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Abstract
Platelets are the first peripheral source of amyloid pre-
cursor protein (APP). They possess the proteolytic ma-
chinery to produce Aβ and fragments similar to those 
produced in neurons, and thus offer an ex -vivo  model 
to study APP processing and changes associated with 
Alzheimer’s disease (AD). Platelet process APP mostly 
through the α-secretase pathway to release soluble 
APP (sAPP). They produce small amounts of Aβ, pre-
dominantly Aβ40 over Aβ42. sAPP and Aβ are stored in 
α-granules and are released upon platelet activation 
by thrombin and collagen, and agents inducing plate-
let degranulation. A small proportion of full-length APP 
is present at the platelet surface and this increases 
by 3-fold upon platelet activation. Immunoblotting of 
platelet lysates detects APP as isoforms of 130 kDa and 
106-110 kDa. The ratio of these of APP isoforms is sig-
nificantly lower in patients with AD and mild cognitive 
impairment (MCI) than in healthy controls. This ratio 
follows a decrease that parallels cognitive decline and 

can predict conversion from MCI to AD. Alterations in 
the levels of α-secretase ADAM10 and in the enzymatic 
activities of α- and β-secretase observed in platelets of 
patients with AD are consistent with increased process-
ing through the amyloidogenic pathway. β-APP cleaving 
enzyme activity is increased by 24% in platelet mem-
branes of patients with MCI and by 17% in those with 
AD. Reports of changes in platelet APP expression with 
MCI and AD have been promising so far and merit fur-
ther investigation as the search for blood biomarkers in 
AD, in particular at the prodromal stage, remains a pri-
ority and a challenge.
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ALZHEIMER’S DISEASE PATHOLOGY 
AND BIOMARKERS
Alzheimer’s disease (AD) is the most common cause 
of  dementia in the aging population and a major socio-
economic burden for the developed countries[1]. Disease-
modifying therapies are being developed and these are 
most likely to be successful if  administered at a prodro-
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mal or pre-clinical stage. Therefore, there is a crucial need 
for early biomarkers for AD.

AD pathological diagnosis is established post-mortem 
by the presence of  characteristic lesions consisting of  
extracellular amyloid plaques and intracellular neurofibril-
lary tangles in cortical and hippocampal regions, and a 
major loss of  grey matter[2]. The amyloid plaques, as well 
as congophilic deposits found around blood vessels, are 
mostly constituted of  self-aggregating Aβ peptides[3,4]. 
The neurofibrillary tangles result from the self-associa-
tion of  hyperphosphorylated, microtubule-associated tau 
protein[5]. Thus, methods and assays to detect changes in 
Aβ and tau proteins have been investigated as AD bio-
markers.

Aβ amyloid is a 40-43 amino acids heterogeneous 
fragment that derives from the amyloid precursor pro-
tein (APP)[6]. It is produced by the sequential action of  
two proteolytic enzymes termed β-APP cleaving enzyme 
(BACE) and γ-secretase[7]. Although the molecular mech-
anisms leading to AD are not fully understood, genetic 
and molecular evidence support the amyloid cascade 
theory and point to the important role of  the proteolytic 
processing of  APP in the disease pathogenesis[8]. The 
major genes implicated in familial AD are APP itself, 
with a cluster of  disease-causing missense mutations 
located near the proteolytic cleavage sites that concern 
Aβ, and the presenilin genes, Psen1 and Psen2 that encode 
γ-secretase proteolytic subunits which, in their mutated 
forms, promote the production of  aggregating forms of  
Aβ[9,10]. Extensive experimental studies have documented 
the cellular toxicity of  Aβ or soluble oligomers, which 
correspond to an early stage of  Aβ aggregation that pre-
cedes amyloid plaque formation[11,12]. Recently, positron-
emission tomography (PET) imaging has been applied to 
the detection of  Aβ amyloid in the brain and has revealed 
that Aβ peptide accumulates in the frontal cortex of  pa-
tients with mild cognitive impairment (MCI), the prodro-
mal stage of  AD[13]. 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. 

Measurements of  Aβ and tau isoforms in the cere-
brospinal fluid (CSF) provide the most reliable biomarker 
to facilitate AD diagnosis in live patients[14]. Low CSF 
Aβ42 levels reflect the decreased clearance of  Aβ42 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[15]. The 
combination of  Aβ42, total tau and p-tau provides a diag-
nosis for AD with a sensitivity of  80% and a specificity 
of  90%, and can help predict the conversion from MCI 
to AD[16]. However, these markers remain insufficiently 
used due to the delicate procedure of  CSF collection by 
lumbar puncture. The measurements of  Aβ in plasma 
have so far provided inconsistent results[14]. Other meth-
ods to diagnose AD are based on brain structural imag-

ing and involve complex techniques such as magnetic 
resonance spectroscopy and computed tomography that 
require access to expensive instrumentation (reviewed 
by Hampel et al[17]). Therefore, there is a critical need for 
blood biomarkers for AD.

Human platelets offer an ex-vivo model to study and 
understand APP metabolism and function[18]. In human, 
platelets are the second source of  APP protein after the 
brain, and they possess their own proteolytic machinery 
to produce Aβ and other APP secretase products similar 
to those observed in neuronal cells[19,20]. This review will 
discuss the potential of  platelet APP and secretase-derived 
fragments as biomarkers for the early diagnosis of  AD.

STRUCTURAL FEATURES OF THE 
AMYLOID PRECURSOR PROTEIN
Cloning of  the gene coding for the Aβ APP revealed a 
new family of  type Ⅰ membrane integral glycoproteins[6], 
consisting of  at least ten alternative gene products. 

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 (Figure 1). The APP695 isoform, which lacks the 
KPI (APP-KPI-) and OX-2 domains, is expressed pre-
dominantly in neuronal cells. Peripheral cells and platelets, 
preferably express APP isoforms that contain the KPI 
domain (APP-KPI+), including APP751 (lacking the OX-2 
domain) and APP770 (expressing all exons)[21-24]. The ratio 
of  APP-KPI+/APP-KPI- was reported to be increased in 
AD brain[25]. 

Splicing out of  exon 15 produces L-APP isoforms, 
which are expressed in the lymphocyte/monocyte lineage 
and in non-neuronal cells within the central nervous sys-
tem (CNS)[26,27].The L-APP isoforms contain an attach-
ment site for chondroitin sulfate proteoglycans that is 
created by the deletion of  exon 15 and this binding of  a 
glycosaminoglycan chain close to Aβ N-terminus causes 
an hindrance likely to impair the amyloidogenic process-
ing of  these APP variants[28]. 

The APP family also consists of  the two homologues, 
APLP1 and APLP2, which are produced by alternative 
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Figure 1  Schematic diagram of the amyloid precursor protein. The dia-
gram represents the structural domain arrangement of the amyloid precursor 
protein (APP) gene products. All domains are expressed in the APP770 isoform. 
The OX-2 domain is missing in APP751, whereas both the Kunitz protease 
inhibitor domain (KPI) and the OX-2 domain are missing in APP695. SP: Signal 
peptide; E1: Ectodomain 1; E2: Ectodomain 2; TMD: Transmembrane domain; 
CD: Cytosolic domain; OX-2: Domain with homology to OX-2 leukocyte antigen; 
Ex 15: Exon 15 product; HB: Heparin-binding domain; MB: Metal ion-binding 
domain.



genes[29,30], and undergo proteolytic processing similar to 
APP[31,32]. However, these are unlikely to play a major role 
in AD pathogenesis as the Aβ sequence is not conserved 
among the APP homologues[33,34].

The schematic structure of  APP proteins is depicted 
in Figure 1 and reviewed in ref[7]. APP contains an N-ter-
minal globular domain, or E1 domain[35], which includes 
binding sites for heparin, zinc, and copper. This is con-
nected to an unstructured acidic domain followed by the 
KPI domain (except in APP695) and the OX-2 domain 
(spliced out in most isoforms) and a large E2 glycosylated 
domain[36] (also termed carbohydrate domain), compris-
ing binding sites for heparin and collagen, and which is 
involved in homo- and hetero-dimerization[37,38]. APP is 
anchored in the membrane through a single transmem-
brane domain, followed by a cytosolic domain. The Aβ 
region comprises the C-terminal moiety of  the extracellu-
lar domain and part of  the membrane-spanning domain. 

APP maturation involves post-translational modifica-
tions such as glycosylation, sulfation and phosphorylation 
that take place during transit through the Golgi[39], as it 
traffics through the secretory pathway. APP is endocy-
tosed from the cell surface, and processed by the endo-
somal-lysosomal pathway. The cytoplasmic domain of  
APP contains two consensus motifs, YENPTY and YTS, 
which mediate interactions with adaptor proteins that con-
trol endocytosis[40]. YENPTY is a recognition sequence 
for proteins with a Src-homology 2 (SH2) or with a phos-
photyrosine binding domain (PTB). A detailed review of  
APP interacting proteins can be found in Perreau et al[41]. 
APP interactors with a PTB domain include the Fe65 (or 
APBB1) and X11/Mint families of  brain proteins which 
modulate its trafficking and processing, as X11 stabilizes 
APP and decreases its amyloidogenic processing, whereas 
Fe65 promotes Aβ secretion[42]. The cytoplasmic domain 
of  APP also interacts with disrupted-in-schizophrenia 1 
(DISC1) to help regulate neuronal migration during brain 
development[43].

SECRETASE PROCESSING OF APP AND 
Aβ PRODUCTION
APP can be proteolytically processed by an α-secretase-
dependent, non-amyloidogenic pathway, which involves 
cleavage within the Aβ sequence (Figure 2) (reviewed 
in ref[40]). This takes place in the secretory pathway, at 
the plasma membrane and in secretory vesicles, and can 
be stimulated by protein kinase C activation. It involves 
α-secretase enzymes that belong to the family of  “a dis-
integrin and metalloprotease” (ADAM proteinases) and 
include ADAM 10 and ADAM 17[44,45]. Cleavage of  APP 
by α-secretase generates soluble N-terminal fragments of  
100 - 130 kDa (sAPPα) and an 83 amino acid, membrane-
associated C-terminal fragment (C83), which consists of  
the C-terminal portion of  Aβ, and APP cytosolic domain. 

The alternative, amyloidogenic pathway involves cleav-
age of  APP by β-secretase at the amino terminus of  Aβ to 
release the soluble N-terminal fragment, sAPPβ, followed 

by processing of  the remaining 99 amino acid membrane-
tethered C-terminal fragment (C99) by γ-secretase to 
release Aβ[7]. β-Secretase has been identified as the mem-
brane-anchored aspartyl protease β-APP-cleaving enzyme 
(BACE, or BACE1)[46]. The sAPPβ fragment released by 
BACE can be further processed by an unknown mecha-
nism to produce a ligand that can activate the death-recep-
tor, DR6 to regulate axon pruning during brain develop-
ment[47].

γ-Secretase activity is contained within a molecular 
complex formed by the association of  presenilins (either 
PS1 or PS2) with three other subunits, termed nicastrin, 
presenilin-enhancer-2 (PEN-2) and anterior-pharynx-
defective 1 (APH-1). The presenilins are ubiquitously 
expressed, including in platelets[48], and are the catalytic 
subunits of  γ-secretase, whereas the other partners help 
stabilize the complex and contribute to recruiting the 
substrates to be cleaved[49]. γ-Secretase cleaves APP trans-
membrane domain at multiple sites, in a sequential order 
beginning on the cytosolic side, to produce alternative 
Aβ peptides, mostly the fairly soluble Aβ40, and minor 
amounts of  aggregating and toxic Aβ42/43

[50]. Autosomal 
dominant single point mutations in the presenilin genes, 
which are the most frequent cause of  inherited AD, in-
crease the production of  the longer isoforms, Aβ42/43

[50]. 
γ-Secretase also releases the APP intracellular domain 

(AICD) in the cytosol and allows its diffusion to the 
nucleus together with transcription-factor binding part-
ners[51,52]. Crossing APLP2 knockout mice with mice that 
express APP lacking the cytosolic domain, but capable 
of  being processed into sAPP and Aβ, results in a neu-
romuscular phenotype similar to double APP/APLP2 
knockout, supporting that the AICD, which is highly 
conserved in the APP homologues, fulfils an important 
individual function during development[53].

Both sAPPβ and Aβ are secreted from normal cells 
and can be detected in the plasma and CSF[14,39,54-60]. The 

104 December 22, 2012|Volume 2|Issue 6|WJP|www.wjgnet.com

APP ectodomain

sAPPα

sAPPβ

TMD CD

α-secretase

γ-secretase

BACE

C83

C99

AICDAβ

Aβ

Figure 2  Proteolytic processing of amyloid precursor protein by the 
secretases. In a non-amyloidogenic pathway, α-secretase cleaves amyloid 
precursor protein (APP) within the Aβ domain to release the α-cleaved soluble 
N-terminal fragment, sAPPα. β-Amyloid precursor cleaving enzyme (BACE) 
cleaves APP at the N-terminus of Aβ to release the β-cleaved soluble N-terminal 
fragment sAPPβ, and thereby initiates the amyloidogenic pathway. The remain-
ing 99 amino acid-long C-terminal fragment (C99) is further processed at mul-
tiple sites by γ-secretase to release the APP intracellular domain (AICD) in the 
cytosol and Aβ peptides in the extracellular space.
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use of  alternative processing pathways is regulated by sig-
nal transduction (reviewed in ref[61]), and may dependent 
on cell types and APP isoforms. Non-neuronal cells and 
platelets process APP mostly through the α-secretase 
pathway[62], whereas neurons and neuronal cell lines pref-
erentially process APP by the β-secretase pathway and 
produce higher amounts of  Aβ[55,63].

FUNCTIONS OF APP AND ITS DERIVED 
FRAGMENTS
Many biological functions have been attributed to APP 
and its proteolytic fragments, which may depend on APP 
isoforms, tissue/cellular expression, and interacting part-
ners. 

The identification of  APP suggested it was a cell 
surface receptor[6], and this hypothesis was strengthened 
when its was established that APP proteolytic processing 
resembles that of  Notch and could potentially transduce 
transmembrane signalling. Many proteins have been 
shown to interact with APP[41]. however the search for a 
specific ligand has remained elusive, although the brain 
protein F-spondin represents a possible candidate[64]. 
APP has been proposed to be a cell-adhesion molecule. 
Indeed, it can establish cell-cell interactions through ho-
modimerization or through heterodimerization with its 
APP homologues[38]. Moreover, cell surface APP can bind 
to cell surface sulfated proteoglycans (glypican), laminin, 
collagen, or integrin-like receptors through its specific 
binding domains[65-69]. A contribution of  APP to neurite 
outgrowth was identified nearly two decades ago[70,71], 
and it has now been shown that this is mediated through 
interactions with reelin and integrin β[72]. Binding to the 
trophic factor netrin-1 has also been demonstrated[73]. 
Furthermore, APP was found to form part of  a macro-
molecular complex that includes Fe65 and is involved in 
axon branching during development[74]. There is mount-
ing evidence that APP plays a role in synaptogenesis and 
synaptic plasticity (reviewed in ref[75]).

The soluble, sAPPα has neurotrophic properties and 
can also protect neurons against excitotoxic or ischemic 
insults by stabilizing intracellular calcium[70,76-79]. As noted 
earlier, sAPPβ is the precursor of  a ligand for DR6 and 
involved in axon pruning, and may therefore have an an-
tagonistic function to sAPPα in the developing brain[47]. 
Soluble APP that contains the KPI domain was identified 
as protease nexin-2, a chymotrypsin inhibitor and a regu-
lator of  blood coagulation[80]. This will be further devel-
oped in the platelet section. 

APP has also been involved in the homeostasis of  the 
zinc, copper and iron metal ions[81-83], and a recent study 
has demonstrated APP’s ferroxidase activity and its in-
volvement in cellular iron export[84].

The physiological function of  APP has been further 
addressed by gene knockout experiments in animal mod-
els. Mice with a single gene knockout (APP-/-, APLP1-/-, 
APLP2-/-) as well as the APLP1-/-/APP-/- double knock-
out mice are viable and fertile. In contrast, the double 

knockout of  APP-/-/APLP2-/- causes perinatal lethality 
and profound defects in neuromuscular junction, sug-
gesting that APP and APLP2 have overlapping and non-
redundant functions[85-88]. The identification of  a role 
for APP and APLP2 in the modulation of  glucose and 
insulin plasma levels may explain the low survival of  the 
APP-/-/APLP2-/- double knockout mice[89]. These display 
66% decrease in plasma glucose levels combined with 
hyperinsulinemia, and do not live more than 24 h after 
birth.

Apart from the pathogenic role of  its aggregated 
forms, Aβ itself  has been attributed physiological func-
tions in cholesterol metabolism, and as an antimicro-
bial protective agent[90,91].Therefore, alterations in APP 
function and proteolytic processing, as observed in AD, 
would contribute to cognitive impairment, and defects 
in synaptic plasticity, brain glucose levels, and metal ho-
meostasis, as well as a dysregulation of  blood coagulation 
factors. 

APP expression and Physiological 
function in platelets
Platelets are a readily accessible source of  human tissue 
and have been used as an ex vivo model to study APP 
processing and function. They contain APP levels com-
parable to those expressed in the brain and the second 
highest among all peripheral tissues[92].

Although platelets contain mRNA for the three major 
APP variants, APP695, APP751, and APP770, they express 
mostly the sAPPα-KPI+ isoforms (APP751 and APP770) 
and contain no detectable amounts of  L-APP isoforms 
or APLP proteins[93]. Ninety percent of  total platelet APP 
corresponds to the soluble form and only 10% consists 
of  full-length APP (APPFL-KPI+) and C-terminally trun-
cated membrane-associated APP (APPMem-KPI+)[24]. This 
is in contrast with the brain where -50% of  APP is pres-
ent as a soluble form[94]. Activation of  platelets by throm-
bin increases the surface expression of  APP by up to 
3-fold, suggesting that APP-KPI+ may be involved in the 
regulation of  haemostatic protease activity on the platelet 
surface[24]. 

Platelets are the primary source of  APP in the blood 
circulation. They produce more than 90% of  circulating 
APP[95] and up to 90% of  circulating Aβ[24,57,96]. Both APP 
(including-90% as the soluble forms, sAPPα, sAPPβ, and 
10% of  full-length APP) and the Aβ fragment are stored 
in α-granules[24,97], and become released upon platelet ac-
tivation by agents that induce platelet degranulation, like 
the physiological agonists thrombin and collagen, or non-
physiological agonists, such as the ionophores A23187 
and ionomycin[56,92,96,98,99]. 

The released sAPP isoforms are potent inhibitors of  
the coagulation factors Ⅺa and Ⅸa[100-102], and, to a lesser 
extent, of  factor Ⅶa-tissue factor complex, supporting 
that they contribute to haemostasis[103]. Indeed, APP in-
hibits factor Ⅺa with a Ki value of  450 ± 50 pmol/L, and 
this inhibitory effect is enhanced by heparin and zinc[104]. 
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Structural information derived from co-crystallization 
of  the catalytic domain of  factor Ⅺa with the APP KPI 
domain has identified the critical amino acids of  the KPI 
domain that are involved in the inhibition of  factor Ⅺ
a[105]. APP also inhibits factor Ⅸa with a high affinity, with 
a Ki of  79 pmol/L in the absence of  heparin, and of  39 
pmol/L in the presence of  heparin. It inhibits to a lesser 
extent factor Ⅶa (FⅦa) and the factor Ⅶa-tissue factor 
complex (FⅦa-TF), with apparent Ki of  11 ± 2 µmol/L 
and 15 ± 1 µmol/L, respectively, and this inhibition can 
be increased by more than two orders of  magnitude in 
the presence of  soluble tissue factor[104].

Our group has reported that exogenous sAPP can in-
hibit platelet aggregation and secretion induced by ADP 
or adrenaline via the arachidonic acid pathway, suggesting 
that platelet degranulation and APP secretion may pro-
vide a negative regulation to platelet activation[106]. Aβ ap-
pears to exert an antagonistic effect as it can counteract 
sAPP inhibition of  platelet aggregation. Indeed, Aβ was 
shown to augment ADP-dependent platelet aggregation 
and to support platelet adhesion[107,108]. Therefore, a bal-
ance between the levels of  sAPP and Aβ may be required 
in haemostasis. Similarly, a balance between APP and 
Aβ may also be important in the brain, as Aβ is thought 
to be toxic to neurons by disrupting Ca2+ homeostasis, 
whereas sAPP has been shown to protect neurons against 
excitotoxic insults by stabilizing intracellular Ca2+ concen-
tration[77].

PLATELET APP ISOFORMS AND AD 
As APP plays a key role in the aetiology of  Alzheimer’s  
disease and is abundantly expressed in platelets, it was 
important to examine changes in its expression with AD 
to determine its potential as a peripheral biomarker. Da-
vies et al[109] examined APP secretion from isolated plate-
lets after activation by α-thrombin and found increased 
retention of  APP in the platelets of  AD patients com-
pared to controls, including age-matched controls and 
patients with other brain neurodegenerative conditions. 
They showed by western blotting that AD platelets accu-
mulated unprocessed, 120-130 kDa APP at their surface 
and released less sAPP, suggesting a defect in proteolytic 
processing. This finding was observed in patients at ad-
vanced stages of  AD, but not in those with moderate 
AD[110].

Rosenberg et al[111] analysed APP expression in intact 
platelets by western blotting and detected a predominant 
120-130 kDa signal plus a 110 kDa minor band. When 
calculating the ratio of  the 120-130 kDa and 110 kDa 
isoforms, they showed that this was significantly lower 
in patients with AD (n = 15) compared to controls (n = 
19), and that this decreased ratio was more pronounced 
in patients who carry the ApoE ε4 allele. The same group 
further demonstrated that the decrease in platelet APP 
isoform ratio was specific for AD, and in a follow-up 
study of  ten patients with moderate AD, they showed 
a correlation between declines in mini-mental score 

examination (MMSE) performance and declines in 
platelet APP ratios at a 3-year interval[112].

Di Luca et al[113] and colleagues described western 
blot detection of  platelet APP as 130 kDa and 106-110 
kDa signals, of  comparable intensity in control subjects 
(0.84 ± 0.2; n = 25) and showed that the ratio of  APP 
130/106-110 isoforms (APPr) was significantly lower 
in AD patients (0.31 ± 0.15; n = 32) compared to age-
matched controls or to patients with other neurological 
disorders (0.97 ± 0.4; n = 16). They 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. The diagnostic value 
of  platelet APPr was further supported by analysis of  a 
cohort of  85 probable AD and 95 age-matched healthy 
controls which indicated a marked decrease in APPr in 
the AD group (0.35 ± 0.18) compared to the controls 
(0.92 ± 0.38)[114]. Setting a cut-off  value at 0.57, they 
showed that APPr score was able to detect AD with 88% 
sensitivity and 89% specificity. They also established that 
APPr value correlated with the disease severity and could 
be used as an early biomarker of  AD. In a study involving 
35 patients with mild AD (MMSE score = 20.0 ± 1.8), 21 
with very mild AD (MMSE score = 24.9 ± 0.9), 30 with 
MCI (MMSE score = 27.9 ± 1.2) and 25 age-matched 
controls (MMSE score = 29.4 ± 1.0), Padovani et al[115] 
reported that APPr was decreased by 59% in the group 
with mild AD, by 47% in the group with very mild AD, 
and by 33% in the group with MCI, compared to the 
controls. Using a threshold value of  0.60, they showed 
that APPr score had a sensitivity of  88.6% at detecting 
mild AD and 85.7% at detecting very mild AD, with 
a specificity of  88% for the control group. Therefore, 
AD-specific alteration of  platelet APP isoforms occurs 
as an early event in AD and correlates with progression 
of  clinical symptoms and cognitive decline, suggesting 
that this assay could be used as a peripheral biochemical 
marker for the early detection of  AD.

Platelet APPr was next examined for its predictive 
value in the conversion from MCI to AD. When thirty 
patients with MCI were tested by MMSE over a period 
of  2-year and the data compared to APPr measurement 
at the beginning of  the study, Borroni et al[116] found 
that the twelve patients who converted to Alzheimer-
type dementia during the study were those with lower 
platelet APPr score (0.36 ± 0.28), whereas patients who 
remained stable or converted to other types of  dementia 
had platelet APPr values closer to normal (0.73 for MCI 
and 0.86 for other dementia). By setting a cut-off  score 
at 0.6, APPr could detect preclinical AD with a sensitivity 
of  83% and a specificity of  71%. In a further study, they 
showed that the preclinical diagnostic value of  APPr 
could be enhanced when combined with measurement of  
regional cerebral blood flow by SPECT scan, reaching a 
sensitivity of  95% and a specificity of  75% at predicting 
MCI conversion to AD[117].

In an independent study, Zainaghi et al[118] have also 
reported a decreased ratio of  APP 130/110 kDa isoforms 
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in patients with AD (n = 23) compared to control subjects 
(n = 29), but no difference between patients with MCI (n 
= 25) and controls. The smaller cohort in this study, but 
also differences in methodology may account for these 
apparently conflicting results. In Zainaghi’s study, platelet 
APP in control subjects was detected as a predominant 
band of  130 kDa and a minor form of  110 kDa, whereas 
Borroni et al[119], detected APP in platelets of  healthy 
individuals as 130 kDa and 106-110 kDa signals of  similar 
intensity. Nevertheless, in a 4-year follow-up study that 
involved 34 patients with MCI and 21 patients with AD, 
Zainaghi and colleagues have recently reported that 
the baseline levels of  APP 130/110 isoform ratio were 
significantly lower in platelets from patients with MCI 
who converted to AD than in subjects who remained 
stable MCI[120], further supporting the value of  APP 
isoform ratio for predicting the conversion from MCI to 
AD. 

Measurement of  APPr may also prove valuable for 
monitoring the effect of  therapies in patients with AD. 
After 30 d treatment with the acetylcholinesterase inhibitor 
donepezil (5 mg daily), patients with mild to moderate AD 
showed an increase in platelet APPr, which was influenced 
by ApoE genotype as the non-ε4 carriers showed a higher 
APPr recovery[121]. As hypercholesterolemia was shown to 
increase Aβ secretion from platelets[122], it was interesting 
to examine the effect of  high cholesterol levels on platelet 
APP. Borroni et al[123] found that AD patients with high 
cholesterol levels had lower APPr scores. Interestingly, a 
group of  AD patients who received the anticholesterol 
drug statin for 6 wk showed their APPr increase as their 
cholesterol levels decreased[124]. 

Since resting platelets contain mostly the secreted 
forms of  APP, the difference in molecular mass between 
the 130 kDa and the 106-110 kDa isoforms has been at-
tributed to the presence or absence of  KPI (APP-KPI+/
APP-KPI-), although the full characterization of  these 
protein fragments is yet to be performed. The declin-
ing ratio of  APP isoforms in platelets may result from 
increased release of  the 130 kDa species in plasma dur-
ing platelet activation. This would be consistent with our 
finding that the 130 kDa sAPP species are elevated in the 
plasma of  AD patients with moderate to severe dementia 
compared to age-matched controls[125]. Abnormal release 
of  APP-KPI+ from platelets would contribute to the in-
hibition of  coagulation factors in the blood circulation, 
reduce platelet aggregation, and thus could contribute to 
microvasculature deficiencies in the AD brain[126]. 

Secretase Processing ANd APP 
Fragments in Platelets
Our studies have demonstrated that platelets possess α-, 
β-, and γ-secretase activities and are able to produce APP 
fragments similar to those produced by neurons: sAPPα 
and sAPPβ soluble isoforms, the C99 amyloidogenic 
fragment, and Aβ peptides[56,62]. Furthermore, α-secretase 
ADAM-10 and BACE, as well as the γ-secretase catalytic 

subunit presenilin are expressed in platelets[19,48,127]. As 
APP processing plays an important role in AD aetiology, 
investigations have been conducted to compare secretase 
levels and APP proteolytic fragments in the platelets of  
patients with AD and control subjects in order to deter-
mine potential changes associated with the disease.

α-Secretase cleavage is the predominant pathway 
for APP processing in platelets, as the levels of  sAPPα 
levels detected are much higher than those of  Aβ[62] and, 
in particular, high amounts of  sAPPα are stored in the 
platelet α-granules[128]. The calmodulin antagonist W7 
stimulates the proteolysis of  platelet APP by the non-
amyloidogenic pathway, supporting that calmodulin is a 
regulator of  APP processing by α-secretase[128]. Several 
studies support a decrease of  α-secretase candidate, 
ADAM 10 in platelets from AD patients[127,129,130]. Western 
blot analysis of  platelets homogenates from 33 patients 
with sporadic AD and 26 age-matched controls showed a 
significant decrease in ADAM10 in the patients group[129]. 
Release of  platelets α-granule contents by thrombin 
activation showed that platelets from AD patients (n = 15) 
contained -50% less sAPPα than platelets from controls 
(n = 12), which is consistent with reduced α-secretase 
activity. A similar reduction in sAPPα levels was observed 
in the CSF of  the AD group. In a subsequent study, 
Colciaghi and colleagues investigated the expression of  
ADAM10 and BACE in platelets of  patients with mild 
and very mild AD[127]. They observed decreased levels 
of  ADAM10 in both patients groups[127,129]. Platelet 
BACE was detected as two bands, at 57 kDa and 36 kDa, 
suggesting that platelet BACE undergoes endoproteolysis, 
a fact previously observed in peripheral tissues but not 
in human brain, and which may represent a regulatory 
mechanism[131]. The 57 kDa signal, which is consistent 
with the apparent molecular weight of  full-length BACE, 
was not significantly different between the controls and 
two patient groups. The 36 kDa endoproteolytic fragment 
was markedly decreased in the AD groups, and the ratio 
of  the 36/57 kDa BACE signals was decreased by about 
50% in the platelets of  patients with mild and very mild 
AD. This result was corroborated by Tang et al[130] who 
reported a significant -75% decrease in BACE 37/57 kDa 
ratio in patients with mild (n = 18) and severe (n = 13) AD 
compared to controls (n = 10). Therefore, measurement 
of  secretases and their APP proteolytic fragments can 
provide further tools for early detection of  AD. They may 
also help monitoring the effect of  therapeutic treatments. 
Indeed, the levels of  platelet ADAM10 and sAPPα, 
were rescued and a simultaneous decrease in β-secretase 
cleavage product, C99 was observed when patients with 
AD patients were treated with a cholinesterase inhibitor 
for 30 d[132]. Di Luca et al[133] showed that integration of  
APPr with ADAM10 and BACE values for 37 patients 
with mild AD and 25 control subjects using a complex 
software analysis could provide a very specific diagnostic 
method that discriminate patients with early AD in 94% 
cases and controls in 92%. 

Although we have shown by western blotting the 
presence of  sAPPβ in platelets[62], its levels are low and 
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near detection limits, and thus have not been compared 
between AD and controls. β-Secretase enzymatic activity 
is easier to quantify, and since it has been reported that 
BACE is elevated in AD brain cortex[134-136] and AD 
CSF[137,138], several studies have compared β-secretase 
activity in platelets from patients with AD to healthy 
controls. Measurement of  β-secretase activity in CHAPS-
solubilised platelet membranes using a fluorogenic 
substrate cleavage assay has revealed a highly significant 
17% increase in the platelets of  AD patients (n = 86) 
compared to age-matched controls (n = 115)[139]. The 
activity measured in this assay was established to derive 
from BACE by its sensitivity to a specific BACE inhibitor. 
Johnston’s group also reported that platelet membrane 
BACE activity was increased by 24% in subjects with 
MCI (n = 52) compared to controls (n = 75)[140].This 
finding suggests that BACE activity increases in the early 
stage of  AD and further supports the lack of  correlation 
between β-secretase activity and MMSE in AD, as an 
increase in platelet BACE activity would precede the loss 
of  cognitive function[139].

In contrast, Gorham et al[141], showed no difference 
in either α- or β-secretase activities in platelets of  AD 
sufferers (n = 20), patients with MCI (n = 6) and controls 
(n = 30). This latest study involved a smaller number of  
cases, used total platelet lysates, and measured secretase 
activities with commercial kits, which may lack specificity. 
Liu et al[142], identified a biphasic relationship between 
platelet membrane cholesterol and β-secretase activity, 
with a positive correlation at high membrane cholesterol 
levels and a negative correlation at lower membrane 
cholesterol levels. Studying platelets from 172 patients 
with AD or MCI and 171 controls they found that this 
relationship was disrupted in AD patients, as these were 
more likely to lie within the negative correlation zone 
than the controls.

Unlike neurons that produce significant amounts 
of  Aβ42 peptide, platelets produce mainly the less 
aggregating Aβ40, and they release part of  their Aβ40 

content upon activation with thrombin and collagen, 
thereby contributing to most Aβ present in the blood 
circulation[56]. Specific ELISA measurements using 
platelets from healthy control individuals have determined 
the levels of  Aβ40 to be 83.8 ng/mL in lysates of  
quiescent platelets and 56.8 ng/mL in lysates from 
activated platelets, whereas Aβ42 levels are 1.7 mg/mL in 
resting platelets, and 1.6 mg/mL in activated platelets[143]. 
Therefore, it appears that thrombin and collagen-activated 
platelets release approximately 30% of  their Aβ40 content, 
whereas they release little Aβ42. Interestingly, high 
platelet density induces activation and the release of  Aβ40 

stores[144]. Conversely, treatment with the proapoptotic 
calcium ionophore ionomycin increased the intracellular 
levels of  platelet Aβ40

[99]. 
There is no report so far of  a direct comparison of  

Aβ40 levels in platelets from patients with AD and con-
trols, as most Aβ quantitative analyses have been carried 
out on plasma, and these have been so far inconclu-

sive[14,145]. Recent studies have shown that platelet activa-
tion parallels cognitive decline, thus it may be postulated 
that the consequent increased release of  Aβ40 upon 
platelet activation would contribute to cerebral amyloid 
angiopathy[146]. Indeed, the levels of  thrombin and colla-
gen activated platelets (or “coated platelets”) are higher in 
amnestic than non-amnestic MCI patients and may rep-
resent an early AD biomarker[147,148]. A longitudinal study 
showed that elevated coated-platelets levels in patients 
with amnestic MCI could help predict their conversion to 
AD[149]. Platelet activation is also a marker for the rate of  
cognitive decline in AD patients[150]. 

Changes in another uncharacterized fragment of  
APP have also been reported. A study comparing APP 
expression in platelets of  31 patients with and 10 healthy 
controls has revealed in the patients group a two-fold 
increase in a 22 kDa fragment that encompasses Aβ[130]. 
This may represent the proteolytic fragment of  APP that 
we, and others have described and is the product of  APP 
processing by the calcium-dependent cysteine protease, 
calpain during platelet activation[20,151].

Conclusion
Platelets express high levels of  APP and possess the secre-
tase proteolytic machinery to produce Aβ and fragments 
similar to those identified in neurons, therefore they rep-
resent a useful model to study changes in APP expression 
and processing associated with AD. A significant decrease 
in the ratio of  APP isoforms (130 kDa/106-110 kDa 
kDa) has been observed in platelets of  patients with AD 
and MCI and found to parallel cognitive decline[119]. This 
offers promise that the measurement of  APP isoforms 
could provide a tool for diagnosing AD at its early stages, 
for monitoring the disease progression, and for evaluat-
ing the response of  patients to a therapeutic intervention. 
Recently, a correlation was identified between platelet acti-
vation and cognitive decline[149], and since platelets release 
sAPP and Aβ upon degranulation, it is likely that simul-
taneous changes in sAPP and Aβ levels due to platelet 
activation would be observed if  analysed. Decreased levels 
of  sAPPα, ADAM10 protein, and α-secretase activity in 
platelets from AD patients and increased β-secretase activ-
ity support that the balance between non-amyloidogenic 
and amyloidogenic processing of  APP is disrupted, and 
this mirrors changes occurring in the brain. 

The investigation of  platelet APP also helps improve 
our understanding of  APP function, and of  its complex 
processing in general, therefore of  its role in the brain, in 
health and AD. Although the amyloid cascade theory has 
been highly debated, it remains widely accepted in a reap-
praised form, as it is supported by a wealth of  experimen-
tal evidence that demonstrates Aβ toxicity, and by genetic 
studies that converge to a same cellular pathway involving 
Aβ formation, aggregation and clearance[152]. The initial 
postulate that Aβ deposition represents the critical event 
that prompts neurodegeneration[8] had to be reconsidered 
when it was found that Aβ brain load did not correlate 
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with neuronal loss and cognitive impairment, whereas tau 
pathology could reflect more closely the disease progres-
sion, with neurofibrillary tangles correlating to neuronal 
loss and cognitive deficits[153]. The reassessed amyloid 
hypothesis states that soluble Aβ oligomers represent the 
toxic species that trigger neuronal death or/and synaptic 
dysfunction, and possibly, that a threshold level of  Aβ 
has to be reached to induce toxicity[152]. This means that 
Aβ production is an early event in the disease process 
that precedes the appearance of  AD pathological hall-
marks that are the plaques and tangles, and also precedes 
clinical symptoms and cognitive deficits caused by neuro-
nal loss. Therefore, identifying early changes in APP and 
secretase activities in platelets may alert to similar changes 
occurring in the brain that will lead to a patient’s progres-
sion from pre-clinical stage to MCI and AD. 

The full characterization and sequence analysis of  
the different APP isoforms and fragments expressed in 
platelets, which should be enable by the latest progress 
in proteomics technologies, would provide the basis for 
the development of  standardized quantitative assays with 
improved accuracy and simplicity of  use over the current 
western blot. Changes observed in APP expression in the 
platelets of  patients with MCI and pre-clinical AD are 
encouraging and merit further investigation, as develop-
ing biomarkers is crucial for the accurate diagnosis of  
patients at risk of  developing AD and who would benefit 
from the early administration of  novel disease-modifying 
therapies, such as anti-amyloid drugs and secretase inhibi-
tors that are under clinical trials. Used in combination 
with other biomarkers and cognitive tests, platelet APP 
measurements may provide a non-invasive, easy to access, 
and cost-effective mean to accrue the reliability, sensitiv-
ity and specificity for the early diagnosis of  AD. 
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