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Abstract: Alzheimer’s disease (AD) is a neurodegenerative disorder, comprising 70% of dementia
diagnoses worldwide and affecting 1 in 9 people over the age of 65. However, the majority of
its treatments, which predominantly target the cholinergic system, remain insufficient at revers-
ing pathology and act simply to slow the inevitable progression of the disease. The most recent
neurotransmitter-targeting drug for AD was approved in 2003, strongly suggesting that targeting
neurotransmitter systems alone is unlikely to be sufficient, and that research into alternate treat-
ment avenues is urgently required. Neuromodulators are substances released by neurons which
influence neurotransmitter release and signal transmission across synapses. Neuromodulators in-
cluding neuropeptides, hormones, neurotrophins, ATP and metal ions display altered function in
AD, which underlies aberrant neuronal activity and pathology. However, research into how the
manipulation of neuromodulators may be useful in the treatment of AD is relatively understudied.
Combining neuromodulator targeting with more novel methods of drug delivery, such as the use of
multi-targeted directed ligands, combinatorial drugs and encapsulated nanoparticle delivery systems,
may help to overcome limitations of conventional treatments. These include difficulty crossing the
blood-brain-barrier and the exertion of effects on a single target only. This review aims to highlight
the ways in which neuromodulator functions are altered in AD and investigate how future therapies
targeting such substances, which act upstream to classical neurotransmitter systems, may be of
potential therapeutic benefit in the sustained search for more effective treatments.

Keywords: neuromodulation; neuropeptides; hormones; neurotrophins; ATP; metal ions; Alzheimer’s
disease; synaptic plasticity; therapeutics

1. Introduction

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder which presents
predominantly in the elderly. AD is the leading cause of dementia and is characterised by
extensive brain atrophy, resulting in debilitating memory loss and executive dysfunction.
It is estimated that approximately 50 million people are currently living with AD and other
forms of dementia, and this is expected to quadruple in the next 30 years due to ageing of
the global population [1]. By 2050, as many as 1 in 85 people are likely to be suffering from
the disease [2], which is currently ranked as the fifth leading cause of death worldwide [3,4].
Despite such concerning figures, due to its complex and multifactorial nature, the exact
causes of AD are yet to be elucidated, and current treatments remain insufficient at reversing
pathology and act only to slow the inevitable progression of the disease and its associated
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symptoms. Additionally, patients with AD often show comorbidity with other diseases,
making the development of treatment all the more challenging [5].

The majority of AD treatments target neurotransmitter systems; galantamine, rivastig-
mine, donepezil and tacrine are acetylcholinesterase (AChE) inhibitors, and thus enhance
cholinergic transmission. Attenuated cholinergic transmission in brain regions including
the basal forebrain, hippocampus, amygdala and cortex is well-known to occur as a result
of AD presentation [6–9] and these findings form the basis of the cholinergic hypothesis,
which is thought to be a leading contributor to AD progression [10,11]. Memantine is an
antagonist of glutamatergic N-methyl-D-aspartate (NMDA) receptors and therefore re-
duces glutamatergic transmission, excessive levels of which have been shown to contribute
towards excitotoxicity and neuronal death in AD [12]. Current treatments have unpleasant
associated side effects; cholinesterase inhibitors often result in nausea, gastrointestinal
upset and diarrhoea due to peripheral effects [13], and tacrine is rarely used in the modern
day due to hepatotoxicity [14]. Additionally, major alterations to neurotransmission tend
to present during advanced stages of disease progression, following the appearance of
pathological proteins amyloid beta (Aβ) and tau [15], and pathologic cascades involving
mitochondrial dysfunction and oxidative stress [16,17]. Consequently, drugs targeting
aberrant neurotransmission, albeit better than nothing, do little to reverse progression or
tackle the pathological roots of the disease.

The accumulation of Aβ plaques and tau neurofibrillary tangles has long been im-
plicated as a major pathological hallmark of AD, and the aggregation of both proteins is
viewed as a leading contributor to neuropathology, synaptic loss and associated cognitive
decline [4,18–20]. Research relating to the development of drugs which aim to reduce
the aggregation or increase the clearance of Aβ and tau has therefore been extensively
undertaken, but such treatments have thus far exhibited notoriously high failure rates in
clinical trials [21]. The recently FDA-approved drug aducanumab represents a step forward
in terms of pathological targeting. As a monoclonal antibody against Aβ, the drug is the
first to target pathology upstream of neurotransmission, and has been suggested to reduce
Aβ plaque burden and slow cognitive decline in patients with prodromal or mild AD [22].
However, significant controversy surrounds its accelerated approval due to observations
of harmful side effects and limited efficacy [23]. As a result, the drug was rejected for
use by the European Medicines Agency, and remains yet to be approved outside of the
United States [24]. The causes of AD have not been fully elucidated, but they are likely
a combination of genetic and environmental factors which result in Aβ and tau protein
aggregation, disrupted neuronal function, synaptic plasticity deficits, neuroinflammation,
oxidative stress and neurodegeneration which underlie cognitive dysfunction. A major
limitation of current AD treatments is that they target just one component of this extremely
complex, multifactorial disorder, and efficacy is further compromised due to the low ability
of conventional drugs to cross the blood-brain barrier (BBB) [25]. There is therefore an
urgent need to expand the focus of AD targets and delivery methods.

Neuromodulators are substances released by neurons which influence neurotransmit-
ter release and signal transmission across synapses. These include, but are not limited to;
neuropeptides, hormones, neurotrophins, adenosine triphosphate (ATP) and metal ions.
Neuromodulators play a vital role in controlling neuronal function and communication, and
many have been observed to undergo alterations in AD, resulting in a loss of normal physi-
ological function and hence aberrant neuronal activity which underlies associated cognitive
deficits. Changes to neuromodulator levels impact key downstream signalling pathways
and the activation of neurobiochemical mediators, which contributes to increased neu-
rodegeneration, atypical synaptic plasticity and the accumulation of pathological proteins.
Additionally, divergent neuromodulator function compromises neuronal and metabolic
homeostasis within the brain, resulting in oxidative stress and excessive activation of the
immune response, further advancing disease progression. Neuromodulator signalling
therefore impacts widespread and numerous components of AD progression, making it
a promising therapeutic target. This review will discuss the roles of neuromodulators in
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neuronal homeostasis and synaptic plasticity, and how their function is modified over
the course of AD, contributing to cognitive deficits. The ways in which neuromodulator
physiology may be targeted in order to better treat multiple components of AD upstream of
abnormal neurotransmission will be considered, as well as the potential of neuromodulator
nanoparticle drug delivery in overcoming additional limitations of conventional drugs,
such as associated side effects and BBB impermeability.

2. Neuromodulator Function in the Central Nervous System and Dysregulation in AD

In order to determine how alterations to neuromodulator function may underlie
aberrant neuronal activity which presents as a result of AD pathology, the processes by
which neuromodulator release occurs and how neuromodulators exert effects on a range of
targets in the central nervous system (CNS) must first be understood. Many studies have
investigated how the activity of neuromodulators, as opposed to neurotransmitters alone,
underlie essential processes involved in neuronal function, metabolic homeostasis and
synaptic plasticity, and how these display alterations over the course of AD. A summary
of neuromodulator dysfunction in AD, and how this contributes to the progression of the
disease, is shown in Figure 1.

2.1. Neuropeptides

Neuropeptides are small, endogenous messenger molecules which co-exist in neurons
alongside classical transmitters. Upon release from neurons, they act locally or over long
distances, and are able to exert a vast array of very fast (milliseconds) or long-lasting
(seconds to minutes) effects on autocrine and paracrine targets [88]. Interactions between
neuropeptides and neurotransmitters, alongside their independent activities, are vital for
the modulation of neuronal activity associated with neurodevelopment, neuronal homeosta-
sis, sensory perception, the inflammatory response and metabolic function [89]. Critically,
neuropeptide binding to G-protein-coupled receptors (GPCRs) in the hippocampus is able
to activate numerous signalling pathways in order to modulate synaptic plasticity. For
example, orexin has been shown to couple to Gq protein transducers, which results in
the activation of phospholipase C. This leads to cytosolic calcium influx and the down-
stream activation of protein kinase C and the extracellular signal-regulated kinase (ERK)
1/2 signalling pathway [90]. Activation of this pathway has been strongly implicated
in the formation and retrieval of long-term memory [91]. Oxytocin and insulin have
been reported to act through the phosphatidylinositol 3-kinase (PI3K)/protein kinase B
(AKT) signalling pathway in order to modulate excitatory synaptic transmission, long-term
potentiation (LTP) and long-term depression (LTD) in the hippocampus [92–94]. Vasoac-
tive intestinal polypeptide (VIP) and pituitary adenylate cyclase-activating polypeptide
(PACAP) have been linked with synaptic plasticity through activation of the Gα protein
family, which stimulates cyclic adenosine monophosphate (cAMP) and protein kinase A
(PKA) signalling [95,96]; PKA has been reported to be required for hippocampal-dependent
memory formation [97]. Neuropeptide Y (NPY) activates the c-Jun NH2-terminal kinase
(JNK) signalling pathway, a form of mitogen-activated protein kinase (MAPK) signalling
which leads to LTP attenuation and the control of neuronal excitability [98]. NPY addi-
tionally contributes towards the control of neuronal excitatory [99] and inhibitory [100]
transmission, in order to maintain the balance of excitation and inhibition in neural net-
works. Corticotropin-releasing factor (CRF) has been shown to have opposing effects to
neuropeptide Y in the control of inhibitory transmission [100], whilst substance P facilitates
excitatory glutamatergic transmission by prolonging activation of NMDA receptors [101].
Neuropeptides including neuropeptide Y, calcitonin gene-related peptide (CGRP), PACAP
and bradykinin have also been shown to exert neuroprotective effects by reducing excito-
toxicity and apoptosis and exerting anti-inflammatory and antioxidant actions on neurons
following brain injury [102,103]. Therefore, neuropeptides have essential roles in the control
of neuronal homeostasis and recovery following insult to the brain, excitatory/inhibitory
neurotransmission, and synaptic plasticity associated with learning and memory.
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Figure 1. Summary of neuromodulator dysfunction in Alzheimer’s disease. Alterations to neuro-
modulator function are being increasingly regarded as critical drivers of AD pathology and resulting
neurodegeneration and cognitive deficits. Alterations to levels of neuropeptides bring about com-
promised neuroprotection, reduced synthesis of neurotransmitters such as acetylcholine, disrupted
control of excitatory and inhibitory network balances and aberrant LTP and LTD [26–44]. The accumu-
lation of metal ions with Aβ exacerbates excitotoxicity and oxidative stress [45–48], and contributes
to the production of toxic ROS [49–52]. Increased extracellular and reduced intracellular ATP as a
result of metabolic switching [53,54] and Aβ-induced pore production in the neuronal membrane [55]
underlie dysfunction of P-ATPases, [56], P2-R overactivation, excess calcium influx, mitochondrial
dysfunction, abnormal mitophagy, excitotoxicity and cell death [57–59]. Reduced neurotrophin
activation of TrK-Rs leads to increased apoptosis and LTD and reduced cell survival and LTP [60–68].
Activation of the p75NTR by Aβ activates GSK3β, which upregulates amyloidogenic APP processing
and tau hyperphosphorylation [69–72]. Reduced levels of oestrogen and testosterone compromise
synaptic integrity [73–78], whilst increased levels of FSH, LH and cortisol activate GSK3β, MAPK,
PKC and PKA signalling, leading to amyloidogenic processing and tau hyperphosphorylation,
oxidative stress and neuroinflammation [79–87].

2.2. Neuropeptides; Dysfunction in AD

Neuropeptide levels have been observed to undergo widespread changes in AD pa-
tients and animal models, and the extent of these changes has been suggested to correlate
with disease severity [104]. Alterations to neuropeptide levels occur as a result of AD
pathology, but are critically also a contributing factor towards its progression. NPY levels
are reduced in AD patients and mouse models [26–28], causing a decline in the neuro-
protective effects exerted by the neuropeptide, including its ability to attenuate the toxic
accumulation of Aβ [28], prevent calcium-induced accumulation and excitotoxicity in
presynaptic terminals [105], regulate immune cell function [106] and induce neurogenesis
in areas which undergo large neuronal loss, such as the hippocampus [28,107]. Altered
NPY levels are also likely to influence the control of synaptic plasticity and excitatory and
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inhibitory transmission, due to the reported roles of the neuropeptide in these processes,
leading to deficits in memory formation [98–100]. Notably, the number of NPY-expressing
interneurons in the hippocampus was shown to be reduced in AD mice as young as
1-month of age, long before the appearance of cognitive symptoms or Aβ accumula-
tion [108], suggesting that alterations to NPY activity occur upstream of these processes.

The levels of neuropeptides including oxytocin [29], insulin [30], VIP [31] and PACAP [32],
all of which contribute to the control of synaptic plasticity in the hippocampus, have displayed
adjustments in AD, resulting in aberrant control of LTP and LTD and subsequent interference
of memory formation. Substance P [33] and CRF [34], which contribute towards regulation
of the excitatory/inhibitory balance of neural networks, also display altered levels over the
course of the disease. Reductions in CRF immunoreactivity in the cerebral cortex have been
correlated with lower levels of choline acetyltransferase (ChAT) activity, which impacts the
biosynthesis of acetylcholine and hence may be an important contributor to the cholinergic
loss observed in AD [35]. Levels of opioid peptides such as dynorphin, hemorphin and
enkephalin have been reported to increase in AD patients [36–38] and mouse models [39,40],
correlating with increased Aβ plaque burden and altered glutamatergic receptor expression
underlying learning and memory deficits [109,110]. The role of opioid neuropeptides in
AD pathology appears receptor dependent; a recent study has suggested that activation of
δ- and µ-receptors has opposing effects on the β-site APP cleaving enzyme 1 (BACE1) [111].
Therefore, activation of opioid receptors is likely to have differential effects on APP cleavage
and the production of Aβ. Notably, alterations to opioid levels have been reported to disrupt
activity of a number of other neurotransmitters, including gamma-aminobutyric acid (GABA),
acetylcholine, serotonin and noradrenaline [109,112], reaffirming that changes to neuropeptide
levels likely occur upstream of aberrant neurotransmitter activity.

Finally, altered neuropeptide levels have been heavily associated with cognitive distur-
bances in AD in addition to those classically associated with memory decline and executive
dysfunction. Oligomeric Aβ has been suggested to modulate voltage-gated calcium channel
activity on NPY-expressing neurons in the arcuate nucleus of the hypothalamus, which may
underlie changes to body weight regulation during early AD stages [113]. The overexpres-
sion of orexinergic signalling in the hypothalamus has been linked with sleep disturbances,
and has been implicated as a contributor to increased accumulation of Aβ and tau pathol-
ogy [41–44]. Neuropeptide changes therefore contribute towards numerous components of
AD, with many occurring upstream of neurotransmitter dysfunction and pathological Aβ

and tau presentation.

2.3. Hormones

Hormones are chemical messengers which are present in and act upon both CNS
targets and peripheral tissues and organs. A number of classical hormone release path-
ways have been well-characterised, such as the hypothalamic-pituitary-adrenal (HPA) axis
involved in cortisol release underlying the body’s response to stress [114], the functions
of oestrogen, progesterone, luteinizing hormone (LH) and follicle-stimulating hormone
(FSH) in the menstrual cycle [115], and testosterone in male development [116]. In addi-
tion to classical roles in homeostatic processes, hormones have been reported to impact
cognitive functioning of the brain [117]. For example, glucocorticoids (GCs) such as cor-
tisol have been associated with the neuromodulation of memory related with stress and
fear via actions on neurons in limbic regions [118,119]. Cortisol binding to glucocorticoid
receptors in the brain is tightly regulated and finely balanced. Hippocampal neurons are
particularly sensitive to the hormone; moderate release is known to enhance memory con-
solidation, but hyposecretion and hypersecretion have both been associated with memory
impairments [117].

Despite its more common association with functions in the reproductive system, the
release of oestrogen has also been suggested to exert neuroprotective effects on neuronal
activity and underlie memory processes linked to spatial and object recognition, as well
as fear memory, via actions on hippocampal neurons which express the oestrogen recep-
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tor [120]. Oestrogen has been reported to modulate synaptogenesis, dendritic branching
and myelination of neurons involved in the release of neurotransmitters in serotonergic,
dopaminergic, GABAergic and glutamatergic systems, directly affecting neuron structure,
function and signalling [121]. In addition to its roles in the female reproductive system
and cognitive function, oestrogen is produced in males via the conversion of testosterone
(T) by the aromatase enzyme [122]. Testosterone modulates neuronal function and gene
expression underlying behaviours associated with aggression, social interaction and anx-
iety via actions on androgen receptors (ARs) in brain regions including the amygdala,
hypothalamus and thalamus [123]. Additionally, testosterone depletion has been associated
with hippocampal dysfunction and associated learning and memory deficits [124], as the
androgen has been shown to regulate the expression of microtubule-associated protein 2
(MAP2) and postsynaptic density protein 95 (PSD95) [125], cytoskeletal and postsynaptic
proteins respectively, which are essential for synaptic integrity and plasticity.

Additional sex hormones including LH and FSH have been implicated in cogni-
tive function; receptors for the hormones are found in hippocampal regions critical for
learning and memory [126,127]. LH has been suggested to regulate signalling pathways
associated with the expression of glycogen synthase kinase 3β (GSK3β), phosphorylated
calcium/calmodulin-dependent protein kinase II (CAMKII) and phosphorylated α-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptor subunit glutamate re-
ceptor 1 (GluR1) [128,129], all of which are implicated in synaptic plasticity underlying
memory processes in the hippocampus. Less is known about the impact of FSH signalling
in the brain, although FSH receptors have been found in the hippocampus [126] and the
hormone has been linked with cognitive functioning in postmenopausal women [130].
Finally, progesterone has been shown to modulate neuronal growth and excitatory trans-
mission, by increasing dendritic spine density [131] and the expression of AMPA receptors
both directly [132] and indirectly through the upregulation of brain-derived neurotrophic
factor (BDNF) signalling in hippocampal synapses [133]. The actions of sex hormones in
prefrontal and limbic areas are therefore likely to contribute towards cognitive processes
associated with memory and executive function.

2.4. Hormones; Dysfunction in AD

Glucocorticoid levels are well-known to display significant increases in both the periph-
ery and brain of AD patients [134–136]. Recent studies have proposed that these changes do
not simply arise as a result of AD progression, but may in fact be critical drivers of disease
pathology. The hypersecretion of glucocorticoids has been linked with increased aggregation
of Aβ in rodent models [79]. This may be due to the presence of a glucocorticoid responsive
element (GRE) in the promoter region of the β-secretase gene, glucocorticoid binding to
which augments expression of β-secretase and subsequent amyloidogenic processing [80,137].
Increased glucocorticoid levels have also been proposed to contribute towards excessive tau
hyperphosphorylation through upregulation of GSK3β activity [81]. Excessive glucocorticoid
receptor activation associated with early life stress has been suggested to contribute towards
synaptotoxicity and increased microglial-mediated inflammation, resulting in reduced hip-
pocampal LTP and disrupted memory retrieval [82,138,139]. Exposure to chronic stress at
postnatal days 2–9 was sufficient to significantly increase cortisol levels and Aβ accumu-
lation, and hamper reversal learning once APP/PS1 mice reached 12 months of age [140],
highlighting the early influence of cortisol level alterations on AD presentation. Excessive
circulation of glucocorticoids impacts numerous components of pathology associated with hip-
pocampal atrophy, and it is therefore being increasingly considered as an important initiator
of AD [117,141,142].

One major area of interest with regard to the modulation of hormone levels in AD is
that of oestrogen levels in female patients. It is commonly known that more women present
with AD than men; around two thirds of cases occur in females [143]. Although this may
be due to sex differences outside of differential sex hormone circulation (such as societal
gender elements or other sex-specific differences in cell function [144]), this could also be
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attributed to differences in sex hormones and their function in the brain, based on hormone
therapy studies and the proven roles of sex hormones in cognition. Studies have suggested
that a reduction in oestrogen during the menopause may alter regulation of the APOE gene
coding for the apolipoprotein E [145], a highly recognised risk factor gene for familial AD.
This results in changes to lipid transport, glucose homeostasis, mitochondrial function and
neuroinflammatory processes, and hence impacts neuronal activity as well as increasing
Aβ aggregation [73]. A rodent study has shown that oestrogen knock-out in APP/PS1
mice leads to the exacerbated formation and attenuated clearance of Aβ plaques [146],
further emphasising its neuroprotective functions. AD presents most commonly in older
women, and consequently the increased release of LH and FSH during and following the
menopause and their potential roles in disease development has also been considerably
researched. In contrast to that observed with oestrogen, studies have reported significantly
elevated serum levels of both gonadotropins in AD patients [83], which has been strongly
associated with a decline in hippocampal-dependent cognitive function [84–86]. This may
be attributed to a gonadotropin-mediated increase in pathological protein appearance;
FSH has been shown to increase the expression of the CCAAT-enhancer-binding protein
β (C/EBPβ), a transcription factor which activates a δ-secretase known to cleave APP and
tau to form pathological Aβ and aggregated tau [86]. LH activates a number of second
messenger signalling cascades involving protein kinases A and C and MAPKs, which
contribute to increased amyloidogenic APP processing and tau hyperphosphorylation [87].
Changes to levels of oestrogen, LH and FSH as a result of the menopause can thus be
viewed as potential underlying contributors to the development of AD via the increased
production of pathological Aβ and tau.

Despite a more prominent focus on female hormone dysregulation in AD, elderly
men with lower serum levels of testosterone also present with significantly higher risk of
cognitive dysfunction and AD development [147]. The activation of androgen receptors
by testosterone leads to increased expression of α-secretase and reduced production of
β-secretase, stimulating non-amyloidogenic APP processing over amyloidogenic process-
ing [148,149]. Therefore, T directly impacts the production and clearance of Aβ through
androgen receptor signalling pathways. Testosterone has also been associated with the reg-
ulation of tau phosphorylation as it controls the activation of signalling pathways involving
protein kinase B and glycogen synthase kinase 3β [150]. The hormone exerts protective ef-
fects on neuronal synapses by preserving the production of presynaptic proteins including
synaptophysin, synaptotagmin and synapsin-1 [74,75], and has thus been reported to con-
tribute towards the maintenance of dendritic spine density, synaptic integrity and synaptic
plasticity in the hippocampus, which underlie learning and memory propensity [76–78].
Depletion of testosterone in the hippocampus has been shown to induce oxidative stress
and neuronal damage, leading to a reduction in antioxidants, upregulated expression of
caspase-3 and subsequent neuronal apoptosis [151]. Reduced levels of the hormone have
consequently been associated with Aβ accumulation, tau hyperphosphorylation, oxidative
stress and neuron loss which contribute to AD progression [74,78,147,152,153].

2.5. Neurotrophins

Neurotrophins are growth factor proteins which regulate the development, sur-
vival and function of neurons and glia. Mammalian neurotrophins consist of brain-
derived neurotrophic factor (BDNF), nerve-growth factor (NGF), neurotrophin-3 (NT-3) and
neurotrophin-4 (NT-4). Each neurotrophin exerts effects via binding to specific receptors,
promoting cell signalling pathways associated with various neuronal processes, including
differentiation, maturation and proliferation [154]. One essential role of neurotrophins
is to regulate the balance of neuronal survival and apoptosis. The promotion of apopto-
sis occurs following activation of the p75 neurotrophin receptor (p75NTR), for which all
neurotrophins have similar binding affinity [155]. Conversely, cell survival is initiated by
neurotrophin binding to the cell survival-promoting tropomyosin-related kinase receptors
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(TrK-Rs) [154]. Activation of these two receptor types by neurotrophins therefore plays a
critical role in the determination of neuronal survival.

The differential activation of p75NTR and TrK-Rs also has contrasting influences on
neuronal synaptic activity; p75NTR activation has been observed to result in LTD in the hip-
pocampus via altered AMPA receptor expression [156]. TrkB receptor activation by BDNF,
on the other hand, promotes LTP of hippocampal neuronal synapses which is dependent on
the recruitment of phospholipase C [157], and increased release of BDNF has been shown
to occur during synaptic remodelling [158,159]. Therefore, the balance of neurotrophin
activity at receptors with opposing effects on synaptic plasticity acts to modulate synaptic
strength associated with learning and memory processes [160]. Aside from phospholipase
C, other major downstream intracellular signalling cascades associated with BDNF binding
to the TrkB receptor include PI3K/GSK3β/Akt and ERK/MAPK pathways [154,161,162].
Activation of these signalling pathways leads to the upregulation of specific transcrip-
tion factors and second messengers, which control gene transcription associated with ion
channel and neurotransmitter expression underlying synaptic function [154,162].

Although BDNF has emerged as the key molecule underlying neurotrophic control
of synaptic plasticity in the hippocampus, neurotrophin-4 is also recognised to bind to
and activate the TrkB receptor [163]. Application of NT-4 to cultured rat hippocampal
neurons enhanced AMPA-R-mediated glutamatergic synaptic transmission similarly to
that observed following BDNF addition, suggesting a corresponding role in plasticity [164],
although the exact role of NT-4 in LTP induction has been relatively understudied. NGF in-
fusion into the rat brain led to increased septal cholinergic innervation of the hippocampus,
and the facilitation of hippocampal LTP induction. Conversely, NGF blockade significantly
reduced LTP induction and led to impaired spatial memory, suggesting that, via actions
on TrkA receptors, NGF is essential for cholinergic-dependent hippocampal synaptic plas-
ticity [165]. Neurotrophin-3 binds to the TrkC receptor, and has been linked with the
facilitation of synaptic function, enhanced synaptic strength and inhibition of GABAer-
gic transmission in both developing and mature neurons [166–169]. Therefore, despite a
prominent focus on BDNF in more recent years, all four mammalian neurotrophins have
been proposed as modulators of synaptic plasticity.

2.6. Neurotrophins; Dysfunction in AD

Due to their roles in the modulation of synaptic strength underlying LTP and learning
processes in the hippocampus, it is unsurprising that the modulation of neurotrophin
activity, particularly that of BDNF, is altered in AD. BDNF mRNA is reduced in the hip-
pocampus of AD patients [60], correlating with attenuated BDNF serum levels in a disease
severity-dependent manner [61]. BDNF levels have also been shown to be significantly
decreased in hippocampal extracts from AD mouse models [62,63]. Additionally, knock
out of the TrkB-R in 5xFAD mice leads to the exacerbation of memory-related behavioural
impairments, reduced hippocampal expression of AMPA and NMDA receptor subunits
and alterations to pathways downstream of BDNF signalling involving ERK-2 and GSK3β
activation [170,171]. ERK-2 and GSK-3β are regulators of tau phosphorylation, and their
aberrant production and function have been linked to hyperphosphorylation and the
resulting production of tau neurofibrillary tangles, which contribute to cognitive dysfunc-
tion [69,70,170]. Increased GSK3β activity has also been linked with the promotion of
amyloidogenic processing of APP, leading to elevated deposition of Aβ plaques [71], whilst
sustained activation of ERK-2 leads to neuronal death [172], resulting in elevated neurode-
generation and synaptic dysfunction. Aβ oligomers were recently shown to bind p75NTRs
in the nanomolar range, leading to the exacerbation of Aβ-mediated dendritic spine loss in
hippocampal neurons and resulting synaptic dysfunction and neuron loss [72]. Alterations
to neurotrophin-mediated Trk-R and p75NTR signalling have therefore been implicated as
key mediators in the progression of early pathological hallmarks of the disease.

The roles of NT-4, NT-3 and NGF in AD are less elucidated; a handful of studies
have observed no significant alteration to NT-3 levels in AD patients [60,173,174], although
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significant reductions in NT-3 levels in the motor cortex have been reported [64]. In the
same study, elevated NGF levels were noted in the dentate gyrus, although no significant
change in NGF levels across all brain regions has also been observed [60]. A separate report
revealed reduced NGF levels, correlating with decreased ChAT activity, at the onset of Aβ

plaque presentation, and increased NGF levels during more advanced disease stages [65].
TrKA-R expression, required for NGF signalling, was observed to be significantly reduced
in the parietal cortex of AD patients [66], and the neurotrophin has been suggested to
undergo degradation during both pre-clinical and clinical stages of AD [67]. Levels of
neurotrophin-4 have been reported to display a small reduction in the hippocampus and
cerebellum of AD patients [68], although aside from this report very few studies have
investigated changes to NT-4 levels and function in AD. Considering their reported roles in
hippocampal synaptic plasticity, the lack of research into neurotrophins aside from BDNF
in an AD context is surprising. Further research into whether and how NGF, NT-3 and
NT-4 display alterations in AD patients and mouse models is likely to be worthwhile.

2.7. ATP

Adenosine 5′ triphosphate (ATP) is widely recognised for its role as the main source of
energy to cells in both the brain and periphery, which is critical in enabling cell respiration,
differentiation and function. In addition to its classical role in energy supply, ATP is
essential for maintaining ionic concentrations across neuronal membranes. This is heavily
dependent on the activity of P-ATPases, which harness ATP to pump ions across the
neuronal membrane. The membrane potential is governed by the concentration of Na+

and K+ ions either side of the neuronal membrane, which is tightly controlled by Na/K-
ATPase [175,176]. Na/K-ATPase maintains low intracellular Na+ and high intracellular K+

by actively transporting Na+ out and K+ in to the neuron [177]. In parallel, the P-ATPase Cl–
ATPase sustains a low Cl− ion concentration intracellularly [178], thus exerting inhibitory
control of neuronal excitability and enabling protection against excitotoxic stimuli [56]. The
availability of ATP and subsequent actions of P-ATPases therefore directly impact neuronal
excitability and protection against excitotoxicity.

ATP has been reported to act on two purinergic receptors; metabotropic P2Y and
ionotropic P2X receptors [179–181]. Binding to P2X receptors leads to the opening of ligand-
gated ion channels permeable to Na+, Ca2+ and K+, hence enabling the control of neuronal
excitability and cell signalling [182–184]. Actions of ATP released from both neurons
and glia on these receptors have also been associated with postsynaptic AMPA receptor
trafficking at glutamatergic synapses through PI3K activation, enabling the control of slow
neuromodulatory activity which influences synaptic strength [185–187]. ATP release from
astrocytes has been suggested to regulate NMDA receptor and PSD95 expression associated
with LTP induction, implicating ATP as a critical modulator of neuron-glia communication
underlying synaptic plasticity [188]. ATP binding to G-protein-coupled P2Y receptors has
also been shown to modulate synaptic plasticity, neurotransmitter release and ion channel
activity in brain regions including the prefrontal cortex and hippocampus [189].

2.8. ATP; Dysfunction in AD

The brain is extremely vulnerable to metabolic alterations, and disruption to the
production of ATP impacts neuronal function in a multitude of ways. The accumulation of
tau neurofibrillary tangles has been reported to contribute to alterations in mitochondrial
transport, dynamics and bioenergetics [190] and subsequent ATP production, whilst Aβ has
been shown to incorporate with mitochondria, particularly in hippocampal regions with
high synapse density and associated energy demand. This results in the presentation of
mitochondria with abnormal morphology [191,192]. Dysfunction in the production of ATP
as a result of mitochondrial damage and a metabolic switch from oxidative phosphorylation
to glycolysis, reminiscent of the Warburg effect observed in cancer cells, has recently been
proposed to act as a driver of neurodegeneration in AD. Traxler et al., [53] found that
increased production of pyruvate kinase (PKM) 2 (an essential glycolytic enzyme, which
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catalyses the conversion of phosphoenolpyruvate to pyruvate) as opposed to PKM1 in
patient-derived induced neurons may be responsible for initiating this switch, correlating
with an increase in the PKM2 to PKM1 ratio in the prefrontal cortex of AD patients.
Evidence for increased glycolytic flux in AD has been reported in further studies, which
have observed early alterations in glucose metabolism in rodent models of AD [193]
and significant increases in glycolytic-associated enzymes including PKM2 and lactate
dehydrogenase in frontal and temporal brain regions of AD patients [194]. A reduction
in ATP levels has been associated with the dysfunction or reduced levels of F1FO-ATP
synthase [195] and cytochrome c oxidase [196], critical enzymes involved in the final step of
oxidative phosphorylation within the mitochondrial membrane. A switch from oxidative
phosphorylation to glycolysis has been shown to occur in microglia as well as neurons;
microglia collected from the brains of human AD patients and 5xFAD mice presented with
higher lactate and PKM2 levels and increased transcription of glycolytic genes. These
changes correlated with the upregulation of the microglial inflammatory response and the
release of pro-inflammatory cytokines such as interleukin 6 (IL-6) and tumour necrosis
factor α (TNF-α) [54]. Additionally, PKM2 has previously been reported to upregulate
γ-secretase activation, leading to the enhancement of Aβ production in the 3xTg-AD mouse
model [197].

Reduced generation of ATP as a result of metabolic switching has a direct and profound
impact on neuronal activity, as sufficient ATP levels are critical for regular functioning of
P-ATPases. Activity of Na/K-ATPase and Cl-ATPase was shown to be reduced in the brains
of AD patients, leading to reduced gradients of Na+, K+ and Cl− ions and subsequent
excitotoxicity and neuronal death [56]. The inhibition of Na/K-ATPase as a result of Aβ

binding to the enzyme has been suggested to exacerbate cell excitotoxicity by leading to
increased calcium influx into neurons [198], and the intensification of ionic imbalances.
Additionally, soluble Aβ oligomers are able to form pores in the neuronal membrane,
resulting in leakage of intracellular ATP into the extracellular space [55]. Excessive ex-
tracellular ATP binding to P2X receptors leads to additional calcium influx into neurons,
further exacerbating excitotoxicity and cell death [57,58]. A role for aberrant ATP activity
in AD presentation is further evidenced by the observation that Aβ oligomer application
results in overexpression of P2X receptors in cellular models of AD, which precipitates
the disruption of synaptic transmission at both presynaptic and postsynaptic neuronal
regions [57]. An overabundance of extracellular ATP also exacerbates the inflammatory
response and increases pro-inflammatory cytokine release, due to the expression of P2X
and P2Y receptors on, and subsequent hyperactivity of, glial cells [199,200]. Therefore, the
overactivation of purinergic receptors may be a critical mediator of Aβ-induced toxicity.

It is apparent that pathological proteins contribute to compromised function of mito-
chondria and ATP generation, but alterations to brain metabolic activity in AD have been
suggested to precede their accumulation, and act as a critical driver of disease progres-
sion [192,201]. Reduced mitochondrial respiration levels and increased oxidative stress
were shown to occur as early as three months in 3xTg-AD mice, prior to the appear-
ance of Aβ plaques or tau tangles [202]. Alterations to mitophagy, the process whereby
abnormal mitochondria are degraded in lysosomes in order to ensure optimal quality
control of mitochondrial function, has been proposed as a central contributor to metabolic
dysfunction-associated disease progression [59]. Abnormal mitophagy has been suggested
to occur during early stages of AD as a result of mitochondrial dysfunction and altered
ATP production, leading to compromised clearance of pathological Aβ and tau and hence
their increased accumulation [203]. Mitochondrial dysfunction and disruptions to ATP
generation as a result of a metabolic switch reminiscent of the Warburg effect can therefore
be seen as a key driver of AD disease progression, by increasing Aβ and tau accumulation,
neuroinflammation, neuronal excitotoxicity and synaptic loss.
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2.9. Metal Ions

The maintenance of a homeostatic balance of metal ions such as copper, zinc and
iron is crucial for normal physiological functioning of the human brain. Copper is the
third most abundant trace metal ion found in the brain [204], and is present in the highest
concentrations within synaptic vesicles, indicating its involvement in neurotransmitter
release and reuptake in the synapse [205]. The acute application of copper is found to have
blocking effects on GABA- and NMDA-mediated neurotransmission [206–208]. Research
in rat brain models has shown that copper has an inhibitory effect on LTP induction [209],
which could be due to its ability to bind antagonistically to NMDA receptors. However,
copper has also been suggested to inhibit LTP in the CA3 region of the mouse hippocampus
via an NMDA-independent mechanism [210]. Upon prolonged exposure of primary hip-
pocampal neurons to copper, AMPAergic neurotransmission is promoted, corresponding
to accumulation of the PSD95 protein and concurrent clustering of AMPA receptors on
the plasma membrane [211]. This increase in AMPAergic neurotransmission is found
to be transient, indicating that copper’s neuromodulatory effects are under homeostatic
regulation. Additionally, copper serves an important physiological role as a driver of redox
reactions performed by enzymes. Under normal physiological conditions, copper serves
as the redox-active metal in the metabolic production of energy via the electron transport
chain, in the regulation of neurotransmitters, neuropeptides, and dietary amines [204,212].

Zinc is one of the most abundant trace metals found in the brain, second only to iron.
It is highly involved in the structural and catalytic properties of more than 300 proteins,
including those implicated in the protection of the brain from oxidative imbalance and
stress following the sequestration of reactive oxygen species (ROS) [213–215]. Zinc is pre-
dominantly found in regions of the brain associated with higher cognitive functions [216]
and within vesicles of presynaptic terminals of glutamatergic neurons [217]. The accu-
mulation of zinc in presynaptic terminals is facilitated by the zinc transporter ZnT3 [218]
and, upon neuronal activation, transiently increasing concentrations of zinc are observed
in the synaptic cleft [219]. Synaptic release of zinc in response to neuronal activation has
been found to modulate the activities of glutamatergic NMDA and AMPA receptors and
ionotropic glycine receptors [220]. The metal has been reported to have inhibitory effects
on GABAA and NMDA receptors, while it has been observed to act on glycine receptors in
a biphasic manner; exerting excitatory effects at concentrations lower than the micromolar
range, and inhibitory effects at concentrations lower than the millimolar range [216]. As a
result of its impacts on neurotransmission, zinc has been suggested to act as a modulator of
synaptic plasticity, LTP and LTD [221–223].

Iron is the trace metal present in the highest concentration in the brain. The mainte-
nance of iron concentration is very tightly controlled, as it is crucial in enabling normal
physiological function while preventing harmful oxidative effects. Iron is an important
cofactor for various enzymes, for example, those responsible for ATP production, myeli-
nation and synthesis of DNA, RNA, proteins and neurotransmitters [224]. The brain is
the only organ in the body that requires a constant supply of readily available iron, and
deficiency leads to neurological and cognitive dysfunction. Due to its role as a redox cycling
metal, iron is a critical contributor to mitochondrial function, neuronal myelination and
neurotransmitter anabolism and catabolism [225]. It has also been suggested to play a role
in synaptic plasticity via the generation of ryanodine receptor (RyR)-mediated calcium
release following NMDA-R stimulation and subsequent activation of ERK1/2 signalling,
which is essential for sustained LTP in the hippocampus [226].

2.10. Metal Ions; Dysfunction in AD

Trace metals have a number of reported roles in neurotransmission underlying synap-
tic plasticity and neuronal activity, as well as the protection of the brain against oxidative
stress, and their abnormal accumulation has thus been linked with the progression of AD
pathology and synaptic deficits. According to post-mortem analysis of AD patients, there
is excessive accumulation of iron, zinc and copper colocalising with amyloid beta plaque
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deposition [45]. The ability of Aβ to initiate oxidative stress has been proposed to depend
on its interactions with and reduction of redox metal ions, which results in the production
of ROS such as hydrogen peroxide [49].

Research regarding the role of copper ions in AD pathogenesis is ambiguous [227]. A
number of studies report a drastic reduction in copper levels in the brains of AD patients,
with content negatively correlating with degree of severity of amyloid plaque presenta-
tion [228,229]. The absence of copper has been demonstrated to result in the amyloidogenic
cleavage of APP molecules leading to the production of Aβ. Further evidence shows
that copper ions are able to block the production of Aβ via interaction with a γ-secretase
complex [230], or by interfering with the dimerization of APP [231]. Conversely, many
reports implicate increases in copper levels and their association with Aβ as a major con-
tributor to accelerated plaque aggregation, production of reactive oxygen species and
associated disease pathology [46,47,50,232,233]. These reported inconsistencies may be
due to differential roles of oxidized and reduced copper ions in the formation of amyloid
fibrils [234]. Copper binding to Aβ has also been associated with the compromised control
of excitatory and inhibitory transmission, resulting in synaptotoxicity and learning and
memory dysfunction [235,236].

Zinc was first implicated as a possible risk factor for dementia in 1981 [237]. Since
then, evidence of high concentrations of zinc incorporation with Aβ has been reported,
contributing to plaque formation under physiological conditions [45,238,239]. Studies in
AD patients have postulated a redistribution of zinc in the brain, and the number of zinc
transporters has shown an increase in expression level during early stage AD, prior to the
appearance of clinical manifestations [48]. The binding of zinc to APP at Lys 16 results in
its inability to be cleaved by alpha-secretase, and thus results in the increased production
of amyloid beta [48]. In addition, zinc has been discovered to promote MAPK-dependent
signaling pathways, which contribute to upregulation of tau phosphorylation and the
subsequent appearance of neurofibrillary tangles [240–242]. Altered zinc homeostasis
has been suggested to alter the expression of the presynaptic synaptosomal-associated
protein of 25 kDa (SNAP-25), as well as PSD95, AMPA-Rs and NMDA-Rs, and also reduce
neuronal spine density, resulting in synaptic deficits which underlie memory loss [243].
Finally, zinc dyshomeostasis has been reported to impair mitochondrial function, and lead
to the production of toxic ROS and oxidative stress-induced cell death [51].

Iron levels in the frontal cortex of human AD patients have been observed to correlate
with the severity of Aβ and tau deposition [244]. Similarly to copper and zinc, excessive iron
accumulation has been reported to colocalize with Aβ, lead to increased aggregation of the
pathological protein and further mediation of oxidative stress [52]. This is exacerbated by
the dysregulation of furin transcription by iron. Furin is a serine protease which regulates
α-secretase-mediated APP processing [245]. Furin mRNA levels have been reported to be
downregulated in AD brains [245], and this has been attributed to excess iron accumulation.
Iron-mediated downregulation of furin activity has therefore been proposed to increase
amyloidogenic APP processing and Aβ plaque production [246]. Excessive iron has also
been observed to lead to excessive tau phosphorylation deposition by upregulating GSK3β
and ERK1/2 signalling pathways [247,248].

There is ample evidence suggesting that the levels of trace metals become dysregulated
in AD, and numerous studies implicate these changes in the excessive accumulation of Aβ

plaques, amyloidogenic processing and Aβ-mediated oxidative stress and ROS generation.
Although not yet studied to as great an extent, metal ion dysregulation has also been
proposed to exacerbate tau hyperphosphorylation and synaptic deficits, reflecting the
multitude of pathological effects which arise as a result of metal dyshomeostasis.

3. Targeting Neuromodulator Function for AD Treatment

Current treatments for Alzheimer’s disease, aside from the controversially approved
aducanumab, target aberrant neurotransmission which arises late in disease presenta-
tion, downstream of Aβ and tau aggregation, synaptic dysfunction, oxidative stress and
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metabolic and neuronal dyshomeostasis. Approved treatments consequently do little to re-
verse pathology, acting only to slow the inevitable progression of the disease. Furthermore,
conventional drugs target just one component of this complex, multifactorial disorder, and
do not show clinical effects in all patients due to pathogenic complexity and variability
between cases. This makes choices regarding the initiation of treatment difficult, and
there remains no official criteria on which decisions regarding drug administration can
be based. Additionally, the majority of current treatments are cholinesterase inhibitors,
which are known to present with unpleasant side effects such as nausea, gastrointestinal
upset, muscle weakness and weight loss [13]. For these reasons, there is an urgent need
to expand the focus of AD drug development. Neuromodulators have proven roles in
the control of neuronal activity and synaptic plasticity. Critically, in addition to arising
as a result of Aβ and tau aggregation, their dysfunction has been implicated as a key
driver of disease progression. Many studies have suggested that aberrant neuromodulator
function occurs upstream to alterations to neurotransmission and pathological protein
accumulation. Therefore, there is growing curiosity surrounding the therapeutic potential
of neuromodulators for AD. A summary of neuromodulator-targeting drugs discussed can
be found in Table 1.

Table 1. Potential neuromodulator-based therapeutics for Alzheimer’s disease and their reported
impacts on pathology.

Neuromodulator
Group Name of Treatment Stage Tested Impact on AD Pathology

Neuropeptide

Neuropeptide Y Rodent models and
cultured cells

Protects against Aβ-induced spatial memory deficits,
oxidative stress [249], excitotoxicity [250], inflammation

[251] and neurodegeneration [252].

Nimodipine Rodent models
Restores NPY-expressing neuronal function and

associated neuroprotection via targeting of Aβ-mediated
Ca2+ channel disruption [113].

SP600125 Rodent models
Reduces Aβ plaque burden, tau hyperphosphorylation,
synaptic loss [253] memory impairment and apoptosis

[254] via inhibition of JNK phosphorylation.

PACAP Rodent models and
cultured cells

Promotes α-secretase-dependent APP processing [255],
improves cognition and reduced pathogenic

Aβ burden [256].

VIP Rodent models Protects against Aβ accumulation,
reduces brain atrophy [257].

Oxytocin Rodent models

Improves memory retention, reduces Aβ and tau
deposition, ERK1/2, GSK3β and AChE activity and

neuronal death [258]. Reduces inflammatory cytokine
release and hippocampal atrophy [259].

Insulin Rodent models
Partially reduces levels of phosphorylated tau and

improves learning ability [260]. Reduces pathological Aβ

production and improves memory [261].

BIBN 4096 BS (BIBN) Rodent models CGRP antagonist, increases expression of PSD95, reduces
neuroinflammation, Aβ and tau pathology [262].

des-Arg9-[Leu8]-
bradykinin
(DALBK)

Rodent models Bradykinin 1 receptor antagonist, reverses spatial learning
and memory deficits [263].

UFP-512 Cultured cells
Specific agonist of δ-opioid receptors. Exerts

neuroprotective actions by attenuating β-secretase
expression [111].

Dual orexin receptor
antagonist
(DORA-22)

Rodent models Improves sleep [264].
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Table 1. Cont.

Neuromodulator
Group Name of Treatment Stage Tested Impact on AD Pathology

Hormone

Mifepristone Rodent models

Glucocorticoid receptor antagonist, reduces β-secretase
expression and Aβ production, improves learning and

memory [140]. Reverses synaptic deficits [265,266],
reduces tau pathology [267].

CORT108297 and
CORT113176 Rodent models

Selective glucocorticoid receptor antagonists. Reverse Aβ

production, neuroinflammation, hippocampal atrophy,
synaptic deficits. Re-establish levels of synaptotagmin

and PSD95 [266].

Oestrogen (hormone
replacement

therapy)

Rodent models and
human AD patients

Commencement during early stages/before the
menopause reduces Aβ plaque burden, improves

behavioural performance [268], enhances LTP [269],
reduces brain atrophy [270], improves neurotransmission

[271,272], promotes tau clearance [273].

STX Rodent models and
cultured cells

Oestrogen receptor modulator, reduces Aβ levels,
associated mitochondrial toxicity, and synaptic deficits

and improves spatial memory [274,275].

FSH-Ab Rodent models

Reduces FSH levels, blocks δ-secretase-mediated
amyloidogenic APP processing and tau neurofibrillary

tangle production. Increases dendritic spine and synapse
number. Improves learning and memory [86].

Leuprolide acetate Rodent models Reduces LH levels, inhibits GSK3β signalling, increases
BDNF transcription, rescues spatial memory [276].

Testosterone Rodent models and
cultured cells

Increases dendritic spine number, PSD95 [152],
presynaptic protein levels [74], Aβ clearance [277].

Reduces tau hyperphosphorylation via GSK3β inhibition
[278], preserves mitochondrial function [279]. Improves

memory retention [280].

Neurotrophin

BDNF Rodent models and
cultured cells

Reduces neuron loss and synaptic degeneration, rescues
working memory deficits [62]. Stimulates
non-amyloidogenic APP processing [281].

Peptide 021 Rodent models
Increases BDNF signalling, inhibits GSK3β-mediated tau

hyperphosphorylation, reduces synaptic deficits and
associated cognitive decline [282].

LM22B-10 and
PTX-BD10-2

Rodent models and
cultured cells

Activate TrKB and TrKC receptors. Promote survival and
outgrowth of hippocampal neurons, reduce tau pathology

and cholinergic neuron degeneration [283,284].

Geniposide Rodent models Suppresses ERK signalling, reduces inflammatory
cytokine release and augments synaptic plasticity [285].

Tolfenamic acid Rodent models Inhibits GSK3β. Attenuates memory deficits, decreases
tau hyperphosphorylation [286].

Isoorientin Rodent models

Selective GSK3β inhibitor. Attenuates tau
hyperphosphorylation, Aβ deposition and

neuroinflammation. Improves LTP
and spatial memory [70].

Dimethyl fumarate Rodent models Modulates GSK3β activity. Decreases tau phosphorylation
and neuroinflammation, increases BDNF expression [287].

NGF Rodent models and
human AD patients

Reverses spatial memory deficits, reduces cholinergic
atrophy [288]. Halts accelerated decline of
neuropsychological test performance [289].

NT-3 Rodent models Reverses spatial memory deficits, reduces
cholinergic atrophy [288].

NT-4 Rodent models Reverses spatial memory deficits [288].
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Table 1. Cont.

Neuromodulator
Group Name of Treatment Stage Tested Impact on AD Pathology

ATP

Inorganic
polyphosphates

Rodent models and
cultured cells

Protect against Aβ-mediated neurotoxic effects by
enhancing intracellular ATP levels [290].

J147 Rodent and human
protein models

Modulates activity of ATP synthase [291], increases BDNF
and NGF expression and learning

and memory ability [292].

Salvianolic acid B Rodent models and
cultured cells

Rescues Aβ-mediated dysfunction of ATP synthase and
mitochondrial stress [293], decreases Aβ accumulation

and neuroinflammation and improves
cognitive function [294–296].

PTEN-induced
putative kinase 1

(PINK-1)
Rodent models

Mitophagy-associated protein, restores mitochondrial
function and attenuates Aβ accumulation. Improves

learning and memory [203].
Shikonin and
compound 3K Rodent models PKM2 inhibitors. Reduce microglial glycolysis and

pro-inflammatory activity and Aβ plaque content [54].

Brilliant Blue G
(BBG)

Rodent models and
cultured cells

P2X7 receptor antagonist. Rescues dendritic spine loss
and memory impairments [297]. Attenuates Aβ plaque
production via inhibition of GSK3β and activation of

α-secretase [298].

Metal ion

Rhodamine-B-based
compound (Rh-BT)

Rodent models and
cultured cells

Copper chelator. Prevents formation of toxic amyloid
aggregates and inhibits metal-induced

ROS production [299].

Iodochlorhydroxyquin
(clioquinol)

Rodent models,
cultured cells and

human AD patients

Copper/zinc chelator. Slows cognitive decline and plasma
Aβ accumulation in AD patients [300]. Reduces

deposition of Aβ [301,302].

DP-109 Rodent models Zinc/copper chelator. Reduces amyloid beta plaque
burden in the brain [303].

VK-28 Rodent models Iron chelator. Exerts neuroprotective effects to reduce
neurodegeneration [304].

Deferoxamine (DFO) Rodent models and
cultured cells

Iron chelator. Decreases Aβ-associated neurotoxicity [49]
and suppresses tau hyperphosphorylation by reducing

activation of GSK-3β [247].

3.1. Neuropeptide Targeting

A vast array of neuropeptides display altered levels and function over the course of
AD, leading to alterations in neuroprotective effects and synaptic plasticity, increased patho-
logical protein accumulation and consequently cognitive disturbances relating to learning
and memory, the sleep/wake cycle and feeding behaviours. For this reason, attempting
to target and restore neuropeptide function is of high therapeutic interest. Due to a lack
of reuptake mechanisms, neuropeptides tend to exert longer-lasting effects on relevant
targets from large distances. This is difficult to achieve with neurotransmitter targeting,
which is predominantly faster acting with rapid reuptake [89]. Neuropeptide targeting may
therefore enable effects to reach a more substantial target area, without the requirement
for frequent dosing. Furthermore, studies have proposed that alterations to neuropeptide
function occur prior to the appearance of pathological Aβ and tau tangles [108,113,305],
indicating that they may be one of the earliest contributors to disease progression. In this
case, their targeting could be more beneficial than current treatments which tend to be
prescribed later in disease stages.

Neuropeptide Y has been implicated in a plethora of processes associated with neu-
ronal function in AD, including neuroprotection against excitotoxicity, Aβ plaque accu-
mulation, synaptic plasticity alterations and changes to the excitatory/inhibitory balance.
Consequently, a number of studies have looked to investigate its therapeutic potential in
the treatment of the disease. Intracerebroventricular NPY injection in mice has been shown
to protect against Aβ-induced deficits in spatial memory via the prevention of oxidative
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stress [249], whilst reports have shown that NPY administration reduces damaging excito-
toxicity [250], inflammation [251] and neurodegeneration [252]. Neuropeptide Y targeting
in AD is therefore a topic generating large levels of interest, and has already been discussed
in a number of recently published review papers [305–307]. Targeting calcium channels
present on NPY-expressing neurons to restore their function [113], or signalling pathways
downstream of NPY action, such as the JNK signalling pathway [253,254,308] have also
been investigated, and show therapeutic potential in the treatment of AD.

PACAP has been observed to induce non-amyloidogenic α-secretase-dependent pro-
cessing of the amyloid precursor protein [255] and long-term daily nasal administration of
the neuropeptide in APP(V717I) transgenic mice led to improved cognitive function and
reduced presentation of pathogenic Aβ [256]. Similarly, VIP administration into 5xFAD
mice as young as 1-month was able to protect against Aβ accumulation in cortical and
hippocampal regions, and reduce brain atrophy [257], highlighting the potential benefits of
neuropeptide targeting early in disease presentation. Oxytocin signalling has been associ-
ated with LTP and synaptic plasticity underlying learning and memory, and its intranasal
administration in AD mice has been shown to improve performance on the Morris water
maze, which was accompanied by significant reductions in Aβ and tau deposition as a re-
sult of reduced ERK1/2, GSK3β and AChE activity, and attenuated neuronal death [258]. A
separate study has shown that oxytocin administration and reductions in ERK and nuclear
factor kappa B (NKκB) signalling pathways in young APP/PS1 mice reduced inflammatory
cytokine release and delayed hippocampal atrophy [259]. Additionally, administration of
oxytocin has been shown to lead to its extensive distribution in the brain, enabling the
targeting of multiple brain regions [309]. These studies highlight the potential of neu-
ropeptides to treat multiple, widespread components of AD pathology, early in disease
presentation. Various other neuropeptides, including insulin [260,261,310], CGRP [262,311],
bradykinin [263] and opioid peptides [111] have been studied as useful therapeutic targets
for AD, due to their reported roles in synaptic plasticity and neuronal function. Orexin
antagonists have been suggested to restore AD-associated sleep disturbances in 5xFAD
mice [264], although their effect on other cognitive processes, such as learning and memory,
has yet to be explored.

The potential of peptide therapeutics in AD treatment is further amplified by re-
cent studies which have aimed to enhance efficacy of peptide drug delivery using novel
modifications and delivery strategies. For example, increased stability and half-life of circu-
lating neuropeptide-based treatments have been achieved via N-terminal acetylation [312],
N-methylation [313] and thioamidation [314]. The potential to apply these strategies to
peptide-based therapeutics in an AD context further increases treatment possibilities and
potential benefits. Additionally, overcoming blood-brain-barrier impermeability, a noto-
rious limitation of drugs targeting the brain, has been accomplished via the conjugation
of neuropeptide Y with apolipoprotein B. This resulted in widespread NPY expression in
the central nervous system of APP transgenic mice, and reversed hippocampal neurode-
generation and associated learning and memory deficits [252]. Neuropeptide therapeutics
therefore present vast opportunities for more effective management of AD progression,
particularly during early disease stages.

3.2. Hormone Targeting

Alongside more recognised peripheral roles, glucocorticoids and sex hormones have
been observed to underlie the control of neuronal activity and synaptic plasticity in the
brain. Elevated GC levels have been correlated with AD presentation, leading to interest
surrounding their targeting in treatment of the disease. Preventing excessive release of
glucocorticoids may enable a critical upstream block on Aβ accumulation by repressing
binding to the glucocorticoid responsive element in the promoter region of the β-secretase
gene, thus preventing expression of the enzyme and promoting non-amyloidogenic APP
processing. Glucocorticoid receptor (GR) antagonism via intraperitoneal mifepristone
administration was shown to reduce β-secretase and pathological Aβ levels in the hip-
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pocampus of APP/PS1 mice after just three days of treatment, and this correlated with
improved learning and memory [140]. Encouragingly, mifepristone treatment was able to
exert these effects in mice as old as 12 months, indicating that reducing GC levels may still
be capable of reversing pathology late in disease presentation, which has been difficult to
achieve with conventional neurotransmitter-targeting treatments. Application of the drug
was also shown to overcome synaptic deficits and episodic memory loss in young 4-month
Tg2576 mice [265], indicating that treatment may be beneficial when applied during both
early and late stages of AD. A separate study revealed that mifepristone application was
able to reverse synaptic deficits in the hippocampus of 3xTg mice [266], whilst its appli-
cation has also been shown to reduce tau pathology [267], highlighting the ability of the
drug to target multiple components of pathology. One limitation of mifepristone however,
is that it is a non-selective GR antagonist and consequently exerts off-target actions; bind-
ing of the drug to the progesterone receptor has been reported to result in undesirable
side effects [80,266,315]. Encouragingly, the selective GR modulators CORT108297 and
CORT113176 were also able to reverse pathological Aβ production, neuroinflammation and
hippocampal atrophy, and rescue synaptic deficits by re-establishing the levels of synaptic
proteins synaptotagmin and PSD95 in an acute mouse model of AD [266]. Therefore, selec-
tive GR antagonism may be a more beneficial way of reducing GC-mediated progression of
AD pathology. The application of these molecules in chronic models of the disease, which
better depict its pathological progression, would be interesting to observe.

The role of oestrogen in AD pathology remains widely debated amongst researchers,
and further studies are required to elucidate how the effectiveness of hormone replacement
therapy is impacted by other factors such as dose, time point, or individual risk factors. In
their systematic review of hormone replacement therapy (HRT) for AD, Ibrahim et al., [316]
concluded that commencement of HRT only prior to the onset of the menopause results
in beneficial long-term effects for AD treatment. This corroborates with results from the
Women’s Health Initiative Memory Study (WHIMS), which found that oestrogen therapy
in post-menopausal women increased incidence of probable dementia [317]. Similarly, a
‘window of opportunity’ hypothesis surrounding oestrogen treatment for AD has been
presented, as 3xTg mice were observed to display reduced Aβ burden and improved
behavioural performance following administration at middle- (7–9 months), but not old-
age (16–17 months) [268]. Previous reports have proposed that oestrogen has the potential
to exert neuroprotective functions by reducing brain atrophy in prefrontal and medial
temporal lobe regions in human patients [270]. Oestrogen administration has also been
linked with the improved transmission of serotonin [271] and acetylcholine [272], as well
as enhanced LTP magnitude correlating with improved cognitive performance of AD
rats [269]. Application of the hormone or oestrogen receptor modulators has been proposed
to reduce pathological Aβ accumulation [268,274,275,318] and promote tau clearance [273].
The therapeutic potential of oestrogen therapy in targeting multiple pathological elements
of AD is unsurprising considering the reported neuroprotective role of the hormone. That
said, it is clear that the timing of HRT administration must be well controlled in order to
result in optimal therapeutic benefits, and further research is required to fully elucidate
how effectiveness of HRT may be impacted by other factors.

Reducing levels of gonadotropins FSH and LH, which have been shown to positively
correlate with disease progression and cognitive decline in AD, has also been suggested to
display therapeutic potential in treatment of the disorder [87]. A recent study has shown
that inhibiting the actions of FSH leads to blockage of the C/EBPβ–AEP/δ-secretase path-
way [86]. This pathway has previously been implicated in the amyloidogenic processing
of APP, resulting in the production of pathological Aβ aggregates [319]. The δ-secretase
arginine endopeptidase (AEP) has also been shown to cleave tau, leading to neurofibril-
lary tangle production [320]. Blocking FSH ameliorated both Aβ and tau pathology in
3xTg mice. Increases in dendritic spine and synapse number, and a reduction in neuronal
death by apoptosis were also observed, and these changes correlated with rescued spatial
memory performance of mice on the Morris water maze [86]. Genetic ablation of the
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LH receptor (LH-R) has been shown to reduce Aβ plaque content in the hippocampus
and cortex of APPswe mice [321]. This study also noted impacts of LH-R ablation on
α7-nicotinic acetylcholine receptor expression, changes to which have been linked to Aβ

accumulation-induced alterations to cholinergic transmission [322]. A separate study in
3xTg mice has shown that serum LH downregulation inhibited GSK3β signalling and
increased BDNF transcription, resulting in rescued spatial memory [276].

Many studies have investigated the beneficial effects of testosterone administration
in reducing AD pathology; T administration in mice previously injected with Aβ leads to
improved learning and memory [280]. Underlying mechanisms for this neuroprotective
effect have recently been proposed; Yan et al., [152] observed that T administration increases
hippocampal pyramidal cell, dendritic spine and PSD95 levels, all of which are essential
components of synaptic plasticity. These changes were reversed following androgen re-
ceptor blockade. Testosterone has also been observed to exert presynaptic neuroprotective
effects from Aβ accumulation, by restoring presynaptic protein levels critical for synaptic
transmission [74]. In terms of effects on pathological protein accumulation, testosterone
has been shown to increase Aβ clearance by microglia, suppress Aβ-induced release of
pro-inflammatory cytokines TNF-α and interleukin 1β (IL-1β) [277], and attenuate tau
hyperphosphorylation via GSK3β inhibition [278]. Finally, T administration has been
observed to preserve mitochondrial function and mitochondrial-ATPsynthase coupling
following brain insult [279]. Therefore, a multitude of studies have highlighted the poten-
tial benefits of testosterone administration in restoring synaptic plasticity, and reducing
pathological protein accumulation and neurodegeneration.

3.3. Neurotrophin Targeting

Due to its known role in synaptic plasticity, BDNF application is viewed as a plausible
way to potentially overcome cognitive deficits associated with underlying alterations to
synaptic remodelling and neuron growth [162]. Studies have shown that BDNF admin-
istration does indeed exert protective effects over both amyloid beta- and tau-associated
neurotoxicity. Gene delivery of human BDNF carried in an adeno-associated virus (AAV)
into P301L mice led to reduced neuron loss and alleviated synaptic degeneration, which
correlated with the rescue of behavioural deficits associated with working memory [62].
Interestingly, the same study noted that BDNF application did not affect tau hyperphospho-
rylation levels, indicating that directly targeting AD pathological proteins themselves may
not be necessary in order to overcome their related pathological effects on neuronal survival
and plasticity. BDNF application has been suggested to stimulate non-amyloidogenic APP
processing via the promotion of α-secretase processing of APP, as opposed to β-secretase
cleavage [281], which is heavily implicated in the production of pathological, amyloido-
genic Aβ [323]. Critically, neurotrophin targeting with small molecule mimetics may help
to overcome drug limitations associated with BBB impermeability and the presentation of
adverse effects [324]. For example, the application of the BBB-permeable small-molecule
peptide mimetic Peptide 021 (P021) in 3xTg mice increased BDNF signalling and inhibited
GSK3β-mediated tau hyperphosphorylation, which led to the rescue of synaptic deficits
and associated cognitive decline [282].

Small molecule treatments which increase the initiation of TrkB and TrkC receptor
signalling have also shown promising therapeutic signs. The application of TrkB/C-R
ligands, LM22B-10 and PTX-BD10–2, has recently been reported to promote survival and
outgrowth of cultured hippocampal neurons, and reduce tau pathology and cholinergic
neuron degeneration in human-induced pluripotent stem cells following amyloid beta ap-
plication [283,284]. Studies have investigated the benefits of targeting signalling molecules
downstream of BDNF/TrkB-R activity; inhibiting the excessive activation of GSK3β and
ERK2 using small molecule treatments has been shown to ameliorate tau hyperphos-
phorylation, neurodegeneration, synaptic deficits, astrogliosis and microgliosis in rodent
models of AD [69,325]. Vitally, the application of these small molecules, which include
geniposide [285], tolfenamic acid [286], isoorientin [70] and dimethyl fumarate [287] is also
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associated with improved cognitive function and memory. The administration of thera-
peutics targeting neurotrophin signalling, particularly that associated with BDNF/TrkB-R
activation, is therefore becoming increasingly considered, and may be a more appropriate
and promising way of treating AD pathology and neurotransmitter dysfunction upstream
of their presentation. Crucially, the potential of BDNF-related targeting with small-molecule
drugs may help overcome major limitations associated with drug delivery to the CNS,
including off-target and associated side effects and BBB impermeability.

Despite a primary focus on the effects of BDNF treatment for AD, a handful of studies
have suggested that targeting other neurotrophins may also be useful. The intracerebroven-
tricular infusion of NGF, NT-3 and NT-4 was shown to reverse spatial memory deficits of
aged rats which, in the case of NGF and NT-3, correlated with significant reductions in
cholinergic atrophy in the basal forebrain [288]. The same study noted that increased cholin-
ergic neuron size was observed in the hippocampal-projecting medial septum and vertical
limb of the diagonal band of Broca, implying that neurotrophins may enhance cognition by
strengthening cholinergic-dependent hippocampal synaptic activity. The potential of NGF
to protect cholinergic neurons from degeneration was investigated in a phase 1 study in AD
patients via the stereotactic gene delivery of AAV2-NGF into the nucleus basalis, a region of
the basal forebrain that has widespread projections to hippocampal and cortical regions and
has been heavily implicated in the cholinergic hypothesis of AD [326]. Results indicated
that the treatment was well-tolerated and halted accelerated decline of performance on
neuropsychological tests [289], emphasising the potential of neurotrophin targeting for AD.
The above studies highlight alternative ways of overcoming aberrant neurotransmission
without targeting neurotransmitter systems, preventing off-target effects and enabling a
wider range of pathology to be addressed by a single treatment avenue. The ways in which
alternative neurotrophins may be harnessed using small-molecule mimetics in order to
overcome BBB impermeability is relatively understudied compared to that of BDNF, so
further research into this area may present new opportunities for AD therapeutics.

3.4. ATP Targeting

Alterations to brain metabolic activity and ATP production have been suggested to
occur prior to the production of Aβ and tau aggregates in AD, making these processes
upstream targets for the prevention and reduction of disease pathology. Enhancing in-
tracellular levels of ATP would enable the restoration of ATPase activity and balance
of ion concentrations which underlie neuronal activity, and would therefore prevent ex-
citotoxicity associated with excessive calcium influx into the neuronal membrane. An
increase in intracellular ATP concentration has been achieved via the application of calcium
polyphosphate microparticles, or Na+ salt of polyphosphate complexed to calcium, which
are BBB-permeable and physiologically occurring. This led to protection of neurons against
impaired energy homeostasis and Aβ-induced cell death [290]. Increasing ATP production
can also be attempted by the targeting of F1FO-ATPase, which displays altered function
in AD resulting in limited ATP generation in the mitochondrial inner membrane. Two
substances, J147 and Salvianolic acid B (SalB), have so far been shown to effectively modu-
late F1FO-ATPsynthase to increase ATP production in an AD context [291,293,327]. J147 is
currently undergoing clinical trials [327], after it was previously shown to improve memory
in aged AD mice by increasing BDNF and NGF levels [292], revealing therapeutic effects in
addition to actions on ATP generation. SalB has been observed to exert neuroprotective
effects by increasing Aβ clearance [294–296]. Currently, further research is required to fully
elucidate the mechanisms of action of both drugs, but they show early promise in enabling
the increased production of intracellular ATP to treat AD.

Mitochondrial dysfunction is a critical contributor to suboptimal ATP production,
so strategies which aim to restore mitochondrial function are likely to be of therapeutic
benefit. A recent study has proposed that upregulation of the mitophagy-associated protein;
PTEN-induced putative kinase 1 (PINK-1), is able to restore mitochondrial function and
attenuate Aβ accumulation in the mAPP mouse model by increasing clearance of Aβ
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through the promotion of lysosome recruitment and autophagy signalling [203]. The same
study confirmed that increasing PINK-1 levels correlated with improved learning and
memory of mAPP mice. PINK-1 levels are significantly reduced in the hippocampus of
post-mortem brain samples from AD patients, confirming the therapeutic potential of
PINK-1 targeting in restoring mitochondrial function and ATP production to optimise Aβ

clearance. A major contributor to deficits in ATP production is the metabolic switch from
oxidative phosphorylation to glycolysis in neuronal and microglial mitochondria. Studies
have looked to reverse this switch, which appears dependent on increased PKM2 levels,
in order to augment ATP production. Pan et al., [54] pharmacologically inhibited PKM2
using shikonin or compound 3K, both of which led to the suppression of glycolytic gene
expression in hippocampal microglia of 5xFAD mice, and the upregulation of PKM1 activity
and oxidative phosphorylation. Microglial activation was reduced, pro-inflammatory
cytokine release was attenuated, and these effects correlated with decreased Aβ plaque
burden and improved cognitive performance.

Downstream of reduced ATP generation, the re-establishment of ion concentration
gradients which become altered due to reductions in ATP production, oxidative stress and
Aβ binding to transmembrane P-ATPases may help to prevent excitotoxic effects arising
from excessive calcium influx into neurons [328]. However, due to the essential roles of
P-ATPases in neuronal function, their direct manipulation or blockage to prevent calcium
influx would be risky. One study has proposed that the use of small-molecule mimetics to
prevent Aβ oligomer interaction with the Na/K-ATPase α3-subunit by covering the Aβ

interacting surface may be a more beneficial way of rescuing Na/K-ATPase function [329].
The effectiveness of this interesting strategy has yet to be fully explored.

Overactivation of P2X receptors by excess extracellular ATP has been shown to con-
tribute to excitotoxicity and the promotion of neuroinflammation in AD. Blockade of these
receptors is therefore of therapeutic relevance in treatment of the disease, particularly
that of the P2X7 receptor which is a key modulator of neuroinflammatory processes [330].
Antagonism selective for P2X7 receptors is generally difficult to achieve, but one compound,
the Brilliant Blue G (BBG) antagonist, has been reported to display 1000-fold increased
potency at P2X7 receptors than other P2X receptor subtypes [331] and has thus been tested
in an AD context. Rats previously injected with Aβ displayed rescued memory impairment
following intraperitoneal BBG administration, and application of the antagonist to cell
culture reversed Aβ-mediated dendritic spine loss [297]. BBG application in J20 mice
attenuated Aβ plaque presentation in hippocampal regions due to inhibition of GSK3β
and subsequent upregulation of α-secretase and non-amyloidogenic APP processing [298].
Additionally, BBG has been reported to display high BBB permeability [332], furthering
the therapeutic potential of the molecule in AD treatment. The impact of P2X receptor
antagonism in human AD patients, and the effects of this blockade on other components of
pathology, such as synaptic loss and tau hyperphosphorylation, have yet to be determined.

3.5. Metal Ion Targeting

As the role of transition metals is becoming increasingly implicated as a key contributor
to neurodegeneration in Alzheimer’s disease, more research is being focused on finding
drugs that could block their harmful effects. The introduction of metal chelation in the
hope of reducing the irregular accumulation of metals is termed as chelation therapy [333].
Metal chelating compounds have gained interest for their roles in binding and removing
excess metal ions via urination and fecal excretion.

Recently, a rhodamine-based metal chelator which captures copper ions was shown to
prevent the formation of toxic amyloid aggregates in the brain and inhibit metal-induced
ROS production [299]. This gives rise to the possibility of the inhibition of metal-mediated
toxicities in the treatment of Alzheimer’s disease. Having previously been shown to reduce
Aβ deposition in rodent models and neuronal cell cultures [301,302], iodochlorhydroxyquin
(clioquinol), a metal chelating agent that has affinity for copper and zinc and is able to
cross the blood brain barrier, has been observed to have positive effects in AD patients by
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slowing their cognitive decline and plasma Aβ levels [300]. Similarly, the administration
of DP-109, which has affinity for copper and zinc ions, resulted in reduced amyloid beta
plaque burden in the brains of transgenic AD mice [303].

There are studies on brain-permeable iron chelators, for example VK-28, that show
potential in exerting neuroprotective effects in rodent models [304]. It was discovered
that the treatment of synthetic amyloid-beta fibrils with iron chelator deferoxamine (DFO)
significantly decreased Aβ-associated neurotoxicity [49]. Furthermore, DFO was found
to suppresses tau hyperphosphorylation by reducing iron-mediated activation of GSK3β
in APP/PS1 mice [247]. Moreover, clinical trials have demonstrated the effectiveness of
deferoxamine in slowing AD progression in human patients [334]. However, due to toxicity
and restricted permeability across the BBB, the use of presently available iron chelators is
limited; while the majority of small molecular weight lipophilic iron chelators are able to
cross the blood brain barrier, they exhibit high toxicity. On the other hand, iron chelators
with lower toxicity have lower lipophilicity, and are unable to cross the BBB as easily [335].

4. Boosting Efficacy and Reducing Limitations of AD Therapeutics

Several studies surrounding neuromodulator-associated therapeutics have aimed to
further enhance drug efficacy by targeting multiple elements of disease progression via
the use of multi-targeted directed ligands (MTDLs) and combinatorial drugs. MTDLs
are single molecules with a plethora of targets, usually encompassing anticholinesterase
activity plus additional protective properties such as metal chelation, anti-oxidant effects
and prevention of excitotoxicity [336]. Examples relevant to AD include α-mangostin [337],
a natural xanthone from mangosteen fruit, which has been shown to act as a cholinesterase
inhibitor [338]. In addition, its application has been observed to improve mitochondrial
function and reduce oxidative stress in a Parkinson’s disease in vitro context [339], and to
exert copper-chelating properties [340] which may help attenuate metal-induced Aβ aggre-
gation [301]. The molecule has also been reported to display anti-inflammatory effects [341].
The essential trace element selenofuranoside, as well as displaying cholinesterase inhi-
bition [342], was shown to restore hippocampal Na/K-ATPase activity, correlating with
improved long-term memory of rats [343]. A number of metal-chelating ligands with
effects on additional components of AD pathology have been generated. These include
compounds such as 8-hydroxyquinoline and beta-aminopyridine, which have been ob-
served to restore oxidative stress associated with metal dyshomeostasis and free radical
generation, as well as inhibit the formation of Aβ plaques via β-secretase inhibition and
increase levels of acetylcholine via AChE inhibition (the potential of these molecules has
been comprehensively reviewed by Santos et al., [344]). The conjugation of iron chelator
DFO with 6-quinolinamine has been shown to display AChE inhibition as well as iron-
chelating properties [345]. Finally, the synthesis of dimeric tacrine(10)-hupyridone (A10E),
involving the linkage of tacrine with the naturally occurring alkaloid huperzine-A, resulted
in an AChE-inhibiting tacrine derivative with additional BDNF activation properties. This
compound was shown to prevent cognitive decline and Aβ oligomerization in APP/PS1
mice with higher effectiveness than either substance alone [346]. Critically, administration
of the compound did not result in obvious hepatotoxic effects, which currently limit the
lone use of tacrine to treat AD.

Combining neuromodulator-targeting with conventional neurotransmission-associated
treatment options may reduce pathology and improve cognition to a greater extent than
current treatment administration alone. The combined delivery of oxytocin and galantamine
was observed to be more beneficial in suppressing Aβ and tau aggregation and restoring
cognitive deficits in young AD rats than the application of just galantamine, due to increased
inhibition of AChE, ERK1/2, GSK3β and caspase-3 [258]. This may occur as a result of
activation of the PI3K/AKT pathway by oxytocin, which directly suppresses GSK3β activation
and subsequent tau hyperphosphorylation [347]. The combined application of AChE inhibitor
donepezil with cerebrolysin; a mixture of neurotrophins including BDNF and NGF purified
from the pig brain, increased dendritic spine length and density in prefrontal and hippocampal
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regions of 2–9 month mice more so than respective treatments alone [348]. As previously
discussed, oestrogen administration during a critical time window in early AD disease
stages may be useful in preventing cognitive decline. However, administration of donepezil
alongside the hormone has been shown to restore the ability of oestrogen to improve cognitive
performance in very old as well as middle-aged rats [349]. This shows the potential of
combinatorial treatments in reversing cognitive decline during more advanced stages of AD,
which current drug treatments are unable to do. Combinatorial treatments for AD which
harness neuromodulator function in combination with current neurotransmitter-altering
drugs therefore show promise in increasing the potency of neuroprotective effects, and thus
open multiple new avenues for improved AD therapeutics.

A further advancement surrounding AD therapeutics research is the use of novel
nanoparticle encapsulation technology, a strategy notorious for its success in the recent
rollout of the COVID-19 vaccine [350]. Due to the hydrophobic exterior of nanoparticles,
this delivery technique overcomes common limitations associated with drug delivery to
the CNS, most critically BBB impermeability. Additionally, nanoparticle delivery displays
limited toxicity to neurons, and results in few adverse effects, another advantage over
conventional treatments which are known to present with unpleasant side effects [13].
Consequently, improved targeted nanoparticle delivery of current AD drugs into the brain
has already been moderately studied, and has been extensively reviewed by Fonseca-
Santos et al., [351]. Regarding neuromodulator function, nanoparticle delivery of plas-
mid encoding BDNF to the brain has been shown to increase BDNF expression in older
(6–9 month) APP/PS1 mice twofold, leading to a 40% reduction in Aβ accumulation [352].
Presynaptic and postsynaptic proteins synaptophysin and PSD95 were also observed to
be upregulated by BDNF delivery, which may help restore synaptic plasticity changes
associated with reductions of BDNF in the hippocampus. Huperzine-A, which is ap-
proved for AD treatment in China, has been observed to increase secretion of NGF and
BDNF [353,354], and was shown to significantly improve cognitive function of memory-
impaired scopolamine-treated mice when applied inside a nanocarrier-based gel to the
skin [353]. Huperzine-A, which is well-tolerated with limited side effects, can also be
considered an MTDL, considering its inhibitory effects on anticholinesterase activity [355].
Nanoparticle iron chelators have been presented as a potential therapeutic approach in over-
coming metal dyshomeostasis and associated oxidative stress and neurodegeneration in
AD [356]. Due to their permeability across the blood brain barrier, the use of nanoparticles
allows non-lipophilic chelators with larger molecular weight to be delivered into the brain,
while reducing any potential toxicities associated with lipophilic chelating agents [357].
More studies are required to fully elucidate the possibilities associated with nanoparticle
drug delivery in AD, and how efficient they may potentially be at overcoming limitations
of conventional drug delivery. This delivery method shows promise in the appliance of
therapeutics which exert efficacious effects on AD pathology, but are unable to cross the
blood-brain-barrier.

5. Conclusions

It is undeniable that targeting neuromodulator function in AD displays potential,
reflected by the substantial volume of studies exhibiting effectiveness of neuromodulator-
targeting drugs in rescuing AD pathology and synaptic plasticity deficits underlying
cognitive dysfunction. This is unsurprising, considering the fundamental and extensively-
reported roles of neuromodulators in neuronal activity and homeostasis. Increased research
interest into this area brings light to a situation in which current treatments for AD, pre-
dominantly targeting neurotransmitter function, are well-known to be insufficient in doing
more than simply slowing the inevitable spread of disease in the brain.

A critical benefit of targeting neuromodulators is that many of their actions occur
upstream to pathological effects. Therefore, their targeting may enable a larger cascade
of downstream effects to be impacted, encompassing several pathological components
including synaptic plasticity changes, neurotransmission and Aβ and tau accumulation
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(Figure 1). This helps to overcome a major limitation of conventional AD drugs which
target single components of the disease during later stages, rendering its prevention or
reversal impossible. The effectiveness of therapies associated with neuromodulator function
can be further advanced via their integration with more novel strategies, such as the
development of multi-targeted directed ligands, combinatorial treatments and nanoparticle
delivery, which aim to boost efficacy, limit the presentation of side effects and increase
BBB permeability of conventional therapeutics. To date, the majority of neuromodulator-
targeting treatments have only been studied in cultured cells or rodent models of AD
(Table 1) and the potential of these drugs in human patients is yet to be determined. This
highlights the plethora of therapeutics which may yet provide opportunity for improvement
in the search for more effective Alzheimer’s disease treatments.
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102. Śmiałowska, M.; Domin, H.; Zięba, B.; Koźniewska, E.; Michalik, R.; Piotrowski, P.; Kajta, M. Neuroprotective Effects of
Neuropeptide Y-Y2 and Y5 Receptor Agonists in Vitro and in Vivo. Neuropeptides 2009, 43, 235–249. [CrossRef]

103. Saklani, P.; Khan, H.; Gupta, S.; Kaur, A.; Singh, T.G. Neuropeptides: Potential Neuroprotective Agents in Ischemic Injury. Life Sci.
2022, 288, 120186. [CrossRef] [PubMed]

104. Peineau, S.; Rabiant, K.; Pierrefiche, O.; Potier, B. Synaptic Plasticity Modulation by Circulating Peptides and Metaplasticity:
Involvement in Alzheimer’s Disease. Pharmacol. Res. 2018, 130, 385–401. [CrossRef] [PubMed]

105. Qian, J.; Colmers, W.F.; Saggau, P. Inhibition of Synaptic Transmission by Neuropeptide Y in Rat Hippocampal Area CA1:
Modulation of Presynaptic Ca2+ Entry. J. Neurosci. 1997, 17, 8169–8177. [CrossRef] [PubMed]

106. Li, Q.; Dong, C.; Li, W.; Bu, W.; Wu, J.; Zhao, W. Neuropeptide Y Protects Cerebral Cortical Neurons by Regulating Microglial
Immune Function. Neural Regen. Res. 2014, 9, 959–967. [CrossRef]

107. Howell, O.W.; Doyle, K.; Goodman, J.H.; Scharfman, H.E.; Herzog, H.; Pringle, A.; Beck-Sickinger, A.G.; Gray, W.P. Neuropeptide
Y Stimulates Neuronal Precursor Proliferation in the Post-Natal and Adult Dentate Gyrus. J. Neurochem. 2005, 93, 560–570.
[CrossRef]

108. Mahar, I.; Albuquerque, M.S.; Mondragon-Rodriguez, S.; Cavanagh, C.; Davoli, M.A.; Chabot, J.-G.; Williams, S.; Mechawar,
N.; Quirion, R.; Krantic, S. Phenotypic Alterations in Hippocampal NPY- and PV-Expressing Interneurons in a Presymptomatic
Transgenic Mouse Model of Alzheimer’s Disease. Front. Aging Neurosci. 2017, 8, 327. [CrossRef]

109. Cai, Z.; Ratka, A. Opioid System and Alzheimer’s Disease. NeuroMolecular Med. 2012, 14, 91–111. [CrossRef]
110. Ménard, C.; Herzog, H.; Schwarzer, C.; Quirion, R. Possible Role of Dynorphins in Alzheimer’s Disease and Age-Related

Cognitive Deficits. Neurodegener. Dis. 2014, 13, 82–85. [CrossRef]
111. Xu, Y.; Zhi, F.; Balboni, G.; Yang, Y.; Xia, Y. Opposite Roles of δ- and µ-Opioid Receptors in BACE1 Regulation and Alzheimer’s

Injury. Front. Cell. Neurosci. 2020, 14, 88. [CrossRef]
112. Manuel, I.; Lombardero, L.; Llorente-Ovejero, A.; Rodríguez-Puertas, R. Neuropeptides and Neurolipids: What They Are and

How They Relate to Alzheimer’s Disease. In Genetics, Neurology, Behavior, and Diet in Dementia; Martin, C.R., Preedy, V.R., Eds.;
Academic Press: Cambridge, MA, USA, 2020; Chapter 27; pp. 423–439. ISBN 978-0-12-815868-5.

113. Ishii, M.; Hiller, A.J.; Pham, L.; McGuire, M.J.; Iadecola, C.; Wang, G. Amyloid-Beta Modulates Low-Threshold Activated Voltage-
Gated L-Type Calcium Channels of Arcuate Neuropeptide Y Neurons Leading to Calcium Dysregulation and Hypothalamic
Dysfunction. J. Neurosci. 2019, 39, 8816–8825. [CrossRef]

114. Kyrou, I.; Tsigos, C. Stress Hormones: Physiological Stress and Regulation of Metabolism. Curr. Opin. Pharmacol. 2009, 9, 787–793.
[CrossRef]

115. Owen, J.A., Jr. Physiology of the Menstrual Cycle. Am. J. Clin. Nutr. 1975, 28, 333–338. [CrossRef] [PubMed]
116. Barry, J.A.; Owens, R. From Fetuses to Boys to Men: The Impact of Testosterone on Male Lifespan Development. In The Palgrave

Handbook of Male Psychology and Mental Health; Barry, J.A., Kingerlee, R., Seager, M., Sullivan, L., Eds.; Springer International
Publishing: Cham, Switzerland, 2019; pp. 3–24. ISBN 978-3-030-04384-1.

117. Ali, S.A.; Begum, T.; Reza, F. Hormonal Influences on Cognitive Function. Malays. J. Med. Sci. MJMS 2018, 25, 31–41. [CrossRef]
118. Lupien, S.J.; Maheu, F.; Tu, M.; Fiocco, A.; Schramek, T.E. The Effects of Stress and Stress Hormones on Human Cognition:

Implications for the Field of Brain and Cognition. Brain Cogn. 2007, 65, 209–237. [CrossRef]
119. De Quervain, D.; Wolf, O.T.; Roozendaal, B. Glucocorticoid-Induced Enhancement of Extinction—From Animal Models to Clinical

Trials. Psychopharmacology 2019, 236, 183–199. [CrossRef]
120. Taxier, L.R.; Gross, K.S.; Frick, K.M. Oestradiol as a Neuromodulator of Learning and Memory. Nat. Rev. Neurosci. 2020, 21,

535–550. [CrossRef]
121. Barth, C.; Villringer, A.; Sacher, J. Sex Hormones Affect Neurotransmitters and Shape the Adult Female Brain during Hormonal

Transition Periods. Front. Neurosci. 2015, 9, 37. [CrossRef]

http://doi.org/10.1042/CS20201438
http://www.ncbi.nlm.nih.gov/pubmed/33564880
http://doi.org/10.3389/fncel.2019.00524
http://www.ncbi.nlm.nih.gov/pubmed/31827422
http://doi.org/10.3389/fncel.2020.00153
http://www.ncbi.nlm.nih.gov/pubmed/32595454
http://doi.org/10.1016/S0079-6123(07)00006-4
http://doi.org/10.1016/S0006-8993(99)01302-5
http://doi.org/10.1016/j.neuropharm.2022.109201
http://doi.org/10.1016/j.neuropharm.2006.06.011
http://doi.org/10.18632/oncotarget.20606
http://www.ncbi.nlm.nih.gov/pubmed/29100462
http://doi.org/10.1016/j.npep.2009.02.002
http://doi.org/10.1016/j.lfs.2021.120186
http://www.ncbi.nlm.nih.gov/pubmed/34852271
http://doi.org/10.1016/j.phrs.2018.01.018
http://www.ncbi.nlm.nih.gov/pubmed/29425728
http://doi.org/10.1523/JNEUROSCI.17-21-08169.1997
http://www.ncbi.nlm.nih.gov/pubmed/9334392
http://doi.org/10.4103/1673-5374.133140
http://doi.org/10.1111/j.1471-4159.2005.03057.x
http://doi.org/10.3389/fnagi.2016.00327
http://doi.org/10.1007/s12017-012-8180-3
http://doi.org/10.1159/000353848
http://doi.org/10.3389/fncel.2020.00088
http://doi.org/10.1523/JNEUROSCI.0617-19.2019
http://doi.org/10.1016/j.coph.2009.08.007
http://doi.org/10.1093/ajcn/28.4.333
http://www.ncbi.nlm.nih.gov/pubmed/1091131
http://doi.org/10.21315/mjms2018.25.4.3
http://doi.org/10.1016/j.bandc.2007.02.007
http://doi.org/10.1007/s00213-018-5116-0
http://doi.org/10.1038/s41583-020-0362-7
http://doi.org/10.3389/fnins.2015.00037


Biomedicines 2022, 10, 3064 28 of 37

122. Nathan, L.; Shi, W.; Dinh, H.; Mukherjee, T.K.; Wang, X.; Lusis, A.J.; Chaudhuri, G. Testosterone Inhibits Early Atherogenesis by
Conversion to Estradiol: Critical Role of Aromatase. Proc. Natl. Acad. Sci. USA 2001, 98, 3589–3593. [CrossRef]

123. Höfer, P.; Lanzenberger, R.; Kasper, S. Testosterone in the Brain: Neuroimaging Findings and the Potential Role for Neuropsy-
chopharmacology. Eur. Neuropsychopharmacol. 2013, 23, 79–88. [CrossRef]

124. Hawley, W.R.; Grissom, E.M.; Martin, R.C.; Halmos, M.B.; Bart, C.L.S.; Dohanich, G.P. Testosterone Modulates Spatial Recognition
Memory in Male Rats. Horm. Behav. 2013, 63, 559–565. [CrossRef]

125. Muthu, S.J.; Lakshmanan, G.; Shimray, K.W.; Kaliyappan, K.; Sathyanathan, S.B.; Seppan, P. Testosterone Influence on Microtubule-
Associated Proteins and Spine Density in Hippocampus: Implications on Learning and Memory. Dev. Neurosci. 2022, 1–10.
[CrossRef] [PubMed]

126. Chu, C.; Gao, G.; Huang, W. A Study on Co-Localization of FSH and Its Receptor in Rat Hippocampus. J. Mol. Histol. 2008, 39,
49–55. [CrossRef]

127. Burnham, V.; Sundby, C.; Laman-Maharg, A.; Thornton, J. Luteinizing Hormone Acts at the Hippocampus to Dampen Spatial
Memory. Horm. Behav. 2017, 89, 55–63. [CrossRef] [PubMed]

128. Bryan, K.J.; Mudd, J.C.; Richardson, S.L.; Chang, J.; Lee, H.; Zhu, X.; Smith, M.A.; Casadesus, G. Down-Regulation of Serum
Gonadotropins Is as Effective as Estrogen Replacement at Improving Menopause-Associated Cognitive Deficits. J. Neurochem.
2010, 112, 870–881. [CrossRef] [PubMed]

129. Blair, J.A.; Bhatta, S.; McGee, H.; Casadesus, G. Luteinizing Hormone: Evidence for Direct Action in the CNS. Horm. Behav. 2015,
76, 57–62. [CrossRef]

130. Rodrigues, M.A.; Verdile, G.; Foster, J.K.; Hogervorst, E.; Joesbury, K.; Dhaliwal, S.; Corder, E.H.; Laws, S.M.; Hone, E.; Prince, R.;
et al. Gonadotropins and Cognition in Older Women. J. Alzheimer’s Dis. 2008, 13, 267–274. [CrossRef]

131. Woolley, C.S.; McEwen, B.S. Roles of Estradiol and Progesterone in Regulation of Hippocampal Dendritic Spine Density during
the Estrous Cycle in the Rat. J. Comp. Neurol. 1993, 336, 293–306. [CrossRef]

132. Joshi, S.; Sun, H.; Rajasekaran, K.; Williamson, J.; Perez-Reyes, E.; Kapur, J. A Novel Therapeutic Approach for Treatment of
Catamenial Epilepsy. Neurobiol. Dis. 2018, 111, 127–137. [CrossRef]

133. Kapur, J.; Joshi, S. Progesterone Modulates Neuronal Excitability Bidirectionally. Neurosci. Lett. 2021, 744, 135619. [CrossRef]
134. Rasmuson, S.; Andrew, R.; Näsman, B.; Seckl, J.R.; Walker, B.R.; Olsson, T. Increased Glucocorticoid Production and Altered

Cortisol Metabolism in Women with Mild to Moderate Alzheimer’s Disease. Biol. Psychiatry 2001, 49, 547–552. [CrossRef]
135. Giubilei, F.; Patacchioli, F.R.; Antonini, G.; Monti, M.S.; Tisei, P.; Bastianello, S.; Monnazzi, P.; Angelucci, L. Altered Circadian

Cortisol Secretion in Alzheimer’s Disease: Clinical and Neuroradiological Aspects. J. Neurosci. Res. 2001, 66, 262–265. [CrossRef]
136. Elgh, E.; Lindqvist Åstot, A.; Fagerlund, M.; Eriksson, S.; Olsson, T.; Näsman, B. Cognitive Dysfunction, Hippocampal Atrophy

and Glucocorticoid Feedback in Alzheimer’s Disease. Biol. Psychiatry 2006, 59, 155–161. [CrossRef]
137. Sambamurti, K.; Kinsey, R.; Maloney, B.; Ge, Y.-W.; Lahiri, D.K. Gene Structure and Organization of the Human β-Secretase

(BACE) Promoter. FASEB J. 2004, 18, 1034–1036. [CrossRef]
138. Lesuis, S.L.; Lucassen, P.J.; Krugers, H.J. Early Life Stress Impairs Fear Memory and Synaptic Plasticity; a Potential Role for

GluN2B. Neuropharmacology 2019, 149, 195–203. [CrossRef]
139. Klyubin, I.; Ondrejcak, T.; Hu, N.-W.; Rowan, M.J. Glucocorticoids, Synaptic Plasticity and Alzheimer’s Disease. Curr. Opin.

Endocr. Metab. Res. 2022, 25, 100365. [CrossRef]
140. Lesuis, S.L.; Weggen, S.; Baches, S.; Lucassen, P.J.; Krugers, H.J. Targeting Glucocorticoid Receptors Prevents the Effects of Early

Life Stress on Amyloid Pathology and Cognitive Performance in APP/PS1 Mice. Transl. Psychiatry 2018, 8, 53. [CrossRef]
141. Dhikav, V.; Anand, K.S. Glucocorticoids May Initiate Alzheimer’s Disease: A Potential Therapeutic Role for Mifepristone (RU-486).

Med. Hypotheses 2007, 68, 1088–1092. [CrossRef]
142. Arsenault-Lapierre, G.; Chertkow, H.; Lupien, S. Seasonal Effects on Cortisol Secretion in Normal Aging, Mild Cognitive

Impairment and Alzheimer’s Disease. Neurobiol. Aging 2010, 31, 1051–1054. [CrossRef]
143. Sex and Gender Differences in Alzheimer’s Disease—1st Edition. Available online: https://www.elsevier.com/books/sex-and-

gender-differences-in-alzheimers-disease/teresa-ferretti/978-0-12-819344-0 (accessed on 13 July 2022).
144. Ferretti, M.T.; Santuccione Chadha, A. The Missing X Factor in Alzheimer Disease. Nat. Rev. Neurol. 2021, 17, 727–728. [CrossRef]
145. Ratnakumar, A.; Zimmerman, S.E.; Jordan, B.A.; Mar, J.C. Estrogen Activates Alzheimer’s Disease Genes. Alzheimer’s Dement.

Transl. Res. Clin. Interv. 2019, 5, 906–917. [CrossRef]
146. Yue, X.; Lu, M.; Lancaster, T.; Cao, P.; Honda, S.-I.; Staufenbiel, M.; Harada, N.; Zhong, Z.; Shen, Y.; Li, R. Brain Estrogen Deficiency

Accelerates Aβ Plaque Formation in an Alzheimer’s Disease Animal Model. Proc. Natl. Acad. Sci. USA 2005, 102, 19198–19203.
[CrossRef] [PubMed]

147. Lv, W.; Du, N.; Liu, Y.; Fan, X.; Wang, Y.; Jia, X.; Hou, X.; Wang, B. Low Testosterone Level and Risk of Alzheimer’s Disease in the
Elderly Men: A Systematic Review and Meta-Analysis. Mol. Neurobiol. 2016, 53, 2679–2684. [CrossRef] [PubMed]

148. Goodenough, S.; Engert, S.; Behl, C. Testosterone Stimulates Rapid Secretory Amyloid Precursor Protein Release from Rat
Hypothalamic Cells via the Activation of the Mitogen-Activated Protein Kinase Pathway. Neurosci. Lett. 2000, 296, 49–52.
[CrossRef] [PubMed]

149. McAllister, C.; Long, J.; Bowers, A.; Walker, A.; Cao, P.; Honda, S.-I.; Harada, N.; Staufenbiel, M.; Shen, Y.; Li, R. Genetic
Targeting Aromatase in Male Amyloid Precursor Protein Transgenic Mice Down-Regulates β-Secretase (BACE1) and Prevents
Alzheimer-Like Pathology and Cognitive Impairment. J. Neurosci. 2010, 30, 7326–7334. [CrossRef] [PubMed]

http://doi.org/10.1073/pnas.051003698
http://doi.org/10.1016/j.euroneuro.2012.04.013
http://doi.org/10.1016/j.yhbeh.2013.02.007
http://doi.org/10.1159/000525038
http://www.ncbi.nlm.nih.gov/pubmed/35609517
http://doi.org/10.1007/s10735-007-9125-2
http://doi.org/10.1016/j.yhbeh.2016.11.007
http://www.ncbi.nlm.nih.gov/pubmed/27847314
http://doi.org/10.1111/j.1471-4159.2009.06502.x
http://www.ncbi.nlm.nih.gov/pubmed/19943850
http://doi.org/10.1016/j.yhbeh.2015.06.020
http://doi.org/10.3233/JAD-2008-13304
http://doi.org/10.1002/cne.903360210
http://doi.org/10.1016/j.nbd.2017.12.009
http://doi.org/10.1016/j.neulet.2020.135619
http://doi.org/10.1016/S0006-3223(00)01015-5
http://doi.org/10.1002/jnr.1219
http://doi.org/10.1016/j.biopsych.2005.06.017
http://doi.org/10.1096/fj.03-1378fje
http://doi.org/10.1016/j.neuropharm.2019.01.010
http://doi.org/10.1016/j.coemr.2022.100365
http://doi.org/10.1038/s41398-018-0101-2
http://doi.org/10.1016/j.mehy.2006.09.038
http://doi.org/10.1016/j.neurobiolaging.2008.07.011
https://www.elsevier.com/books/sex-and-gender-differences-in-alzheimers-disease/teresa-ferretti/978-0-12-819344-0
https://www.elsevier.com/books/sex-and-gender-differences-in-alzheimers-disease/teresa-ferretti/978-0-12-819344-0
http://doi.org/10.1038/s41582-021-00573-x
http://doi.org/10.1016/j.trci.2019.09.004
http://doi.org/10.1073/pnas.0505203102
http://www.ncbi.nlm.nih.gov/pubmed/16365303
http://doi.org/10.1007/s12035-015-9315-y
http://www.ncbi.nlm.nih.gov/pubmed/26154489
http://doi.org/10.1016/S0304-3940(00)01622-0
http://www.ncbi.nlm.nih.gov/pubmed/11099831
http://doi.org/10.1523/JNEUROSCI.1180-10.2010
http://www.ncbi.nlm.nih.gov/pubmed/20505099


Biomedicines 2022, 10, 3064 29 of 37

150. Yao, M.; Rosario, E.R.; Soper, J.C.; Pike, C.J. Androgens Regulate Tau Phosphorylation Through Phosphatidylinositol 3-Kinase–
Protein Kinase B–Glycogen Synthase Kinase 3β Signaling. Neuroscience 2022, in press. [CrossRef]

151. Muthu, S.J.; Seppan, P. Apoptosis in Hippocampal Tissue Induced by Oxidative Stress in Testosterone Deprived Male Rats. Aging
Male 2020, 23, 1598–1610. [CrossRef]

152. Yan, X.-S.; Yang, Z.-J.; Jia, J.-X.; Song, W.; Fang, X.; Cai, Z.-P.; Huo, D.-S.; Wang, H. Protective Mechanism of Testosterone on
Cognitive Impairment in a Rat Model of Alzheimer’s Disease. Neural Regen. Res. 2019, 14, 649–657. [CrossRef]

153. Wang, L.; Pei, J.-H.; Jia, J.-X.; Wang, J.; Song, W.; Fang, X.; Cai, Z.-P.; Huo, D.-S.; Wang, H.; Yang, Z.-J. Inhibition of Oxidative Stress
by Testosterone Improves Synaptic Plasticity in Senescence Accelerated Mice. J. Toxicol. Environ. Health A 2019, 82, 1061–1068.
[CrossRef]

154. Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in Neuronal Development and Function. Annu. Rev. Neurosci. 2001, 24, 677–736.
[CrossRef]

155. Miller, F.D.; Kaplan, D.R. Neurotrophin Signalling Pathways Regulating Neuronal Apoptosis. Cell. Mol. Life Sci. CMLS 2001, 58,
1045–1053. [CrossRef]

156. Rösch, H.; Schweigreiter, R.; Bonhoeffer, T.; Barde, Y.-A.; Korte, M. The Neurotrophin Receptor P75NTR Modulates Long-Term
Depression and Regulates the Expression of AMPA Receptor Subunits in the Hippocampus. Proc. Natl. Acad. Sci. USA 2005, 102,
7362–7367. [CrossRef]

157. Minichiello, L.; Calella, A.M.; Medina, D.L.; Bonhoeffer, T.; Klein, R.; Korte, M. Mechanism of TrkB-Mediated Hippocampal
Long-Term Potentiation. Neuron 2002, 36, 121–137. [CrossRef]

158. Chao, M.V. Neurotrophins and Their Receptors: A Convergence Point for Many Signalling Pathways. Nat. Rev. Neurosci. 2003, 4,
299–309. [CrossRef]

159. Balkowiec, A.; Katz, D.M. Cellular Mechanisms Regulating Activity-Dependent Release of Native Brain-Derived Neurotrophic
Factor from Hippocampal Neurons. J. Neurosci. 2002, 22, 10399–10407. [CrossRef]

160. Minichiello, L. TrkB Signalling Pathways in LTP and Learning. Nat. Rev. Neurosci. 2009, 10, 850–860. [CrossRef]
161. Ortega, F.; Pérez-Sen, R.; Morente, V.; Delicado, E.G.; Miras-Portugal, M.T. P2X7, NMDA and BDNF Receptors Converge on

GSK3 Phosphorylation and Cooperate to Promote Survival in Cerebellar Granule Neurons. Cell. Mol. Life Sci. 2010, 67, 1723–1733.
[CrossRef]

162. Caffino, L.; Mottarlini, F.; Fumagalli, F. Born to Protect: Leveraging BDNF Against Cognitive Deficit in Alzheimer’s Disease. CNS
Drugs 2020, 34, 281–297. [CrossRef]

163. Proenca, C.C.; Song, M.; Lee, F.S. Differential Effects of BDNF and Neurotrophin 4 (NT4) on Endocytic Sorting of TrkB Receptors.
J. Neurochem. 2016, 138, 397–406. [CrossRef]

164. Lessmann, V.; Gottmann, K.; Heumann, R. BDNF and NT-4/5 Enhance Glutamatergic Synaptic Transmission in Cultured
Hippocampal Neurones. Neuroreport 1994, 6, 21–25. [CrossRef]

165. Conner, J.M.; Franks, K.M.; Titterness, A.K.; Russell, K.; Merrill, D.A.; Christie, B.R.; Sejnowski, T.J.; Tuszynski, M.H. NGF Is
Essential for Hippocampal Plasticity and Learning. J. Neurosci. 2009, 29, 10883–10889. [CrossRef]

166. Lohof, A.M.; Ip, N.Y.; Poo, M. Potentiation of Developing Neuromuscular Synapses by the Neurotrophins NT-3 and BDNF. Nature
1993, 363, 350–353. [CrossRef] [PubMed]

167. Kim, H.G.; Wang, T.; Olafsson, P.; Lu, B. Neurotrophin 3 Potentiates Neuronal Activity and Inhibits Gamma-Aminobutyratergic
Synaptic Transmission in Cortical Neurons. Proc. Natl. Acad. Sci. USA 1994, 91, 12341–12345. [CrossRef] [PubMed]

168. Kang, H.; Schuman, E.M. Long-Lasting Neurotrophin-Induced Enhancement of Synaptic Transmission in the Adult Hippocampus.
Science 1995, 267, 1658–1662. [CrossRef] [PubMed]

169. Schuman, E.M. Neurotrophin Regulation of Synaptic Transmission. Curr. Opin. Neurobiol. 1999, 9, 105–109. [CrossRef] [PubMed]
170. Echeverria, V.; Ducatenzeiler, A.; Dowd, E.; Jänne, J.; Grant, S.M.; Szyf, M.; Wandosell, F.; Avila, J.; Grimm, H.; Dunnett, S.B.;

et al. Altered Mitogen-Activated Protein Kinase Signaling, Tau Hyperphosphorylation and Mild Spatial Learning Dysfunction in
Transgenic Rats Expressing the β-Amyloid Peptide Intracellularly in Hippocampal and Cortical Neurons. Neuroscience 2004, 129,
583–592. [CrossRef]

171. Devi, L.; Ohno, M. TrkB Reduction Exacerbates Alzheimer’s Disease-like Signaling Aberrations and Memory Deficits without
Affecting β-Amyloidosis in 5XFAD Mice. Transl. Psychiatry 2015, 5, e562. [CrossRef]

172. Subramaniam, S.; Unsicker, K. ERK and Cell Death: ERK1/2 in Neuronal Death. FEBS J. 2010, 277, 22–29. [CrossRef]
173. Murase, K.; Igarashi, K.; Hayashi, K. Neurotrophin-3 (NT-3) Levels in the Developing Rat Nervous System and in Human

Samples. Clin. Chim. Acta 1994, 227, 23–36. [CrossRef]
174. Durany, N.; Michel, T.; Kurt, J.; Cruz-Sánchez, F.F.; Cervós-Navarro, J.; Riederer, P. Brain-Derived Neurotrophic Factor and

Neurotrophin-3 Levels in Alzheimer’s Disease Brains. Int. J. Dev. Neurosci. 2000, 18, 807–813. [CrossRef]
175. Skou, J. Chr. The Influence of Some Cations on an Adenosine Triphosphatase from Peripheral Nerves. Biochim. Biophys. Acta 1957,

23, 394–401. [CrossRef]
176. Kühlbrandt, W. Biology, Structure and Mechanism of P-Type ATPases. Nat. Rev. Mol. Cell Biol. 2004, 5, 282–295. [CrossRef]
177. Horisberger, J.; Lemas, V.; Kraehenbuhl, J.; Rossier, B.C. Structure-Function Relationship of Na, K-ATPase. Annu. Rev. Physiol.

1991, 53, 565–584. [CrossRef]
178. Shiroya, T.; Fukunaga, R.; Akashi, K.; Shimada, N.; Takagi, Y.; Nishino, T.; Hara, M.; Inagaki, C. An ATP-Driven Cl− Pump in the

Brain. J. Biol. Chem. 1989, 264, 17416–17421. [CrossRef]

http://doi.org/10.1016/j.neuroscience.2022.06.034
http://doi.org/10.1080/13685538.2021.1892625
http://doi.org/10.4103/1673-5374.245477
http://doi.org/10.1080/15287394.2019.1683988
http://doi.org/10.1146/annurev.neuro.24.1.677
http://doi.org/10.1007/PL00000919
http://doi.org/10.1073/pnas.0502460102
http://doi.org/10.1016/S0896-6273(02)00942-X
http://doi.org/10.1038/nrn1078
http://doi.org/10.1523/JNEUROSCI.22-23-10399.2002
http://doi.org/10.1038/nrn2738
http://doi.org/10.1007/s00018-010-0278-x
http://doi.org/10.1007/s40263-020-00705-9
http://doi.org/10.1111/jnc.13676
http://doi.org/10.1097/00001756-199412300-00007
http://doi.org/10.1523/JNEUROSCI.2594-09.2009
http://doi.org/10.1038/363350a0
http://www.ncbi.nlm.nih.gov/pubmed/8497318
http://doi.org/10.1073/pnas.91.25.12341
http://www.ncbi.nlm.nih.gov/pubmed/7991629
http://doi.org/10.1126/science.7886457
http://www.ncbi.nlm.nih.gov/pubmed/7886457
http://doi.org/10.1016/S0959-4388(99)80013-0
http://www.ncbi.nlm.nih.gov/pubmed/10072368
http://doi.org/10.1016/j.neuroscience.2004.07.036
http://doi.org/10.1038/tp.2015.55
http://doi.org/10.1111/j.1742-4658.2009.07367.x
http://doi.org/10.1016/0009-8981(94)90132-5
http://doi.org/10.1016/S0736-5748(00)00046-0
http://doi.org/10.1016/0006-3002(57)90343-8
http://doi.org/10.1038/nrm1354
http://doi.org/10.1146/annurev.ph.53.030191.003025
http://doi.org/10.1016/S0021-9258(18)71510-X


Biomedicines 2022, 10, 3064 30 of 37

179. Webb, T.E.; Simon, J.; Krishek, B.J.; Bateson, A.N.; Smart, T.G.; King, B.F.; Burnstock, G.; Barnard, E.A. Cloning and Functional
Expression of a Brain G-Protein-Coupled ATP Receptor. FEBS Lett. 1993, 324, 219–225. [CrossRef]

180. Valera, S.; Hussy, N.; Evans, R.J.; Adami, N.; North, R.A.; Surprenant, A.; Buell, G. A New Class of Ligand-Gated Ion Channel
Defined by P2X Receptor for Extracellular ATP. Nature 1994, 371, 516–519. [CrossRef]

181. Hattori, M.; Gouaux, E. Molecular Mechanism of ATP Binding and Ion Channel Activation in P2X Receptors. Nature 2012, 485,
207–212. [CrossRef]

182. Housley, G.D.; Raybould, N.P.; Thorne, P.R. Fluorescence Imaging of Na+ Influx via P2X Receptors in Cochlear Hair Cells. Hear.
Res. 1998, 119, 1–13. [CrossRef]

183. Egan, T.M.; Khakh, B.S. Contribution of Calcium Ions to P2X Channel Responses. J. Neurosci. 2004, 24, 3413–3420. [CrossRef]
184. Zhu, Y.; Zhao, H.-B. ATP Activates P2X Receptors to Mediate Gap Junctional Coupling in the Cochlea. Biochem. Biophys. Res.

Commun. 2012, 426, 528–532. [CrossRef]
185. Gordon, G.R.J.; Baimoukhametova, D.V.; Hewitt, S.A.; Rajapaksha, W.R.A.K.J.S.; Fisher, T.E.; Bains, J.S. Norepinephrine Triggers

Release of Glial ATP to Increase Postsynaptic Efficacy. Nat. Neurosci. 2005, 8, 1078–1086. [CrossRef]
186. Pougnet, J.-T.; Toulme, E.; Martinez, A.; Choquet, D.; Hosy, E.; Boué-Grabot, E. ATP P2X Receptors Downregulate AMPA Receptor

Trafficking and Postsynaptic Efficacy in Hippocampal Neurons. Neuron 2014, 83, 417–430. [CrossRef]
187. Boué-Grabot, E.; Pankratov, Y. Modulation of Central Synapses by Astrocyte-Released ATP and Postsynaptic P2X Receptors.

Neural Plast. 2017, 2017, 9454275. [CrossRef]
188. Lalo, U.; Palygin, O.; Verkhratsky, A.; Grant, S.G.N.; Pankratov, Y. ATP from Synaptic Terminals and Astrocytes Regulates NMDA

Receptors and Synaptic Plasticity through PSD-95 Multi-Protein Complex. Sci. Rep. 2016, 6, 33609. [CrossRef]
189. Guzman, S.J.; Gerevich, Z. P2Y Receptors in Synaptic Transmission and Plasticity: Therapeutic Potential in Cognitive Dysfunction.

Neural Plast. 2016, 2016, e1207393. [CrossRef] [PubMed]
190. Pérez, M.J.; Jara, C.; Quintanilla, R.A. Contribution of Tau Pathology to Mitochondrial Impairment in Neurodegeneration. Front.

Neurosci. 2018, 12, 441. [CrossRef]
191. Pickett, E.K.; Rose, J.; McCrory, C.; McKenzie, C.-A.; King, D.; Smith, C.; Gillingwater, T.H.; Henstridge, C.M.; Spires-Jones, T.L.

Region-Specific Depletion of Synaptic Mitochondria in the Brains of Patients with Alzheimer’s Disease. Acta Neuropathol. 2018,
136, 747–757. [CrossRef] [PubMed]

192. Ashleigh, T.; Swerdlow, R.H.; Beal, M.F. The Role of Mitochondrial Dysfunction in Alzheimer’s Disease Pathogenesis. Alzheimer’s
Dement. 2022, 1–10. [CrossRef] [PubMed]

193. Joo, I.L.; Lam, W.W.; Oakden, W.; Hill, M.E.; Koletar, M.M.; Morrone, C.D.; Stanisz, G.J.; McLaurin, J.; Stefanovic, B. Early
Alterations in Brain Glucose Metabolism and Vascular Function in a Transgenic Rat Model of Alzheimer’s Disease. Prog. Neurobiol.
2022, 217, 102327. [CrossRef] [PubMed]

194. Bigl, M.; Brückner, M.K.; Arendt, T.; Bigl, V.; Eschrich, K. Activities of Key Glycolytic Enzymes in the Brains of Patients with
Alzheimer’s Disease. J. Neural Transm. 1999, 106, 499–511. [CrossRef] [PubMed]

195. Beck, S.J.; Guo, L.; Phensy, A.; Tian, J.; Wang, L.; Tandon, N.; Gauba, E.; Lu, L.; Pascual, J.M.; Kroener, S.; et al. Deregulation of
Mitochondrial F1FO-ATP Synthase via OSCP in Alzheimer’s Disease. Nat. Commun. 2016, 7, 11483. [CrossRef]

196. Bosetti, F.; Brizzi, F.; Barogi, S.; Mancuso, M.; Siciliano, G.; Tendi, E.A.; Murri, L.; Rapoport, S.I.; Solaini, G. Cytochrome c
Oxidase and Mitochondrial F1F0-ATPase (ATP Synthase) Activities in Platelets and Brain from Patients with Alzheimer’s Disease.
Neurobiol. Aging 2002, 23, 371–376. [CrossRef]

197. Han, J.; Hyun, J.; Park, J.; Jung, S.; Oh, Y.; Kim, Y.; Ryu, S.-H.; Kim, S.-H.; Jeong, E.I.; Jo, D.-G.; et al. Aberrant Role of Pyruvate
Kinase M2 in the Regulation of Gamma-Secretase and Memory Deficits in Alzheimer’s Disease. Cell Rep. 2021, 37, 110102.
[CrossRef]

198. DiChiara, T.; DiNunno, N.; Clark, J.; Bu, R.L.; Cline, E.N.; Rollins, M.G.; Gong, Y.; Brody, D.L.; Sligar, S.G.; Velasco, P.T.; et al.
Alzheimer’s Toxic Amyloid Beta Oligomers: Unwelcome Visitors to the Na/K ATPase Alpha3 Docking Station. Yale J. Biol. Med.
2017, 90, 45–61.

199. Verkhratsky, A.; Pankratov, Y.; Lalo, U.; Nedergaard, M. P2X Receptors in Neuroglia. Wiley Interdiscip. Rev. Membr. Transp. Signal.
2012, 1, 151–161. [CrossRef]

200. Delekate, A.; Füchtemeier, M.; Schumacher, T.; Ulbrich, C.; Foddis, M.; Petzold, G.C. Metabotropic P2Y1 Receptor Signalling
Mediates Astrocytic Hyperactivity in Vivo in an Alzheimer’s Disease Mouse Model. Nat. Commun. 2014, 5, 5422. [CrossRef]

201. Adlimoghaddam, A.; Snow, W.M.; Stortz, G.; Perez, C.; Djordjevic, J.; Goertzen, A.L.; Ko, J.H.; Albensi, B.C. Regional Hy-
pometabolism in the 3xTg Mouse Model of Alzheimer’s Disease. Neurobiol. Dis. 2019, 127, 264–277. [CrossRef]

202. Yao, J.; Irwin, R.W.; Zhao, L.; Nilsen, J.; Hamilton, R.T.; Brinton, R.D. Mitochondrial Bioenergetic Deficit Precedes Alzheimer’s
Pathology in Female Mouse Model of Alzheimer’s Disease. Proc. Natl. Acad. Sci. USA 2009, 106, 14670–14675. [CrossRef]

203. Du, F.; Yu, Q.; Yan, S.; Hu, G.; Lue, L.-F.; Walker, D.G.; Wu, L.; Yan, S.F.; Tieu, K.; Yan, S.S. PINK1 Signalling Rescues Amyloid
Pathology and Mitochondrial Dysfunction in Alzheimer’s Disease. Brain 2017, 140, 3233–3251. [CrossRef]

204. DeBenedictis, C.A.; Raab, A.; Ducie, E.; Howley, S.; Feldmann, J.; Grabrucker, A.M. Concentrations of Essential Trace Metals in
the Brain of Animal Species—A Comparative Study. Brain Sci. 2020, 10, 460. [CrossRef]

205. Gaier, E.D.; Eipper, B.A.; Mains, R.E. Copper Signaling in the Mammalian Nervous System: Synaptic Effects. J. Neurosci. Res.
2013, 91, 2–19. [CrossRef]

http://doi.org/10.1016/0014-5793(93)81397-I
http://doi.org/10.1038/371516a0
http://doi.org/10.1038/nature11010
http://doi.org/10.1016/S0378-5955(97)00206-2
http://doi.org/10.1523/JNEUROSCI.5429-03.2004
http://doi.org/10.1016/j.bbrc.2012.08.119
http://doi.org/10.1038/nn1498
http://doi.org/10.1016/j.neuron.2014.06.005
http://doi.org/10.1155/2017/9454275
http://doi.org/10.1038/srep33609
http://doi.org/10.1155/2016/1207393
http://www.ncbi.nlm.nih.gov/pubmed/27069691
http://doi.org/10.3389/fnins.2018.00441
http://doi.org/10.1007/s00401-018-1903-2
http://www.ncbi.nlm.nih.gov/pubmed/30191401
http://doi.org/10.1002/alz.12683
http://www.ncbi.nlm.nih.gov/pubmed/35522844
http://doi.org/10.1016/j.pneurobio.2022.102327
http://www.ncbi.nlm.nih.gov/pubmed/35870681
http://doi.org/10.1007/s007020050174
http://www.ncbi.nlm.nih.gov/pubmed/10443553
http://doi.org/10.1038/ncomms11483
http://doi.org/10.1016/S0197-4580(01)00314-1
http://doi.org/10.1016/j.celrep.2021.110102
http://doi.org/10.1002/wmts.12
http://doi.org/10.1038/ncomms6422
http://doi.org/10.1016/j.nbd.2019.03.008
http://doi.org/10.1073/pnas.0903563106
http://doi.org/10.1093/brain/awx258
http://doi.org/10.3390/brainsci10070460
http://doi.org/10.1002/jnr.23143


Biomedicines 2022, 10, 3064 31 of 37

206. Peters, C.; Muñoz, B.; Sepúlveda, F.J.; Urrutia, J.; Quiroz, M.; Luza, S.; De Ferrari, G.V.; Aguayo, L.G.; Opazo, C. Biphasic Effects
of Copper on Neurotransmission in Rat Hippocampal Neurons. J. Neurochem. 2011, 119, 78–88. [CrossRef] [PubMed]

207. Weiser, T.; Wienrich, M. The Effects of Copper Ions on Glutamate Receptors in Cultured Rat Cortical Neurons. Brain Res. 1996,
742, 211–218. [CrossRef] [PubMed]

208. Sharonova, I.N.; Vorobjev, V.S.; Haas, H.L. High-Affinity Copper Block of GABAA Receptor-Mediated Currents in Acutely
Isolated Cerebellar Purkinje Cells of the Rat. Eur. J. Neurosci. 1998, 10, 522–528. [CrossRef] [PubMed]

209. Leiva, J.; Palestini, M.; Infante, C.; Goldschmidt, A.; Motles, E. Copper Suppresses Hippocampus LTP in the Rat, but Does Not
Alter Learning or Memory in the Morris Water Maze. Brain Res. 2009, 1256, 69–75. [CrossRef] [PubMed]

210. Salazar-Weber, N.L.; Smith, J.P. Copper Inhibits NMDA Receptor-Independent LTP and Modulates the Paired-Pulse Ratio after
LTP in Mouse Hippocampal Slices. Int. J. Alzheimer’s Dis. 2011, 2011, e864753. [CrossRef]

211. Colledge, M.; Snyder, E.M.; Crozier, R.A.; Soderling, J.A.; Jin, Y.; Langeberg, L.K.; Lu, H.; Bear, M.F.; Scott, J.D. Ubiquitination
Regulates PSD-95 Degradation and AMPA Receptor Surface Expression. Neuron 2003, 40, 595–607. [CrossRef]

212. Acevedo, K.; Masaldan, S.; Opazo, C.M.; Bush, A.I. Redox Active Metals in Neurodegenerative Diseases. J. Biol. Inorg. Chem. JBIC
Publ. Soc. Biol. Inorg. Chem. 2019, 24, 1141–1157. [CrossRef]

213. Marreiro, D.D.N.; Cruz, K.J.C.; Morais, J.B.S.; Beserra, J.B.; Severo, J.S.; de Oliveira, A.R.S. Zinc and Oxidative Stress: Current
Mechanisms. Antioxidants 2017, 6, 24. [CrossRef]
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