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Abstract

To deeply understand late onset Alzheimer’s disease (LOAD), it may be necessary to change the 

concept that it is a disease exclusively driven by aging processes. The onset of LOAD could be 

associated with a previous peripheral stress at the level of the gut (changes in the gut microbiota), 

obesity (metabolic stress), and infections, among other systemic/environmental stressors. The 
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onset of LOAD, then, may result from the generation of mild peripheral inflammatory processes 

involving cytokine production associated with peripheral stressors that in a second step enter the 

brain and spread out the process causing a neuroinflammatory brain disease. This hypothesis 

could explain the potential efficacy of Sodium Oligomannate (GV-971), a mixture of acidic 

linear oligosaccharides that have shown to remodel gut microbiota and slow down LOAD. 

However, regardless of the origin of the disease, the end goal of LOAD-related preventative or 

disease modifying therapies is to preserve dendritic spines and synaptic plasticity that underlay 

and support healthy cognition. Here we discuss how systemic/environmental stressors impact 

pathways associated with the regulation of spine morphogenesis and synaptic maintenance, 

including insulin receptor and the brain derived neurotrophic factor signaling. Spine structure 

remodeling is a plausible mechanism to maintain synapses and provide cognitive resilience in 

LOAD patients. Importantly, we also propose a combination of drugs targeting such stressors that 

may be able to modify the course of LOAD by acting on preventing dendritic spines and synapsis 

loss.
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INTRODUCTION

In recent years, investments in public health and research have allowed for the increase of 

the life expectancy of the human population in developed countries due to new discoveries 

in biomedicine, especially in high mortality diseases such as cancer and coronary heart 

diseases. However, one of the most important consequences associated to the increased 

life expectancy in the world population is the appearance of age-related diseases such as 

Alzheimer’s disease (AD), the most common form of dementia that affects 40 million 

people over the world and which is expected to triplicate the cases by 2050 [1]. This 

pathology not only creates a substantial personal burden within the community, but also 

leads to an unsustainable increase in the cost of public and private care [1, 2].

AD is hallmarked by a gradual decline in memory and other cognitive domains in both 

forms of the pathology, familial AD and idiopathic AD, which normally correlates with 

late onset AD (LOAD). Although the first diagnosis was performed more than 100 years 

ago, the etiology of LOAD remains unclear [2, 3]; however, several theories have been 

proposed, among which age is considered as the clear primary risk factor. A recent new 

hypothesis supports that it may not be just the inherent aging process but rather an 

accumulation of stressors through the lifetime that are responsible for the development 

of LOAD [4]. Such recently identified factors include alterations in gut microbiota, and 

subsequent inflammatory processes, dependent or independent of systemic changes, which 

leads to posterior appearance of neurodegeneration [5–10]. Moreover, its origin would not 

be at the point of the first clinical symptoms but rather 15–20 years earlier and slowly 

progressing to the full-fledged form of the pathology [11]. Specifically, brain symptoms 
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would evolve from cognitive anomalies, to subjective cognitive decline, to mild cognitive 

impairment (MCI), and, finally, dementia [11].

At the molecular level, the classical hypothesis of the disease asserts that symptoms 

are a downstream consequence of extracellular amyloid-β (Aβ) plaques and intracellular 

neurofibrillary tangle (NFT) formation, the latter caused by the hyperphosphorylation of tau 

[1–3, 12, 13]. Although both elements are of significant relevance, Aβ-linked alterations 

do not correlate at all with the actual symptoms of the pathology and only show a very 

significant role in the neuropathology in 3% of all AD patients (familial AD). In fact, the 

role of Aβ in the pathology has become controversial since, on the one hand, designed 

drugs focus on eliminating the Aβ plaques have failed in clinical trials and, on the other 

hand, these plaques have been detected in people without LOAD or, as recently highlighted, 

without familial AD [12–16]. Because of these inconsistencies, the hypothesis is now 

shifting toward a multifactorial origin, affecting multiple systems and structures which 

favor neuronal degeneration causing a vicious circle [17–20]. These alterations include 

a demise of neuronal function, synaptic dysfunction, stress derived of mitochondrial and 

endoplasmic reticulum alterations, and neuroinflammation, among others [20]. In fact, new 

studies suggest that neuronal synapse loss and alterations are more closely correlated with 

cognitive impairment evidencing that the maintenance of synaptic integrity and functions 

are critical for the neural circuits and behavioral functions, which raise new questions that 

contribute to design new therapeutic strategies aiming to delay and prevent LOAD [20–24].

In this review, we will summarize and discuss evidence on how some elements that play a 

crucial role in synaptic loss and subsequent neuronal death and cognitive deficits. Moreover, 

discussion about using these elements as targets for novel pharmacological therapies has 

also been undertaken.

RISK FACTORS CONTRIBUTING TO LOAD

It is well known that in the development of familial AD, genetic factors generating 

a dramatic amount of Aβ play a key role in disease development [1–3]. Despite the 

importance of genetics in AD development, it is becoming equally clear that these factors 

are not the only or even main responsible factors of the cognitive loss observed in LOAD 

[31–34]. The exponential increase of LOAD patients after the age of 65 have suggested 

the involvement of other age-related factors. Some of these factors stem from cumulative 

impact of infections, or peripheral diseases such as high blood pressure or metabolic stress 

syndromes such as obesity and type 2 diabetes (T2DM). These, in turn, are thought to 

increase inflammatory processes that underlay glial activation and cytokine release leading 

to brain insulin resistance appearance associated to insulin receptor (IR) inhibition, in 

consequence, brain glucose metabolism and mitochondrial activity are altered, and the 

blood-brain barrier loses its integrity, among others [35–47].

Apolipoprotein E and LOAD

The only genetic correlation to LOAD so far is the presence of apolipoprotein E (APOE) 

ε4 allele, which is responsible for 95% of AD cases [1–3, 15]. In fact, recent work 

published about a carrier of two copies of the APOE3 Christchurch (R136S) mutation, 
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who presented with unusually high brain Aβ and limited tau/NFTs and neurodegenerative 

measurements, suggests that APOE not only is implicated in pathogenesis but may also 

become an important therapeutic target for treatment and prevention of LOAD [15, 25–30]. 

Moreover, APOE ε4 allele is considered one of the main risk factors in LOAD, due to its 

relation to alterations in energy metabolism and mitochondrial activity, in addition to being 

involved in Aβ clearance and aggregation [28, 30]. Of note, Ji and colleagues demonstrated 

that aged mice and humans expressing APOE ε4 gene showed a reduction in dendritic spine 

density in the dentate gyrus, thus supporting a contributing role of APOE ε4 on cognitive 

deficits in LOAD [33].

Type 2 diabetes and LOAD

Focusing on T2DM as a LOAD risk factor, it is well known that this metabolic pathology 

is associated with the presence of brain insulin resistance. In line with this concept, several 

authors have reported the importance of brain IRs in the cognitive process of LOAD [37, 

40, 41]. It has been demonstrated that the reduction or inhibition of these receptors and 

consequent change in downstream intracellular pathways favors the increase of Aβ levels 

and tau phosphorylation. Likewise, Grillo and colleagues reported that the intrahippocampal 

administration of a lentiviral vector expressing an IR antisense sequence (LV-IRAS) induces 

synaptic transmission deficit associated with alterations in long-term potentiation (LTP) 

in which alterations in the expression and phosphorylation of glutamate receptor subunits 

are observed, suggesting that all this in whole will be responsible for the impairment 

in hippocampal learning [42]. At the molecular level, insulin activates PI3K/Akt/mTOR 

signaling pathway, which in turn promotes Ras-related C3 botulinum toxin substrate 1 

(Rac1) dependent dendritic spine formation [44]. Therefore, at the brain level, IR signaling 

activation is involved in the regulation of dendritic spine formation and excitatory synapse 

development. For this reason, either drugs that stimulate the IR at the brain level and 

specifically at the hippocampus or also antidiabetic drugs can improve the cognitive process 

by increasing synaptic connections [44, 45].

Inflammatory response and LOAD

It has been widely demonstrated that inflammatory processes are clearly involved in 

the development of LOAD, due to multiple risk factors cited above are involved in 

trigger this response [51–56]. For example, in some patients, multiple association of risk 

factors (aging+obesity+T2DM+cumulative infections) lead to systemic inflammation which 

contributes synergistically to accelerate LOAD pathology. In addition, vascular factors 

(atherosclerosis hypertension, etc.), independently from initiating inflammatory process, can 

generate a cerebral blood flow decrease and/or damage in blood-brain barrier vasculature 

which can also results in LOAD progression. In line with this, Merlini and colleagues 

demonstrated that fibrinogen, a vascular protein, is key in initiating a microglial activation 

that can trigger a spine and dendrite loss associated with a cognitive impairment in 

preclinical mice model of AD [57], reinforcing the link between vascular pathology, 

inflammation, and synaptic loss in this pathology. In this complex process, the authors 

hypothesize that fibrinogen can yield its impact independently of Aβ through increased 

oxidative stress derived from low vascular tone and cooperatively with by the linkage of 
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these two proteins to produce brain fibrin deposition. This deposition can then deal to 

microglial activation, spine loss, and cognitive impairment.

Additional risk factors involved in LOAD

Other factors involve specific cellular events that become progressively less efficient or 

more vulnerable in the aging process, namely increases oxidative stress or decreases in 

endogenous antioxidants, downregulation of neurotrophic factors, and alterations in the 

neurotransmitter levels such as glutamate or acetylcholine [1–4]. Moreover, with the age, 

neural circuits also become progressively more vulnerable to injury, especially glutamatergic 

pyramidal neurons of the hippocampus and prefrontal cortex; areas involved in memory 

processes whose alterations correlate with cognitive impairment and dendritic spines 

disturbances [48–50].

The multifactorial and synergic nature of insults that drive LOAD makes targeting such 

factors separately, extremely difficult and probably therapeutically inefficient. However, all 

risk factors associated with LOAD merge into a common path involving synaptic loss. Thus, 

making this end-result pharmacologically targetable and specially therapeutically relevant 

since spine/synaptic density is key in retaining cognitive function (cognitive resilience). In 

fact, it is possible to distinguish individuals with or without clinical dementia in accordance 

with the state of their synaptic structures [59, 60]. Therefore, even though the precise 

mechanisms of how synaptic remodeling contributes to cognitive resilience and protects 

individuals with LOAD remains unclear, therapeutically targeting such common end-result 

(synaptic loss) may be a more promising strategy [59, 60]. Certainly, the exploration and 

targeting of mechanisms implicated in dendritic spines is, thus, described maintenance to 

avoid the transition from preclinical LOAD to symptomatic LOAD is worth considering and 

is thus described in the following section.

CONTRIBUTION OF SYNAPTIC SPINE LOSS TO LOAD

Dendritic spines are highly dynamic neural structures that can change in size and shape in 

response to activity of neurotransmitters in the central nervous system [59–62]. According 

to their morphology, dendritic spines have been mainly classified in several types: thin, 

stubby, and mushroom [59–65]. The morphology of dendritic spines influences excitatory 

neurotransmission and synaptic plasticity. More specifically, it has been suggested that thin 

spines actively participate in the learning process [63]. Mushroom spines, since they are 

more stable and can last a long time, would act in storage of long-term information [63, 64]. 

However, the role of stubby spines is still unclear, although it has been proposed that they 

regulate neuronal excitability.

Spines behave as points for the establishment of synapses and help transmit electrical signals 

to the soma of the neuron by increasing the synaptic contact area in the dendrite. Moreover, 

it has been showed that dendritic spines are the primary site of structural plasticity in the 

adult brain and its alterations correlate with cognitive impairment [63–68]. Therefore, it 

is important to understand the precise molecular factors involved in spine deterioration in 

LOAD to develop therapeutic strategies that target cognitive loss in this process [69, 70].
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In accordance with the functional role of dendritic spines, a relevant study evaluated their 

structure related to the maintenance of cognitive function in AD patients. In this study, 

patients were divided into three groups: cognitively normal subjects without AD, cognitively 

normal control subjects showing moderate to severe AD pathology at autopsy and AD cases 

with severe pathology [60]. The results demonstrated that the maintenance of the dendritic 

spines plasticity was a key mechanism of cognitive resilience, protecting elderly people with 

AD physiopathology from developing dementia. Likewise, studies in non-human primates 

indicate that synaptic loss are responsible of cognitive aging decline in aged monkeys in 

area 7a in cortex correlating loss of glutamatergic synapses with disturbances in working 

memory [71, 72]. Moreover, Dumitriu and colleagues reported a prominent selective loss 

of thin spines related to synaptic changes in layer III of 46 area in prefrontal cortex of 

rhesus monkeys, which was associated to age-related memory impairment compared to 

young subjects [71–73]. For this reason, due to the prevalence of cognitive impairment 

related to aging in the elderly population, the concept of maintaining synaptic health in 

aging has been proposed [74]. Moreover, in a preclinical study by Pereira and colleagues, 

they treated rats with riluzole, a blocker of TTX-sensitive sodium channels [74]. They 

aimed to ameliorate age-related cognitive decline by improving glutamatergic circuits and 

retention of hippocampal-dependent memory performance. Their results showed an increase 

of thin dendritic spine clustering in the hippocampus and prefrontal cortex, suggesting to 

its potential as a new therapeutic approach for age-associated cognitive impairment. In the 

study, they also observed increased brain-derived neurotrophic factor (BDNF) expression 

whose involvement in synaptic structures will be tackled in the next section.

Significant data in AD models and humans are in accordance with earlier works that 

demonstrated the correlation of synapse loss with cognitive dysfunction that somehow 

overshadowed the importance of Aβ plaques and NFTs in the development of LOAD [48, 

49]. Moreover, Scheff and colleagues showed significant synapse loss and spine alterations 

in the CA1 area of the hippocampus in early stages of LOAD [23, 70]. Furthermore, 

numerous literature points toward the involvement of Aβ deposition as a mediator of 

synaptic loss in LOAD [75–77]. Specifically, Aβ overexpression correlates with the severity 

of the disease, showing neurotoxic properties that trigger AD pathophysiology such as LTP 

inhibition, dendritic spine loss, and learning and spatial memory impairments in preclinical 

models [72–74]. Likewise, Aβ has an extracellular localization which not only is spread 

through the brain, but also throughout the peripheral tissues which allows it to bind to 

several types of receptors such as the brain IR, receptor for advanced glycation end products 

(RAGE), and cellular prion protein (PrPC), among others, that can induce synaptic and 

neuronal dysfunction and death [13]. For all these reasons, its potential participation in the 

initiation of the cognitive loss progression should not be ruled out [13, 16, 75, 77]. However, 

whether Aβ plays a crucial role in synaptic loss in LOAD remains unclear. In fact, clinical 

studies using positron emission tomography (PET) scans have established that subgroups 

of patients with cognitive impairment may have little or no accumulation of Aβ, while 

elderly people with normal cognition may have extensive Aβ accumulation. This questions 

the direct role of Aβ as triggering factor for LOAD and may provide a potential explanation 

for the overwhelming failure of therapies solely targeting Aβ [78].
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Taken together, as discussed in the previous section and based on the evidence above, 

the importance of dendritic spines and thus, preventing, maintaining or being able to 

recover their functionality, represents an inherent protective target that delays the onset 

of dementia. This hypothesis introduces a new concept focusing on a “catch-all” disease 

endpoint centered on life quality in adults (“good synaptic health”). Therefore, the molecular 

factors involved in these processes and the development of therapeutic targets constitute an 

urgent unmet medical need that needs to be addressed.

AMELIORATING LATE ONSET ALZHEIMER’S DISEASE: POSSIBLE SPINE/

SYNAPTIC TARGETS

The synaptic loss hypothesis associated with LOAD cognitive loss was widely studied by 

Terry’s work in the 1990s and incorporated the importance of glial activation associated with 

another key component, the loss of trophic factors [48, 49, 67, 68]. Also important, while the 

pathophysiology of AD was believed to be centralized in the brain, over time, a diverse array 

of research studies has been able to observe that there are many peripheral elements [75, 76]. 

This is especially true for factors involving inflammatory processes.

More recently, the role of peripheral factors that contribute to inflammatory processes and 

link peripheral disease to LOAD are also increasingly gaining attention. Two of the main 

factors include metabolic syndrome and dysregulations of gut microbiota [6, 20]. In an 

interesting review by Herrup, from the two-hypothesis postulating that multiple independent 

foci contribute to LOAD [79, 80], the researcher suggested that LOAD progresses in a 

well-defined three phase progression system [4]. The first stage would be “the trigger”, 

an alteration or group of alterations of diverse nature that would initiate the downwards 

process. These would include different forms of metabolic or environmental stresses like 

an infection, insulin resistance, or simply day-to-day habits. The second step would be 

“the convergence point”. That is, where all such paths would focalize in the appearance of 

chronic inflammatory processes, which would, in turn, damage multiple tissues including 

the brain. Alterations would include but not be restricted to microglial activation, appearance 

of oxidative stress, cytokine release, and synapse loss. Finally, in the third step, and 

considering the assault suffered in the previous stages, cells would suffer a biological 

change that would predispose them to degenerate through apoptotic mechanisms (Fig. 1). 

This final stage would coincide with the appearance of the first visual clinical symptoms. 

Thus, considering the hypothesis by Herrup, it seems that the second stage, would provide a 

good target and, modifying the development of inflammatory responses may be an effective 

approach to prevent and ameliorate neurodegenerative states [4, 81–83].

Targeting inflammatory responses in the central nervous system (CNS) and periphery

Inflammation is a common denominator to several of these LOAD risk factors. To this end, 

neuroinflammation, depending upon the phenotypic polarization, ‘M1’ phenotype and ‘M2’ 

phenotype, displays a central and dual role in LOAD pathology: while initially beneficial for 

clearance of extracellular aggregates of Aβ, the sustained pro-inflammatory profile can be 

extremely deleterious to neuronal function. The dysregulation of the microglial M1/M2 ratio 

causes deleterious alterations in synaptic structure and function. Specifically, M1 microglia 
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generates a harmful effect through the enhanced response of inflammatory cytokine release 

leading to neuronal damage [52, 53, 81–85]. In addition, IL-1β is the main immune 

player in LTP regulation in the hippocampus [9]. By contrast, M2 microglia displays 

a neuroprotective effect releasing neuroprotective cytokines such as IL-10, transforming 

growth factor-β (TGF-β), and insulin like growth factor 1 (IGF-1). Thus, it could be 

hypothesized that, the modulation of proinflammatory processes such as obesity related 

to T2DM together with other such as gut microbiota could be a suitable strategy for LOAD 

treatment, since both generate a swift on stimuli signal involved in the activation of brain 

M1 [83–85].

The peripheral mechanisms involved in the association between obesity and cognitive 

impairment highlights the role of neuroimmune pathways. In particular, adipokines 

(cytokines synthesized in the adipose tissue) are increased in obesity patients and actively 

favor or alter the evolution of a low-grade inflammatory response that increase the risk of 

multiple systems damage, including the SNC [20, 45–47, 85]. In this process, adipocyte 

hypertrophy triggers the recruitment of innate immunity cells, macrophages, which are 

important contributors to the overall systemic inflammatory process where proinflammatory 

cytokines release happen [20, 85–87]. These proteins reach the circulatory system, cross 

the blood-brain barrier, and trigger the neuroinflammatory process, which activate resident 

microglia to M1 in brain areas linked to dementia and cognitive loss such as the 

hypothalamus and hippocampus. This process involves the activation of several molecular 

pathways including c-Jun N-terminal kinase (JNK), which in the brain plays a prominent 

role in the regulation of brain insulin resistance, which apart from inducing an inflammatory 

response, is thought to generate a positive feedback loop [86, 87]. Taken together, it could 

be hypothesized that the brain resident microglia must be working in concert with peripheral 

immune cells to modulate synaptic function (Fig. 2).

Likewise, another key component in this inflammatory response is the nucleotide-binding 

oligomerization domain (NOD) - leucine-rich repeat-(LRR)- and pyrin domain-containing 

protein 3 (NLRP3) inflammasome. NLRP3 inflammasome is composed of three key 

components: Nod-like receptor protein NLRP3 (also called cyopyrin or NALP3), apoptosis-

associated speck-like protein (ASC), and cysteine protease precursor procaspase-1 (consist 

of a C-terminal caspase recruitment domain [CARD] and a caspase domain). In addition, 

varieties of different stimulators have been confirmed to induce NLRP3-dependent 

caspase-1 activation, including for example bacterial infection, tau, and Aβ. Thus, NLRP3 

would be responsible for detecting a cell stress signal, causing or triggering a defense 

process through innate immunity that recruits ASC and procaspase-1, resulting in the 

activation of caspase-1 and the processing of cytoplasmic targets, including the pro-

inflammatory cytokines. Thus, NLRP3 inflammasome may be a potential link between 

peripheral diseases that act as stressors (T2DM, gut microbiota) and LOAD.

Moreover, T2DM is associated with mitochondrial dysfunction and consequent oxidative 

stress and also with NLRP3 inflammasome activation. Zhou and colleagues reported that 

mitochondrial dysfunction is a key modulator of oxidative stress, which is essential for 

the activation of both the NLRP3 inflammasome and apoptosome and, at the same time, 

is involved in the modulation of apoptotic process [88]. Therefore, NLRP3 inflammasome 
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is related to a variety of metabolic and inflammatory diseases, including gout, diabetes, 

atherosclerosis, and neurodegenerative diseases [89–93]. Concerning to AD, it has been 

reported that Aβ might stimulate NLRP3 activation, which is mainly localized in glial 

cells, through the binding to microglial surface receptors CD36 and TLR4 and thereby 

increasing the release of proinflammatory cytokines, and consequently amplifying the 

neuroinflammatory process and aggravating the neuropathological LOAD [91]. Furthermore, 

the neuropathological inflammatory circuit involving mitochondrial alterations associated 

with the NLRP3 inflammasome in T2DM causes an endothelial dysfunction that contributes 

to blood-brain barrier dysfunction [90].

Recently, and supporting the above claims, a new drug, Sodium Oligomannate (GV-971), 

has been conditionally approved for the treatment of LOAD exclusively in China [94, 95]. 

To this end, Wang and coworkers reported that an alteration of the intestinal microbiota in 

preclinical mice models of AD increased the peripheral infiltration of immune system cells 

such as peripheral type 1 T-helper (Th1) cell to allow their local crosstalk with the M1 

microglia and, in turn, triggers the microglia differentiation towards a M1 pro-inflammatory 

state [96]. Likewise, these authors also reported a significant alteration in some amino acids 

in blood and feces of their AD mouse model, primarily related to the phenylalanine pathway 

such as phenylalanine and isoleucine (Phe/Ile). Both amino acids play a significant role 

promoting the differentiation and proliferation of peripheral inflammatory Th1 cells.

Taken together, these studies suggest a potential peripheral LOAD initiation where gut 

dysbiosis contributes to Phe/Ile elevation, which leads to the proliferation/differentiation 

and brain infiltration of Th1 cells and this neuroinflammation promoting synapses loss and 

support the notion that peripheral stimuli may contribute to neuronal damage and memory 

impairment independent of Aβ accumulation.

The next step is to understand the possible mechanisms involved in how the activation 

of the microglia causes the loss of the synapse. In this regard, Hong and colleagues 

reported in an interesting manuscript, the implication of the microglia as potential cellular 

mediator of synapse loss. In particular, this process in AD is orchestrated by soluble Aβ 
oligomers and it is mediated through CR3 complement-dependent pathway and microglia 

that engulfs synapses which position microglia as potential cellular mediators of synapse 

loss independently or before brain plaques formation [84]. Thus, this research study suggest 

that microglia is a potential early therapeutic target in LOAD involving synaptic dysfunction 

associated with cognitive decline.

The Rho family GTPases, including Ras homologous member A (RhoA) and Rac1, have 

been found to play an important role in synaptic morphology of dendritic spines and 

synaptic plasticity [62–64, 96]. It has been reported that RhoA activation leads to spine 

pruning, whereas Rac1 activation is involved in spine formation, growth, and stabilization 

[63]. In line with this, previous studies have been demonstrated that some non-steroidal 

anti-inflammatory drugs (NSAID), which are widely used to treat mild to moderate pain 

and inflammation, among them ibuprofen, inhibits RhoA in neurons suggesting that this 

effect on Rho GTPases activity might provide a new strategy for reversing synapse 

loss and dysfunction, and improving memory and cognitive ability in AD [97]. In fact, 
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Cummings and colleagues reported a recent study about ALZT-OP1 (cromolyn+ibuprofen) 

demonstrating that an association of two compounds, a mast cell stabilizer (cromolyn) 

and an anti-inflammatory (ibuprofen), is currently in phase III for AD treatment [98, 99]. 

Cromolyn could affect the route of Aβ and ibuprofen constitutes a multiple target drug, 

acting on the process of Aβ production (by α-secretase activation), microglia inhibition, 

activation of PPAR γ, and on Rho family GTPases. Therefore, the inhibition of Rho family 

GTPases by ibuprofen and the synaptic improvement could contribute to cognitive resilience 

in LOAD treatment.

Targeting trophic factors (BDNF) in the CNS

BDNF is the most abundant neurotrophin in the CNS, widely distributed in different areas 

of the brain such as the hypothalamus, amygdala, hippocampus, and neocortex [100]. It is 

a non-glycosylated polypeptide that is synthesized as a prepropeptide of 247 aminoacids 

and is later processed until its mature form of 119 aminoacids. Its physiological activity is 

modulated through the Tropomyosin receptor kinase B (TrkB) receptor. After binding, the 

receptor dimerizes and activates extracellularly regulated protein kinase (ERK) pathway 

[100–102]. Importantly, BDNF has a role in neuronal survival processes, axonal and 

dendritic growth and branching, synaptic structure and plasticity, neurotransmission, just 

like in the induction and maintenance of LTP or, the regulation of dendritic spine number 

and morphology [102]. By contrast, its genetic deletion in rats leads to impairment of 

hippocampal LTP and hippocampal-dependent memory function loss [103–106]. Therefore, 

this signaling pathway is of key relevance in the formation of synaptic plasticity and 

memory and, could be a possible target for LOAD treatment [105].

Targeting the increase of brain BDNF levels

Not pharmacological interventions such as aerobic exercise are known to stimulate BDNF 

brain production which is associated to modulation and preservation of hippocampal 

volume [100, 101], providing a therapeutic avenue for LOAD [106]. Likewise, it has been 

demonstrated that exercise in humans is involved in the neurotransmitter regulation of 

glutamate release from excitatory synapses, activating glutamatergic α-amino-3-hydroxy-5-

methyl-4-iso-xazole propionic acid (AMPA) and N-methyl-D-aspartate (NMDA) receptors 

which increase the efficiency of synaptic transmission [107–109]. In preclinical studies, Li 

and colleagues reported that exercise induced an increase in Rac1 or cell division control 

protein 42 (Cdc42) activity (two molecules associated with synaptic plasticity improvement) 

in the hippocampus of aged animals [110]. Furthermore, this research study demonstrated 

the role of exercise training on the modulatory regulation of Rho-GTPase in rodents. Thus, 

the potential association of physical exercise together with the administration of BDNF 

analogue drugs may constitute a good strategy to improve cognitive resilience in LOAD 

[109–112].

When trying to increase the levels of BDNF pharmacologically aimed to retard the 

underlying process of AD, researchers encountered the problem that like most trophic 

factors, BDNF could not cross the blood-brain barrier [100–105]. Thus, new methods had to 

be developed in order to stimulate its production in an indirect manner.
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In this area, the transcription factor CREB plays a critical role in cognition and its activation 

facilitates the transcription of proteins for the synaptic process, mainly of BDNF.

In this context, Caccamo and colleagues not only were able to increase BDNF levels in the 

hippocampus of rodent model of AD, but also enhanced NMDA activity, using viral delivery 

of the CREB-binding protein. This pathway stimulates transcription and translation of genes 

involved in the formation of memory through cyclic adenosine monophosphate (cAPM) 

(CREB) phosphorylation (via cAMP/PKA pathway), thus, creating a positive feedback 

process [113].

Additionally, Blurton-Jones and co-workers reported that neuronal stem cells transplantation 

improved learning and memory deficits in 18-month-old 3xTg-AD mice by increasing 

BDNF levels [114]. In support of these findings, Nagahara and colleagues demonstrated that 

the administration of a BDNF lentivirus improved learning and memory deficits in several 

animal models of AD and aged rats [115, 116].

An additional strategy for increasing the brain BDNF levels is the regulation of (cAMP) 

through the modulation of the enzyme phosphodiesterase-4 (PDE-4) [117]. Inhibition of 

PDE-4 by specific drugs enhances cAMP levels activates Protein kinase A (PKA), which 

results in an increase in phosphorylation of pCREB, increasing the expression of BDNF 

which, facilitates neuronal plasticity and LTP in hippocampus [117–119]. One example of 

PDE-4 inhibitor is Roflumilast, a highly selective second-generation drug, currently used for 

the treatment of chronic obstructive pulmonary disease [118–120]. It has been reported that 

at the preclinical level in APP/PS1 mice, chronic roflumilast treatment improves cognitive 

impairment through the upregulation of the cAMP/CREB/BDNF pathway [120].

Likewise, de Pins and co-workers delivered engineered astrocytes with a BDNF gene under 

the control of the GFAP promoter in 5xFAD mice [121]. These animals showed a recovery 

in BDNF levels in the hippocampus and related areas when compared to normal 5xFAD 

mice and cognitive improvements. Additional assays evidenced a restoration of dendritic 

spine density and morphology, and a recovery of the levels of several other presynaptic and 

postsynaptic markers like synaptophysin and PSD-95. Interestingly, these animals showed 

no changes in Aβ load or the rate of hippocampal neurogenesis.

Supporting this idea, Fingolimod, a drug which has been undergone several preclinical 

models of AD and Huntington’s disease, has shown to be associated with synaptic plasticity 

improved and amelioration of dendritic spine loss, effects mediated through the increase 

of BDNF mRNA levels and BDNF protein release by the activation of Sphingosine-1-

phosphate receptors in the brain [123].

Delving deeper into possible molecular mechanisms, Hedrick and colleagues suggest a 

complex model of facilitation of neuron plasticity where BDNF plays a key role [123]. In 

this postsynaptic process, Rho GTPase proteins Rac1 together with RhoA and Cdc42 are 

involved in the regulation of dendritic spines actin cytoskeleton and, therefore, its structural 

and functional plasticity [124]. More specifically, it has been demonstrated that Ca2 + /

calmodulin-dependent kinase 2 (CaMKII), which is known to be essential for LTP induction, 

is activated by postsynaptic NMDA receptors. In this process, Rho GTPase proteins serve 
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as a molecular link between CaMKII and the expression of LTP [123–125]. Furthermore, 

BDNF regulates the activity of Rac1 and Cdc42 which depend of BDNF source in the cell 

and autocrine activation of its receptor, TrkB. This could explain the synaptic accumulation 

of BDNF observed in vesicles into presynaptic terminals and dendrites. In this way, when 

glutamate is bound to its receptors, generates a presynaptic depolarization that triggers 

the Ca2+-dependent release of BDNF, which binds to the TrkB tyrosine kinase receptor to 

activate Rac1. Rac1 acts through a cascade of serine / threonine-protein kinase PAK1-LIM 

domain kinase 1 (LIMK1) to phosphorylate and inhibit cofilin and block its separation from 

actin [126–127].

Besides, BDNF/TrkB receptor also regulates dendritic spines through the synthesis of 

several proteins including Arc, Homer 2, and LIMK1 which promote actin polymerization 

and so enlargement of spine heads that determine its morphology [102–106].

Targeting BDNF receptor: TrkB agonists

Another potential approach to protect and restore synaptic connections may be to target the 

BDNF receptor itself (Table 1). By stimulating TrkB receptors through the administration 

of drug agonists, it may be possible to increase its intracellular signaling. Specifically, 

these compounds potentiate neurite/spine/dendrite growth, synapse formation, neuronal 

maturation, and synaptic plasticity via the PLCγ/PI3K/MAPK signaling cascade [128, 129].

The 7,8-dihydroxyflavone (7,8-DHF) compound was reported to cross the blood-brain 

barrier and activate TrkB in the brain to modulate cognitive function [130–134]. Castello 

and colleagues reported that a 7, 8-DHF treatment, in a preclinical mice model of AD, 

induced an increase in the density of the dendritic spines [133]. Specifically, this compound 

selectively improved spine density in AD mice and did not affect control mice, suggesting 

that TrkB receptor signaling activation interacts with other injury-initiated signals to 

facilitate remodeling of the spine [132, 134].

Another similar compound, LM22A-4, inhibits neuronal death in in vitro neurodegenerative 

disease models and favors the amelioration of dysfunctional motor activity, when 

administered intranasally in rodents after traumatic brain injury. In addition, chronic 

peripheral treatment of LM22A-4 in a mice model of Rett syndrome disease improved motor 

and cognitive function by restoring deficits in synaptic plasticity in the hippocampus [128].

Moreover, AS86 is a new TrkB agonist antibody that activates the BDNF-TrkB signaling 

pathways in the brain. Wang and colleagues demonstrated that AS86 improved dendritic 

spine growth and facilitates synaptic transmission and plasticity in preclinical studies. Thus, 

this drug has been proposed as a new therapeutic strategy for neurodegenerative diseases 

including LOAD due to its capacity to repair synapsis [135].

Wu and colleagues reported in an APPswe/PS1dE9 mice preclinical study that the 

intraperitoneal administration of the TAT-BDNF fusion peptide improved memory. The 

improvement in the cognitive process is mediated through the activation of the TrkB 

receptor-signaling pathway, such as Erk1/2, PI3K/Akt, upregulation of CREB, as well as 

PSD95, a postsynaptic protein [136].
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TDP6 is a peptide mimetic, which induces TrkB phosphorylation and activation [137] (see 

Table 1). Sitagliptin, a dipeptidyl peptidase 4 inhibitor used as an anti-diabetic drug, in 

preclinical models of AD improved the cognition function through the activation of BDNF-

TrkB signaling pathway [138].

Targeting protein kinase C isozyme epsilon (PKCε)

Another strategy to increase brain BDNF levels involves the administration of molecules 

that activate protein kinase C isozyme epsilon (PKCε) [139–141]. PKCε constitutes a 

very attractive target because it is directly involved in the regulation of the BDNF 

signaling pathway in the brain, playing an essential role in the maintenance of synaptic 

functions and structures and in the cognitive process [139]. To this end, Sen and 

colleagues reported that PKCε reduction is associated with increased Aβ in AD brain 

patients and preclinical transgenic AD mice models [141]. Moreover, they demonstrated 

that PKCε inhibition modulates the activity of γ-secretase (activate) and α-secretase 

(inhibits) involved in AβPP processing. It has been reported that PKCε activators 8-[2-(2-

pentylcyclopropylmethyl)-cyclopropyl]-octanoic acid (DCP-LA), a synthesized linoleic acid 

derivative specific activator of PKCε and bryostatin-1 which activates PKCε and also 

PKCα, prevented synaptic loss, amyloid plaque deposition, and memory deficits in mice 

models of AD through and significant increasing expression of BDNF in the hippocampal 

CA1 area [139–141]. In addition, PKCε activation by both compounds could improve 

synapsis and cognitive resilience through the decrease of levels of soluble Aβ [139]. The 

first Bryostatin-1 clinical trial was promising because the drug was safe, showing favorable 

pharmacokinetics [142].

Although Bryostatin is a novel powerful activator of PKCε, it has also shown benefits 

for synaptic loss and maturation in animal models of AD, as well as other neurological 

disorders. However, in humans it does not seem to be effective. The clinical study 

(NCT03560245) randomized, placebo-controlled, phase II multicenter trial was to assess 

the safety, efficacy, and tolerability of intravenous Bryostatin-1 20 μg in 108 participants 

with AD who were not taking memantine. Participants were randomly assigned 1:1 to 

Bryostatin-1 or placebo for 12 weeks for a total of 7 doses. Participants were between 

55 and 85 years old and for at least 30 days before the start of study drug treatment, 

they should not have taken memantine. At week 13, authors evaluated the study’s primary 

endpoint, the change in total score of the Severe Impairment Battery scale score. They found 

no statistically significant differences between treatment and placebo groups. However, 

although the treatment of Bryostatin-1 in monotherapy in patients with AD has failed, its 

potential use in the future in a multiple combinatory therapy should not be ruled out.

Rho-associated coiled-coil containing protein kinases (ROCK) inhibitors as strategy to 
induce dendritic spine resilience

The protection of dendritic spines against the degeneration caused by LOAD is critical 

to modify the disease course and as a preventive therapeutic strategy, since synapse or 

dendritic spine loss correlates more strongly with cognitive impairment than Aβ or NFT 

hallmarks. In LOAD, it was reported that Aβ would be responsible for causing the dendritic 

cytoskeleton damage by activating the RhoA guanosine triphosphatase (GTPase) and its 
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downstream effector the Rho-associated protein kinase (ROCK) [143]. Two isoforms have 

been characterized, ROCK1 and ROCK2. ROCKs are involved in the regulation of actin-

myosin–mediated cytoskeleton contractility, and increased activity of ROCKs have harmful 

damages on the morphology of dendritic spines contributing to cognitive loss in LOAD 

[144]. Moreover, Rush and colleagues demonstrated that Aβ induced synaptic loss, which 

is associated with cognitive loss in LOAD which was prevented using Fasudil, a ROCK 

inhibitor, in neuronal cell cultures [143]. Thus, several ROCK inhibitors have been evaluated 

in preclinical AD models and neuronal cell cultures such as Fasudil and Y-27632 FSD-C10, 

due to constitute a potential strategy for treatment of LOAD trough the increase of cognitive 

resilience [144, 145]. On the other hand, Ripasudil, another ROCK inhibitor, is being 

evaluated for glaucoma treatment [146].

COMPLEMENTARY DRUG STRATEGIES

Besides cognitive problems, AD runs in parallel with many other alterations. Patients suffer 

from metabolic dysregulations, vascular affectations, sleep disorders, etc., that contribute 

significantly to dendritic spine loss. Thus, it is possible that future disease-modifying 

treatments will require to be effective in multiple fronts or be composed of different 

molecules that will modulate more than one system at a time with the aim to retard the 

underlying process of LOAD [98, 99, 147, 148].

Likewise, the use of antidiabetic drugs for the T2DM treatment (such as metformin) and 

antihypertensive (losartan) and anticholesterolemic drugs (statins) are examples of drugs that 

are currently under investigation in phase III [98, 99]. These treatments may be effective to 

prevent the development of pathology and thus, it could become a complementary element 

for future therapeutic [147–149]. In fact, preclinical studies based in this preventive strategy 

have shown beneficial effects in rodents. Interestingly, preclinical data demonstrated that 

statins inhibit the RhoA/LIMK/cofilin pathway, which, as discussed above, is involved in the 

formation of synapses and cognitive resilience [149].

Likewise, BHV4157 (troriluzole) is a third-generation prodrug (pharmaceutical formulation 

of riluzole) which is currently in phase III (NCT03605667) as disease modified molecule. 

Interestingly, it is suggested that the beneficial effects of this drug are mediated through the 

modulation of synaptic levels of excitatory neurotransmitter glutamate and, which improves 

synaptic functioning.

Additionally, anti-inflammatory drugs could be necessary in these drug cocktails in early 

stages, even though NSAIDs therapy alone in human trials has, thus far, failed. However, 

some anti-inflammatory drugs, among them, ibuprofen, apart from acting on the microglia 

decreasing its activation, constitute a multi-drug target since regulates the formation of 

amyloid, acting on Aβ secretion and more importantly, blocking RhoA-activation [92]. 

NSAIDs can also inhibit the nuclear translocation of NF-κB, which is essential for 

transcription of NLRP3 and pro-IL-1β.

A possible explanation for the failure of drugs in LOAD may be that, so far, most clinical 

trials have begun too late when cognitive symptoms are already present. Thus, success of 
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these therapies may be maximized when initiated 15–20 years before the apparition of the 

first symptoms of LOAD, when the microglia is still in M1 phase and synapses loss is not 

yet present.

In addition, in this combinatory drug strategy it could be necessary to add the classical drugs 

in the market such as memantine (glutamate antagonist) and acetylcholinesterase inhibitors, 

which increase the brain levels of acetylcholine and improve the cognitive process.

Lastly, the administration of a drug targeting brain insulin signaling pathway could be key 

to improve spines and synapses, attenuating peripheral and central Aβ levels, modulating 

BDNF/TrkB signaling [150, 151].

CONCLUSIONS

The maintenance of the integrity of the synaptic functions is fundamental for the suitable 

functioning of the neural circuits and therefore of the cognitive functions. In this line, 

synapse loss is highly correlated with the progression of LOAD. In addition, another 

important point is that LOAD has various etiological origins that give rise to various co-

morbidities; thus, a potential therapeutic success may depend on combination of therapies 

that should star 15–20 years before the appearance of disease symptoms (cognitive loss). 

The hypothesis that LOAD begins with an initiating injury, such as a metabolic stress, has 

both theoretical and practical relevance. Likewise, as it has been previously stated, the initial 

injury (gut, adipose tissue, infections, and others) could generate a peripheral inflammatory 

process, realizing cytokines, which are able to propagate throughout peripheral and central 

tissues. Therefore, the disease could have a peripheral origin and for this reason, it must 

be considered as a global disease of the whole organism, not only exclusively of the brain. 

It should also be taken into account that this peripheral inflammatory process can favor an 

activation of protein tyrosine phosphatase PTP1B that can inhibit at the hippocampal level 

the insulin, TkrB and leptin receptors, which would possibly also alter dendritic spines and 

cognitive loss [87]. Moreover, alterations in hypothalamus also have been associated with 

inflammatory processes since it has been widely demonstrated that it regulates glucose and 

insulin levels [150, 151]. Therefore, preventive anti-inflammatory drugs targeted to both 

peripheral and central tissues could be an effective approach for LOAD.

Finally, the main objective of therapeutic strategies is to improve the life quality of patients 

avoiding the cognitive decline; therefore, the maintenance of dendritic spines and synapses 

improving cognitive resilience are key in the design of new therapeutic strategies [60, 152]. 

Thus, all these studies point out the importance of the administration of combined drug 

therapies to which we can also associate strategies such as physical exercise that increases 

BDNF levels, due to the complexity of the pathologic mechanism involved LOAD [152–

155].
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Fig. 1. 
Effects of unhealthy diet, infections, sedentary lifestyle, and other neurotoxic factors, as 

potential first responsible for triggering cognitive loss in Alzheimer’s disease. In a second 

step, systemic inflammation will amplify the initial stress signal that will finally favor the 

process of cognitive loss. Likewise, it can be observed non-pharmacological and therapeutic 

strategies, proposed to stop this process of memory loss.
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Fig. 2. 
Alzheimer’s disease should be viewed as a disease of the whole body. The production of 

amyloid in the brain can promote the development of T2DM, since Aβ can bind directly 

to insulin receptor. Likewise, obesity associated with T2DM, gut microbiota composition 

and adipose tissue alteration develop insulin resistance-related diseases. All these processes 

favor a peripheral and central inflammatory process that induces resistance to insulin, leptin 

and alteration of the BDNF/TrkB receptor. The final stage is the process of memory loss due 

to the alteration of the dendritic spines and alterations of the synaptic connections.
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