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Alzheimer’s disease (AD) is a multifactorial age-related progressive neurodegenerative disorder characterized by gradual

memory loss, cognitive decline and functional alteration that cause difficulties in the performance of everyday life activities

and loss of self-identity.
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1. Introduction

1.1. Alzheimer’s Disease

The most evident macroscopic characteristic of the brain of a subject suffering from Alzheimer’s disease is the marked

cortical atrophy that determining increased amplitude of the cerebral furrows and the increase in the ventricular volume.

This atrophy is diffuse, affecting, in addition to the temporal lobe, the cortical associative areas, the hippocampus and the

para-hippocampal gyrus, with a relative saving of the posterior areas of the hemispheres, of the cerebellum and of the

brain stem. Atrophy is mainly linked to neuronal degeneration, which involves a reduction in the number of dendritic

spines and synaptic junctions. Among the subcortical structures, particularly affected are the amygdala, the locus

coeruleus, the raphe nucleus and the cholinergic structures of the brain stem, these alterations correlate with the course

and extent of the disease . Alzheimer’s disease is thought to begin 20 years or more before symptoms arise, with small

changes in the brain that are unnoticeable to the person affected .

1.2. The Diagnosis Limits

Currently, AD pathological diagnosis is based on the pathology of the post-mortem, which is marked with extracellular age

pigment, intracellular nerve fiber tangles in the hippocampal and/or cortical regions, as well as a significant reduction in

the gray matter . Because of the pervasiveness of AD pathology in the elderly, biomarkers have become an essential

component of Alzheimer disease (AD) research and a potential tool for the diagnosis of AD at the preclinical stage. It was

proposed the “A/T/N” system in which seven major AD biomarkers are divided into three binary categories based on the

nature of the pathophysiology that each measure. “A” refers to the value of a β-amyloid biomarker (amyloid PET or CSF

Aβ ); “T” the value of a tau biomarker (CSF p-tau, or tau PET); and “N” biomarkers of neurodegeneration or neuronal

injury ([ F]-fluorodeoxyglucose–PET, structural MRI, or CSF total tau) . Positron-emission tomography (PET) imaging

has been applied to the detection of Aβ in the brain and has revealed that Aβ peptide accumulates in the frontal cortex of

patients with mild cognitive impairment (MCI), the prodromal stage of AD . Thus, PET imaging of Aβ represents a

promising tool for the early diagnosis of AD, but it is a sophisticated technique that requires special equipment and cannot

be widely used. Low CSF Aβ  levels reflect the decreased clearance of Aβ  and its deposition in the brain, but this is not

absolutely specific for AD and is also observed in patients with dementia with Lewy bodies. Elevated phosphorylated tau

(p-tau) is a more specific marker, and measurements of either p181-tau, or p231-tau give similar diagnosis accuracy 

. The combination of Aβ , total tau and p-tau provides a diagnosis for AD with a sensitivity of 80% and a specificity of

90% and can help predict the conversion from MCI to AD . However, these markers remain insufficiently used due to

the delicate procedure of CSF collection by lumbar puncture. As compared to CSF-based biomarkers, which undoubtedly

bear a closer relationship with the abnormalities that occur in the brain , the search for peripheral biomarkers of AD is

justified by its better accessibility and tolerability, i.e., samples can be obtained by less invasive procedures . In

addition, blood-based biomarkers may be more adequate for longitudinal studies that require multiple sampling , but

most of the available data present inconsistency and lack absolute specificity and sensitivity . Platelets are

considered the most accessible peripheral neuronal-like cellular system and have been suggested as a promising model

since they are the major peripheral reserve of amyloid precursor protein (APP) providing over 90% of blood Aβ .
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1.3. The APP Processing Phase

APP is an integral Type-I transmembrane protein present in several cell types . It is concentrated in

synapses and takes part in cell-matrix and cell-cell interaction in neurons . This adhesion molecule also participates

in various processes in different tissues, for example, APP is involved in hemostasis, thrombosis, sperm motility and

sperm-oocyte interaction . The Aβ hypothesis was formulated, suggesting that an imbalance between production

and clearance of Aβ (Aβ dyshomeostasis) is an early, often initiating factor in AD . However, Aβ plaques were

sometimes present in cognitively normal individuals and in the meanwhile neuronal death also occurred in brain regions

devoid of plaques . Oligomers of Aβ peptides are toxic to brain cells and there is no direct correlation between the

manifestation of the disease and plaque burden . The most common view is that increased concentrations of Aβ

oligomers trigger neuronal dysfunction and network alterations, with secondary damage produced by

hyperphosphorylated tau protein aggregated in tangles . APP exists in several alternatively spliced isoforms, APP ,

APP , and APP . The major APP isoforms result from alternative splicing of exon 7 that encodes a Kunitz serine

protease inhibitor domain (KPI), exon 8 that codes for a domain with homology to the MRC OX-2 antigen (OX-2) and exon

15. The APP  isoform, which lacks the KPI (APP-KPI) and OX-2 domains, is expressed predominantly in neuronal cells.

Peripheral cells and platelets, preferably express APP isoforms that contain the KPI domain (APP-KPI ), including APP

(lacking the OX-2 domain) and APP  (expressing all exons) . APP is cleaved by sequential actions of α-, β-,

and γ-secretases . Most of the APP protein is processed by α-secretases in the non-amyloidogenic pathway, which

involves cleavage within the Aβ sequence . α-secretase enzymes belong to the family of disintegrin and

metalloprotease including ADAM-10 and ADAM-17 .This process takes place in the secretory pathway, at the

plasma membrane and in secretory vesicles. ADAM-10 exerts the major part of the α-secretase activity. It generates the

neuroprotective and neurotrophic soluble ectodomain fragment 100–130 kDa (sAPP-α) and non-neurotoxic membrane-

associated carboxy-terminal fragments (CTFα or C83) . Alternatively, APP is processed by β-secretase at

the amino terminus of Aβ parts releasing the soluble N-terminal fragment, sAPP-β and a carboxy-terminal fragment (CTFβ

or C-99) through the amyloidogenic pathway . β-site APP-cleaving enzyme 1 (BACE1) is a Type I transmembrane

aspartic proteases and has been reported to exert β-secretase activity . APP CTFα/β is cleaved at the ε-site by the γ-

secretase complex, a membrane-embedded multimeric aspartic protease comprising presenilin 1 or 2, nicastrin (NCT),

anterior pharynx defective 1 (APH-1), and presenilin enhancer 2 .The γ-secretase action bring to the release of the

carboxy-terminal half of APP CTFs, APP intracellular domain (AICD), into the cytosol (6, 7) and secretes the amino-

terminal half of APP CTFα/β, p3 and Aβ from APP CTFα and CTFβ respectively . Following the primary ε-

cleavage, further cleavage of the amino-terminal half of APP CTFα/β at multiple γ-sites occurs, and various neurotoxic

species of Aβ including Aβ49, Aβ46, Aβ43, and ultimately Aβ40, the major Aβ species, are generated from APP CTFβ .

Alternative cleavage of CTFβ at the minor ε-site results in Aβ48, Aβ45, Aβ42, and, finally, Aβ38, which does not aggregate

and is not neurotoxic . In contrast to neurons that predominantly process APP via the β-secretase pathway, platelets,

like other non-neuronal cells, process APP mostly through α-secretase. It has been shown that sAPP concentrations in

platelets are much higher than Aβ peptides .

2. Platelet APP Processing in Alzheimer’s Disease

2.1. Amyloid Protein Precursor (APP)

Delineation of the mechanisms involved in APP trafficking is thus relevant and crucial to understanding the pathogenesis

of AD. One of the first milestones in the comprehension of the pathogenesis of AD dates to 1984 with the works of

Glenner and Masters, when cerebral Aβ deposits in senile and neuritic plaques were recognized as playing a central role

. Afterwards, from the first study conducted by Bush et al. in 1990, questions are raised about the strength of

platelet APP as a peripheral biomarker of AD and as a potential therapeutic target . Bush was the first to show that APP

is released by platelets and, although failing to find any differences on the APP isoforms expression between AD and

controls, pointed out the possibility of a relationship between APP processing and AD. They hypothesized a possible

vescicular release of platelet APP that raises the probability of circulating form of APP being the substrate for the

proteolytic events that result in the production of Aβ . Specifically, they found a 50% increase in the proportion of 130

kDa APP species in AD and a 20–35% decrease in the proportion of 42 kDa APP. The comparison of the 130 kDa plasma

APP levels in AD patients (moderate and severe grade) with those of control subjects allowed to distinguish these groups

with a specificity of 87.0% and a sensitivity of 79.4% .

Contrary, Davies et al. (1993 and 1997) showed that AD patients’ platelets activated by α-thrombin, compared to those of

controls and to those of patients with other brain neurodegenerative diseases (the groups were not matched by age and

gender), tended to abnormally hyperacidify, to accumulate unprocessed 120–130 kDa APP on their surface and to release
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less sAPP. These changes were observed only in patients with advanced AD suggesting that the hypothetical platelet

defect appeared in the late stages of disease .

In line with these findings, APP ratio (APPr = APP130/APP106 − 110) was found to be significantly lower in patients with

AD compared to age-matched controls and to individuals with neurocognitive disorders not AD related . Furthermore,

APPr in patients with AD significantly correlated with the progression and the severity of the disease . Unlike

Davies et al., the differences in the APP processing are evident in subjects with mild AD . They also found no difference

in APP mRNA transcripts levels between experimental groups, a fact that may suggest the abnormal proteolytic

processing of platelet APP in AD . These findings were further replicated and were independently from age and ApoE4

carrier status . For the first time, it was hypothesized a platelet hyperactivation state or a platelet

hyper-responsivity as the main cause for APP processing alterations and therefore for abnormal Aβ production .

It was also associated to the APP decrease a significant reduction of the platelet ADAM-10 activity, parallel to reduced

plasma and CSF α-APPs, or increased levels of Aβ and a heightened activity of the active BACE-1 forms . The

preclinical diagnostic value of APPr could be even enhanced when combined with measurement of regional cerebral

blood flow by SPECT scan. The positive predictive value of these combined markers in identifying progressive MCI was

0.87, and the negative predictive value was 0.90 . Furthermore, to improve the diagnostic specificity with the key-

element of beta-amyloid cascade it was used an artificial neural networks (ANNs) to afford non-linear tasks, and with the

best ANN model they correctly identified mild AD patients in the 94% of cases and control subjects in the 92% .

Attempting to find a reliable peripheral biomarker for the diagnosis of AD, Vignini et al. (2013) examined the platelet APP

isoform mRNAs using the real-time quantitative PCR. The gene expression measurements in the AD patient group

revealed a significant up-regulation of APP TOT (1.52-fold), APP KPI (1.32-fold), APP 770 (1.33-fold) and APP 751 (1.26-

fold) compared to controls. Moreover, a statistically significant positive correlation was found between APP mRNA levels

(TOT, KPI, 770 and 751) and cognitive impairment . These findings were replicated in another study in which AD

patients were compared to front-temporal lobar dementia (FTLD) and controls. They found a significant up-regulation of

APP TOT and APP KPI in both AD and FTLD patients compared to the controls, although the severity of cognitive decline

did not correlate with the expression of up-regulation in FTLD patients .

Finally, one study did not any find any differences in APP isoform expressions between AD patients and control groups

.

2.2. The APP Processing System

The α- and β-secretase activity has so far been investigated using different methodologies and has been correlated to the

APPr and the degree of cognitive impairment . Using Western blot analysis, several studies showed

significant decreased platelet ADAM-10 activity associated to a heightened activity of the active BACE-1 forms and, in

some cases, reduced level of α-APPs (reduced concomitantly in CSF) . Platelet ADAM-10 negatively

correlated with the severity of cognitive impairment . Recently, the decreased platelet ADAM-10 activity was associated

to lower platelet presenilin-1 (PSEN1) levels in AD patients compared to age-matched controls. This association did not

emerge in leukocytes suggesting probably that platelets represent a more reliable peripheral matrix than leukocytes to

study the APP processing system .

β-Secretase activity was also measured with a different method (Calbiochem, β-secretase Substrate I) that confirmed an

increased β-secretase activity in MCI and AD subjects compared to age-matched control group .

Interestingly, in a two-year follow-up study, baseline platelet membrane β-secretase activity was investigated in 97 MCI

subjects and 85 controls. At T0, platelet β-secretase activity did not differ significantly between groups but, at the final

endpoint, total enzyme activity tended to be 10% higher in MCI participants. β-secretase activity was measured using a

commercially available fluorogenic substrate, Sigma A1472 . This study was the first to investigate the assay signal

measuring activity in the presence and absence of two BACE inhibitors. Although this method was imperfect because of

the lack of inhibitor specificity, it could provide a more specific measure of enzyme activity.

Differently, other studies did not replicate these findings and, in some cases, showed contrasting results. Gorham et al.

(2010) analyzed the processing enzymes in a Swedish population of 20 AD patients, 6 MCI patients and 30 healthy

controls. They did not find any significative differences among groups. However, they observed an inverse correlation

between plasma triacylglycerol (TAG) levels and the secretase ratio . A cross-sectional exhibited decreased levels of

several BACE-1 isoforms in the AD sample compared to controls .
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3. Conclusions

The studies that have so far dealt with the alterations in the processing of the APP, both those concerning the

investigation of the APP ratio and those that analyze the activity degree of the amylodogenic and non-amylodogenic

pathway, converges in an almost unitary way in affirming that subjects with AD show changes in APP processing system

compared to healthy age-matched controls. Often, these alterations correlate with cognitive impairment severity and with

functional autonomy. Furthermore, these alterations do not only occur in parallel to the cognitive decay process but, in

some cases, they are detectable in the preclinical stages (aMCI and MCI), suggesting their use as a potential early ante-

mortem marker AD clinical diagnosis. To support these findings and to promote the potential use of these biomarkers in

the therapeutic field, there are several clinical trials that tested the use of the acetylcholine (ACh) esterase inhibitor,

Donepezil (5 mg/day) and Galantamine, in AD patients . Subjects with AD, comparing to controls,

showed an increase in platelet APPr and in MMSE score. The modification of APPr was influenced by ApoE genotype as

the non-ε4 carriers showed a higher APPr recovery. Furthermore, some authors stated that AChEIs treatment rescues

impaired APP metabolism increasing significantly ADAM10 levels, α-secretase activity and reducing β-secretase cleavage

. Similarly, AD patients treated for six weeks with anticholesterol drugs (Statin or Niacin) showed an increased

APPr therefore limiting Aβ secretion from platelets .

Alteration of the APP processing system in AD patients is beyond doubt, but the exact cause of these changes is still

controverting. It has long been known that APP is found in megakaryocytes as well as in the platelet α-granules in

relatively high concentrations and it is released in plasma during platelet activation .

Rosenberg et al. in 1997 were the first to highlight the possibility of a platelet activation in AD patients related to altered

APP processing . In the following years, several research groups confirmed the presence of an aberrant and chronic

pre-activation of platelets that can eventually contribute towards atherothrombosis, CAA, and progression of AD .

The declining ratio of APP isoforms in platelets may result from increased release of the 130 kDa isoforms upon platelet

degranulation . Blood platelets could be an undoubted additional source of Aβ in the brain, especially in Aβ

accumulation in sub-endothelium of blood vessels, since Aβ is stored in α-granules and directly released by platelet 

 or cleaved from platelet APP. It is cleaved after release by platelet BACE-1 or by the endothelial cells of brain blood

vessels .

The activated platelets in AD patients retain greater amounts of APP, show more platelet adhesion and thrombus

formation. These characteristics lead to a greater possibility for the platelets to aggregate in clots releasing massive

quantity of APP and Aβ . Vessel damage is a natural cause of platelet activation and degranulation. Aβ protein

accumulated around blood vessels forms the characteristic fiche of Alzheimer’s amyloid angiopathy . Aβ have

been shown to activate platelets and act as positive modulators. This molecule induces platelet aggregation and, in the

meanwhile, increases significantly the responses to low levels of physiological agonists. This would trigger a circuit that

lead to a noticeable increase in platelet aggregability with the consequent risk of an unwanted hemostatic response and

clot formation leading to thrombosis.

Furthermore, platelet derived Aβ passes through the BBB by the mechanism of binding to apolipoproteins. Advanced

glycation end products (RAGE) receptor, the low-density lipoprotein receptor-related protein 1 (LRP1), the P-glycoprotein

(also known as ABCB1) and the BCRP (also known as ABCG2) are involved in the influx-efflux transport of Aβ from the

brain . Both brain- and blood-derived Aβ peptide may overwhelm the capacity of the existing clearance

system. This hypothesis is in agreement with the recent discovery of the glymphatic system, which suggests an

alternative way of perivascular clearance of Aβ without going back into the blood .

Conditions that can potentially burden on the integrity of the cell membrane of brain endothelial cells, that form a system

of tight junctions in order to regulate communication between the brain and circulating blood factors, like being carriers of

ApoE allele ε 4, impact cerebral and vascular systems making prone to the onset of Alzheimer disease, cardiovascular

disorders and stroke (Figure 2).
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Figure 2. From brain to periphery: a state of platelet hyper-reactivity implicates an increase in the production of Aβ which,

once crossed the blood-brain barrier, polymerizes into aggregates, deposits and triggers a neuroinflammatory process.

Finally, we can conclude that platelets represent a promising peripheral model for detecting and understanding the

molecular changes related to the onset of AD, while providing crucial data necessary towards the development of an

effective diagnostic tool and/or, above all, towards the elaboration of therapeutic solutions. Despite the massive presence

of data, at the current state of the art, none of the individual markers described is powerful enough to meet the required

levels of sensitivity and specificity for the routine diagnosis of AD, it could be useful to exploit these candidate biomarkers

simultaneously.
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