Ap-induced

neurotoxicity in AD-associated psychosis [75].

Mood stabilizers are also employed in AD treatment as AD patients show a higher incidence of epileptic seizures
[76], and hyperexcitability appears to be a feature of several murine models of AD [77]. Evidence exists that the
antiepileptic drug levetiracetam can rescue the impaired cognition observed in human APP transgenic mice [78].
Interestingly, repeated treatment with the antiepileptic drug lamotrigine mitigates the impairments in synaptic plasticity

and cognition observed in a transgenic mouse model of AD [79].

Another class of drugs that may be effective in AD is represented by antidepressants [80]. Previous preclinical
and clinical studies had demonstrated ameliorative effects of this class of drugs on cognition in AD [81, 82]. Recently,
the selective serotonin reuptake inhibitor (SSRI) escitalopram has been shown to ameliorate the AD-like features, and
cognitive deficit caused by ovariectomy and subsequent D-galactose treatment, an accepted experimental model of AD:
of note, such improvement occurs, at least partially, through the enhancement of hippocampal BDNF levels [83]. That is
in line with previous data showing that escitalopram mitigates forskolin-induced tau hyperphosphorylation and memory
deficit in rats [84]. To further sustain the beneficial role of increased serotonergic transmission for AD, Cirrito and
coworkers (2011) investigated the effect of serotonin in the accumulation of AP plaques in humans. They found that an
active serotonin signaling is associated with reduced AP accumulation in cognitively normal individuals [85]. In line with
the effectiveness of antidepressant drugs in AD, Chadwick and colleagues (2011) have shown that amitriptyline, a
tricyclic antidepressant, promotes hippocampal neurogenesis, at least in part via increased expression of hippocampal
BDNF, in a transgenic model of AD [86]. The widely used SSRI fluoxetine has also been shown to long-lastingly
ameliorate cognitive deterioration in AD transgenic mice harboring three different mutations (3 x TgAD mice) [87]. Of
note, a more recent study showed that fluoxetine, when administered during adolescence, can prevent the accumulation
of AP levels and the development of memory deficit typical of 3 x TgAD mice, through a mechanism that involves the
activation of the CREB-BDNF pathway, an effect that lasts, at least for four months [88]. Thus, both antipsychotics and

antidepressants may be used in the treatment of AD, leveraging the neurotrophin BDNF as a common denominator. The



added value of using commercially available antipsychotics or antidepressants relies on the evidence that these drugs have

been widely studied and approved and, therefore, their unwanted effects are known.

In line with the inflammatory theory of AD, it has been recently found that treatment with the antitumor necrosis factor-
alpha (TNF-a) monoclonal antibody adalimumab is able to improve memory deficit in rodents via different mechanisms
that include, among the others, mitigation of AB-induced BDNF reductions [89]. Of note, another drug, etanercept, known
to ameliorate cognition in AD patients, which acts by neutralizing TNFa., improves cognitive performance in preclinical
models, at least partially via increased BDNF expression [90, 91]. Similarly, another anti-TNF- a drug, infliximab, has
proven effective in the AB-induced animal model of AD [92]: interestingly, infliximab is able to modulate hippocampal
BDNF levels, preventing cognitive decline [93]. These data lastly suggest that these drugs, via an anti-TNF-a activity,
not only improve the inflammatory state but may also rescue BDNF expression, contributing to the amelioration of

memory performance, thus providing a potential rationale for their use in AD.

Among other BDNF-modulating compounds, naturally occurring approaches can be counted. The cell membrane
components gangliosides, which are widely present in the CNS, represent an attractive option for neurodegenerative
disorders due to their neuroprotective and restorative features [94]. However, their role in AD is still elusive as evidence
exists, showing both a favoring or a protective role for ganglioside [94]. Evidence exists that, in both animal and human
brains, primary ganglioside composition is altered [95, 96]. In particular, the levels of ganglioside GQ1b are reduced in
both experimental models and AD patients [96, 97]. It is interesting to note that ganglioside GQ1b is able to ameliorate
cognitive deficit typical of experimental models of AD, also reducing amyloid-B protein precursor (ABPP) and tau
hyperphosphorylation, an effect that occurs together with the restoration of BDNF levels, which were diminished in 3xTg-
AD mice [98]. Thus, from these data, it could be speculated that inhibition of A and tau activation by GQ1b-induced

BDNF upregulation might be a remarkable approach for the treatment of AD.

Another potential, naturally occurring approach, relies on the notion that sphingolipids contribute to regulating
the function of ABPP and AP protein metabolism [99]. Considering that sphingolipids cross-talk with transcription factors
to modulate neuronal cell death, Fingolimod, a structural sphingosine analog, and sphingosine 1 receptor modulator,
currently in use for the treatment of relapsing-remitting multiple sclerosis, has been proposed as a promising drug to fight
AD. Interestingly, Fingolimod has been shown to reduce AP secretion and deposition and restore memory deficit in

preclinical models through the up-regulation of BDNF levels [100, 101].

Other naturally occurring molecules with a potential role in AD are indeed bile acids [102], although their

neuroprotective mechanism is still obscure. Notably, low levels of bile acids have been observed in AD patients but also



healthy elderly subjects [103, 104]. Recently, it has been shown that chenodeoxycholic acid, a bile acid and a potent
activator of farnesoid X receptors, i.e., nuclear bile acid receptors regulating cholesterol homeostasis, was able to attenuate
cognitive deficit in a mouse model of the disease, by up-regulating various proteins, including the hippocampal levels of

the neurotrophin BDNF [105].

Another critical player in AD pathogenesis appears to be protein kinase C epsilon (PKCe). Hongpaisan and
colleagues (2011) have first shown that administration of bryostatin-1, a potent activator of PKCe, prevents Af
accumulation and learning deficit in transgenic animal models of AD. Notably, treatment with bryostatin-1 inhibits the
suppression of BDNF in transgenic mice that was associated with elevation of A and synaptic loss, thus suggesting that
this drug improves learning deficits, at least partially, via the modulation of the neurotrophin [106]. This is confirmed by
Sen and associates (2018), who showed that loss of PKCe results in BDNF down-regulation, an effect that was restored
by activating PKCe in transgenic mice[107]. In addition, PKCe was recently found to be reduced in AD autopsy samples
[108], further pointing to the role of this BDNF-modulating kinase in AD pathogenesis. To substantiate the importance
of PKCe, based on these preliminary lines of evidence, bryostatin-1 has been employed in a randomized, double-blind,
placebo-controlled, Phase Ila clinical trial for AD assessing safety, tolerability, and efficacy of bryostatin in the treatment

of moderately severe to severe AD [109].

Evidence exists that Rho activity, hypothesized to participate in AD pathogenesis [110], is upregulated in the
brain of a mouse model of AD [111]. This evidence would suggest that the inhibition of Rho activity might be beneficial
as AD treatment. Yu and coworkers (2017) found that Fasudil, a selective Rho kinase (ROCK) inhibitor,
ameliorates disease severity in a transgenic mouse model of AD [112]. However, due to a narrow safety window as well
as poor oral availability, Fasudil cannot be employed for long-term exposure. Accordingly, Gu and colleagues (2018)
have selected a novel ROCK inhibitor, FSD-C10, which improved the cognitive deficit observed in a transgenic mouse
model of AD and reduced A deposition as well as tau hyperphosphorylation [113]. Notably, such improvements were

paralleled by the increase of several synaptic proteins, including the neurotrophin BDNF.

It is known that type 2 diabetes has been identified as a risk factor for AD [114]; interestingly, insulin signaling
in the hippocampus and cerebral cortex is critical for cognition and synaptic plasticity [115]. Hanyu and colleagues have
shown that chronic pioglitazone treatment ameliorates cognition in AD patients and in subjects with type 2 diabetes
mellitus [116]. Dong and associates have employed sitagliptin a dipeptidyl peptidase 4 inhibitor used for the treatment of
type 2 diabetes mellitus that significantly improved cognition in type 2 diabetic patients with or without AD [117] for a
treatment of a transgenic mouse AD model [118]. These researchers showed that sitagliptin effectively improved

cognition in the AD mouse model via activation of the BDNF-trKB pathway. It is interesting to note that another drug



approved for type 2 diabetes named liraglutide, a glucagon-like peptide-1 (GLP-1) analog, was able to reverse several
hallmarks of AD in a transgenic mouse model [119, 120]. Similar to sitagliptin, liraglutide displays BDNF upregulating
features in both mice and cultured hippocampal neurons [121, 122], a characteristic shown also by another GLP-1 analog,
exenatide, which delays the cognitive decline in a preclinical model of mid-life brain aging, an effect that appears to
occur, at least partially, through the activation of the BDNF-TrkB neurotrophic axis [123]. These data suggest that
regulation of insulin secretion and insulin-dependent signaling may represent a valuable treatment for the cognitive deficit
observed in AD. This is strengthened by a recent work showing that intranasal insulin can be effective in ameliorating
cognitive impairments in AD [124]; notably, intranasal insulin appears to increase BDNF in aged mice, potentially
revealing a mechanism of action of its effect in AD [125] and adding this way as a promising, BDNF-dependent method
to ameliorate AD symptoms. Also, this finding would be indeed interesting as the intranasal way permits to overcome the

obstacles caused by systemic delivery of parenteral or oral drug routes.

3.2 Non pharmacologic modulation

BDNF may be modulated in AD experimental models also by non-pharmacologic approaches. To this end, transcranial
magnetic stimulation (TMS) has received much attention recently. TMS is a non-invasive and painless method that uses
electromagnetic induction to excite neuronal cells in a manner that can be regulated to high or low frequency. This
technique has been used for different disorders of the central nervous system such as depression [126], drug addiction
[127], and eating disorders [128], revealing itself as a possible approach of clinical efficacy. Of note, repetitive TMS has
been shown to induce the expression of hippocampal BDNF in preclinical models, with neuroprotective and pro-cognitive
results [129].

Recent data indicate that this option might be suitable also for AD and, interestingly, that the therapeutic effect
could be mediated, at least partially, by BDNF. In fact, Tan and colleagues (2013) showed that repetitive TMS at low
frequency ameliorates AB-induced toxicity in a rodent model of AD, via hippocampal BDNF up-regulation, which
enhances hippocampal LTP improving memory impairments [130]. Chen and associates (2019) caused AD-like
symptoms by intracranial injection of Af1-42 in mice and found that repetitive TMS ameliorated cognition, reduced
apoptosis in mice and improved neuronal viability in mice, at least in part, through BDNF up-regulation [131]. Thus,
repetitive TMS appears to promote the up-regulation of BDNF levels as a contributing mechanism for its anti-AD

functions, suggesting that this non-pharmacologic option may, perhaps, be useful for AD patients.



Another non-pharmacologic approach that shares a contribution of BDNF modulation for the treatment of AD is
represented by acupuncture. Acupuncture, widely used in oriental medicine, provides a somatosensory mechanical
stimulation of peripheral nerves, and it has been shown to enhance BDNF expression, perhaps via glutamate-mediated
mechanisms [132]. It has been shown that electroacupuncture ameliorates memory deficits in a murine model of AD,
reducing AP accumulation and promoting neurogenesis through a mechanism that involves BDNF up-regulation [133], a

result that was confirmed to be BDNF-mediated in the same transgenic mouse model [134].

An interesting recent option has been recently suggested by Oh and colleagues (2019), who used nasal cavity
administration of melanin-concentrating hormone (MCH) to ameliorate cognition in transgenic mouse models of AD
[135]. This recent manuscript points to the activation of the BDNF-trkB pathway as a potential mechanism for reduced
AP toxicity and cognitive enhancement. Notably, MCH has been previously shown to improve cognitive performance in

AD patients [136].

Among the non-pharmacologic approaches for AD, we cannot avoid mentioning the role of the environment.
The environment plays a role in everyday life and may influence the onset or development of several disorders,
neurodegenerative or psychiatric. For instance, it has been demonstrated that animals exposed to an enriched environment
showed reduced amyloid-p deposits when compared to animals living in standard conditions [137]. However, the word
‘environment’ can be declined in various ways, and accumulating evidence has shown a positive role of physical exercise
in preventing and/or ameliorating AD symptoms in humans and preclinical models [138]. Epidemiologic data in humans
have shown that inactive patients are at higher risk of developing cognitive impairments [139] and that physical exercise

protects against cognitive deterioration [140].

The memory-enhancing function of exercise in rodents has been widely demonstrated; notably, in several cases,
it appears to be mediated by changes in BDNF levels. Dao and colleagues (2013) showed that treadmill exercise was able
to prevent learning and memory deficit following intracerebroventricular injection of A, at least in part through increased
neurogenesis as well as BDNF and trkB levels [141]. A recent elegant manuscript showed that the effect of exercise in
experimental models of AD is independent on whether it is voluntary, involuntary or forced. Notably, the restorative
effect of exercise was linked to increased expression of hippocampal BDNF [142]. It is important to note that Brown and
colleagues (2014) found that physical activity, in humans, has a different impact on Met carriers when compared to
Val/Val homozygotes: in fact, Met carriers exhibited reduced volume of the temporal lobe, whose volume was instead

larger in Val/Val homozygotes [143]. These results suggest that the effects of exercise are largely affected by the BDNF



Val66Met polymorphism, suggesting that the benefit deriving from physical activity is genotype-specific. This finding is
of great importance since, if genetics influences the effects of exercise, then the physical activity should be personalized
to each subject’s genetics.

Among non-conventional treatments for AD, an extremely innovative approach that has collected a
compelling interest is represented by the so-called green therapy, consisting primarily of gardening activities for AD
patients. Previous data had shown that horticultural therapy, including common gardening tasks, significantly ameliorated
cognition in senior individuals who have dementia [144-146]. Thus, green therapy can improve psychological, social, and
emotional well-being, perhaps influencing the clinical outcome. Notably, the benefits of gardening activities for cognitive
functions appear to be related to increased levels of BDNF in the blood [147] further pointing to BDNF as a dynamic

gatekeeper of synaptic plasticity and a functional pro-cognitive stimulus.

4. Botanicals
The use of herbal remedies in neurodegenerative disorders raises a new exciting perspective. However, given to the
remarkably huge number of published manuscripts, it is not possible to discuss all of them in this review. To this end, this
chapter will only provide a flavor of the potential applications of herbal drugs that act, at least partially, via BDNF
modulation, discussing the potential advantages of using these natural products.

To date, we can state that a therapeutic potential exists for herbal medicines in AD [148]. Indeed, herbal
compounds may represent an alternative approach to the conventional, still symptomatic treatments nowadays available
for AD and could be considered as preventive agents or useful adjuvants, offering some complementary cognitive benefits
to classically used drugs. This turns out to be extremely appealing, primarily in view of a poly-therapeutic approach of
AD. However, it has to be taken into account that the effectiveness of botanicals tightly depends upon an adequate
standardization of the active ingredients as well as on the proper use of the plant, avoiding the presence of toxic bioactive
principles. A recent elegant manuscript has reviewed botanicals as modulators of neuroplasticity, providing several lines
of evidence that point to herbal drugs as useful candidates to modulate BDNF in vivo [149]. Notably, Dey and colleagues
(2017) have published a comprehensive review in which they quote several herbal products, including Chinese medicinal
plants, and show that some of them ameliorate cognition in experimental models of AD, some of them by up-regulating
BDNF expression [150].

When dealing with herbal remedies, several issues must be critically considered, as they include herbal
compounds per s¢, plant extracts, fractions, and traditional herbal formulations. A limitation may derive from the fact that

the standardization of the extract is a critical prerequisite for its efficacy. For instance, the activity of Panax ginseng C.A.



Meyer in an experimental model of AD is amenable to ginsenosides [151], whereas the pharmacological actions of other
active herbal drugs are not yet clear. Of note, it has been shown that the ginsenoside Rg1 ameliorates hippocampal long-
term potentiation and memory in a transgenic AD model, up-regulating BDNF expression [152].

Another interesting point is that, due to the numerous active ingredients of medicinal plants, they may allow
a multi-targeting approach that could be more successful over monotherapy to combat such a complex disease. Thus,
herbal preparations containing several phytoconstituents may represent an adding value against the multifaceted nature
of AD.

Indeed, herbal remedies are versatile compounds; in fact, they can also act as a mold for the synthesis of
compounds with higher bioavailability and potency: to this end, for instance, synthetic curcumin derivatives have been
synthesized as inhibitors of amyloid-p aggregation [153] and analogs of phenylpropanoids, a family of natural products
with antiaging effects, have been designed [154]. Of note, repeated curcumin exposure improves cognition following Ap
injection by enhancing BDNF-ERK signaling in the hippocampus [155] whereas phenylpropanoids contained, for
instance, in the Viscum album L., increase serum BDNF levels in an experimental model of AD [156].

The versatility of natural plants is further confirmed by the evidence that a plant can produce secondary
metabolites that allow the plant to better cope with a given environment. The list of these secondary metabolites is indeed
long as it includes different active principles that are responsible for the biological activity of the extracts, such as
alkaloids, monoterpenoids, diterpenoids, phenolic acids, flavonoids [157]: among their other functions, these compounds
act against AP} deposition, tau protein hyperphosphorylation as well as antioxidant and anti-inflammatory mechanisms in
experimental models. For instance, to this end, Dinda and colleagues (2019) have nicely reviewed the properties of plant
iridoids in AD. These monoterpenes metabolites appear to delay the degenerative progress and reduce the cognitive deficit
through complex synaptic mechanisms involving, among the others, up-regulation of the neurotrophin BDNF [158]. This
evidence suggests that, indeed, nature represents a practically inextinguishable source of active principles. While herbal
remedies fall into the category of natural products, other natural products do exist, although their handling goes beyond
the focus of this review. However, to give a hint of the growing possibilities for neurodegenerative disorders including
AD, a novel class of natural compounds deriving from marine sources, such as, for instance, the sea cucumber, a
traditional Asian seafood containing cerebrosides, has been shown to ameliorate cognitive deficiency in an AB-induced
model of AD, at least partially via the modulation of BDNF levels [159].

In conclusion, bioactive compounds from plants do indeed represent a novel possibility of finding new
therapeutic avenues to fight AD, although clear-cut evidence of their efficacy in the clinic is still lacking. One exception

is represented by Bacopa monnieri that has been used in clinical trials in elderly individuals or subjects with mild cognitive



deficit [160] these trials showed a general positive cognitive effect: notably, evidence exists that Bacopa monnieri (L.)
Pennell ameliorated scopolamine-induced cognitive impairments by up-regulating the expression of the neurotrophin
BDNF in experimental models of AD [161]. Although there is still a long way to go before obtaining essential results in
the clinic, however, the use of compounds of natural origin undoubtedly represents a fascinating possibility for the

treatment of AD in the future.

5. Conclusions and future directions

There is no doubt that the treatment of a complex disease such as AD is likely mediated by the subtle modulation of
multiple, synergistic processes. Thus, the effect of drugs aimed at ameliorating the disease symptomatology must
necessarily involve a coordinated action on several systems. Indeed, BDNF impairments do not represent the main cause
of AD but, rather, an important covariable interacting with other cell components. We are also aware that we cannot set
a safety threshold of BDNF production below which the disease becomes manifest. However, based on the existing
literature, it appears that reduced levels of this neurotrophin may indeed represent a plausible endophenotype of AD
pathology. To this end, the evidence that BDNF can be regulated at different levels (i.e., at the level of transcription,
translation, processing, and release) makes it a versatile target for potential therapy. Equally notable, it has to be taken
into account that the effectiveness of a therapy tightly depends upon the timing of exposure to the therapy itself, which is
critical in determining the future set-point for the responsiveness of the cell and, then, the outcome of a given therapy. To
this end, if BDNF-modulating drugs are used too late when the neurodegenerative process is at an advanced phase and
synaptic activity is highly deficient, they may neither rescue dying neurons nor improve cognition whereas the application
of the same drugs when BDNF changes are still subtle may be cognitively beneficial. While the unique regulatory
mechanisms of the neurotrophin provide the necessary adjustments under physiological conditions, the above-mentioned
drugs rather than simply restoring basal levels of the neurotrophin need to modulate BDNF-dependent responses under
dynamic situations. Notably, Fukuchi and associates (2019) have recently set up a method to screen inducers of BDNF
neuronal gene transcription from BDNF-luciferase transgenic mice: such a high-throughput screening method might help
to identify novel BDNF-related candidate agents useful for AD therapy, fighting the cognitive decline [162].

The collection of data on the modulation of endogenous BDNF expression herein shown indicates that
mechanistically unrelated drugs share the characteristic feature of modulating BDNF expression culminating in similar
synaptic and cognitive outcomes. These findings suggest that BDNF may be considered a bridge connecting different
players that contribute to synaptic maintenance and, consequently, to functional cognition, thus contributing to the

development of AD-modifying strategies (Fig 2). Perhaps more interesting than drug-induced modulation of BDNF, the



exogenous administration of the neurotrophin is supported by a plethora of preclinical findings; however, so far, the
exogenous conveyance of BDNF has led to disappointing results, because of poor delivery and short-half life. In addition,
knowledge should also be provided on the long-term safety of recombinant BDNF. However, it is reasonable to think
that, in the future, the continuous technical improvements will likely make available reliable methods that may guarantee
the specific regional targeting of BDNF biodelivery, with limited undesired effects, thus offering a real possibility to
improve the AD clinical picture.

The evidence that reduced BDNF levels do not represent a unique attribute of AD as they have been observed
in other CNS disorders (depression, Parkinson’s disease) rule out the possibility that low levels of BDNF in the blood or
a deficit of its synthesis in the brain can be considered a reliable marker of AD. However, taking into account that also
non-pharmacological approaches are of considerable importance to improve brain health through up-regulation of BDNF,
it is tempted to speculate that a combined therapy involving BDNF modulating compounds or exogenous delivery of the
neurotrophin together with appropriate lifestyles may provide an option to prevent/retard AD onset. In conclusion, the
collection of these disparate, but otherwise related, evidence points to the neurotrophin BDNF as a mechanistic

underpinning that could be targeted to offset the cognitive decline of AD.



Source

Clinical relevance

Reference

|Leyhe etal., 2008

Laske et al., 2007
Peng et al., 2005
Fahnestock et al.,

2002

Fleitas et al., 2018

Lietal., 2016

Increase of BDNF serum
concentration during donepezil
treatment of patients with early
Alzheimer's disease.

BDNF serum and CSF
concentrations in Alzheimer's
disease, normal pressure
hydrocephalus and healthy
controls.

Precursor form of brain-
derived neurotrophic factor
and mature brain-derived
neurotrophic factor are
decreased in the pre-clinical
stages of Alzheimer's disease.

Neurotrophic factors and
Alzheimer's disease: are we
focusing on the wrong
molecule?

proBDNF is modified by
advanced glycation end
products in Alzheimer's
disease and causes neuronal
apoptosis by inducing p75
neurotrophin receptor
processing.

MicroRNA-613 regulates the
expression of brain-derived
neurotrophic factor in
Alzheimer's disease.

A treatment with the AChE-inhibitor donepezil result in an increase of
BDNF serum concentration in AD patients reaching the level of healthy
controls.

BDNF serum concentration (19.2 +/- 3.7 ng/ml) prior Donezepil

treatment compared to healthy controls (23.2 +/- 6.0 ng/ml, P = 0.015).
BDNF serum concentration increased significantly in the AD patients
following 15 months of Donezepil treatment (23.6 +/- 7.0 ng/ml, P =
0.001), showing no more difference to the healthy controls (P = 0.882).

Reduced levels of BDNF serum concentration in AD as compared to
healthy controls (21.3ng/ml; p=0.041/p=0.017). The decrease of BDNF
serum levels in AD may reflect a lack of trophic support and thus
contribute to progressive degeneration in both diseases.

proBDNF levels were decreased in MCI (mild cognitive impairment) and
AD groups, respectively, as compared with NCI (no cognitive
impairment). Also, mature BDNF was reduced in MCI and AD groups,
respectively.

BDNF mRNA levels are decreased in the nucleus basalis of AD patients
compared to controls. Human CNS tissue contains both proBDNF and
mature BDNF protein. In the parietal cortex of AD patients there is a
significant deficit in proBDNF protein compared to controls.

AD patients show a significative increase of proBDNF and Sortilin
expression and a significative increase of the ratio proBDNF/BDNF in
their cerebrospinal fluid compared to controls. The proBDNF of AD
patients is modified by ROS-derived advanced glycation end products.
The cerebrospinal fluid from AD patients, but not from controls,
induces apoptosis in differentiated hippocampal neurons mainly by the
action of AGE-modified proBDNF present in the cerebrospinal fluid of
the patients.

A significant decrease of BDNF mRNA and protein expression was
observed in serum and CSF of patients and hippocampus in APP/PS1
mice compared with the corresponding controls. miR-613, which is
predicted to target the 3'-UTR of BDNF, was also detected in patients
and the mouse model. Opposite to the alteration of BDNF, miR-
613 expression in  serum, CSF and hippocampus were obviously
increased compared to the controls.

Table 1. Clinical evidence of altered BDNF levels in AD patients
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Figure legends

Fig 1

Schematic illustration of a working model of the BDNF pathway in AD.

Reduced expression of BDNF observed both in experimental animal models as well as in humans appears to be critical
for cognitive impairment typical of AD. The figure shows the regulation of the neurotrophin BDNF at presynaptic
(transcription, translation, processing, and release) and post-synaptic sites (BDNF signaling cascade) that represent a
putative site of actions of BDNF-based synaptic repair strategies. It is speculated that engaging such BDNF pathway may
play a role in ameliorating cognitive deficit in AD, promoting the survival of neurons and formation of new synaptic

contacts.

Fig 2

Summary of the most recent developments in terms of modulation of BDNF expression.

The figure shows the different approaches that share the common property of stimulating the BDNF pathway. In the
figure, conventional pharmacological therapies (antipsychotic drugs, antidepressant drugs, mood stabilizers, memantine,
cholinergic agonists) are included together with non-pharmacological approaches (acupuncture, lifestyle, gardening),
biotechnological approaches (epigenetics, microRNAs), monoclonal antibodies (infliximab and adalimumab), botanicals
and a plethora of single molecules that, through their own peculiar mechanism of action, all converge on the modulation

of BDNF levels in the brain.
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