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Recently, measurable peripheral biomarkers in the plasma of patients with Alzheimer’s disease (AD) have gained
considerable clinical interest. Several studies have identified one or more blood signatures that may facilitate the
development of novel diagnostic and therapeutic strategies. For instance, changes in peripheral amyloid (42

?Iii‘i (Ap42) levels have been largely investigated in patients with AD and correlated with the progression of the
APP Tyr682 pathology, although with controversial results. In addition, tumor necrosis factor a (TNFx) has been identified as
Plasma metabolites an inflammatory biomarker strongly associated with AD, and several studies have consistently suggested the
Phosphatidylcholines pharmacological targeting of TNFa to reduce systemic inflammation and prevent neurotoxicity in AD. Moreover,

alterations in plasma metabolite levels appear to predict the progression of systemic processes relevant to brain
functions. In this study, we analyzed the changes in the levels of Ap42, TNFa, and plasma metabolites in subjects
with AD and compared the results with those in healthy elderly (HE) subjects. Differences in plasma metabolites
of patients with AD were analyzed with respect to Ap42, TNFa, and the Mini-Mental State Examination (MMSE)
score, searching for plasma signatures that changed simultaneously. In addition, the phosphorylation levels of
the Tyr682 residue of the amyloid precursor protein (APP), which we previously proposed as a biomarker of AD,
were measured in five HE and five AD patients, in whom the levels of AB42, TNFa, and two plasma lipid me-
tabolites increased simultaneously. Overall, this study highlights the potential of combining different plasma
signatures to define specific clinical phenotypes of patient subgroups, thus paving the way for the stratification of
patients with AD and development of personalized approaches.

1. Introduction

Alzheimer’s disease (AD) is an incurable age-related neurodegener-
ative disease that occurs after the age of 65 and progressively results in
cognitive deficits and loss of the ability to perform daily activities [1]. To
date, diagnosis is only possible by measuring amyloid p42 (Ap42) and
neurofibrillary tau tangle in cerebrospinal fluid (CSF) or using neuro-
imaging approaches such as amyloid positron emission tomography
(PET) [1,2]. However, these procedures are medically invasive and
expensive.

Several recent studies have highlighted the relevance of early
changes in peripheral blood signatures in the onset of AD [2-4]. In
particular, Ap42 levels have been proposed as peripheral biomarker of
AD, either alone or in combination with AB40 or tau tangles [5,6]. Ap
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levels fluctuate with the progression of the pathology and increase with
the genetic forms of AD [4,7]. Ap42 efflux from the blood-brain barrier
(BBB) is controlled by a direct binding to low-density lipoprotein
receptor-related protein-1 (LRP1) [8]. However, this binding appears to
be compromised in patients with AD where the AB42 free peptides in-
crease in the plasma [9]. LRP1 also indirectly interacts with the amyloid
precursor protein (APP) by binding to specific adapter proteins,
including Fe65 [10]. Interestingly, we have shown that the phosphor-
ylation of the Tyr682 residue of APP (APP pTyr682) affects the APP
binding to Fe65 [11], and thus triggers the APP amyloidogenic pro-
cessing in neurons of patients with AD [11-13]. In addition, we reported
that Fyn Tyrosine kinase (TK), which regulates several physiological and
pathological processes in neurons and non-neuronal populations [14], is
responsible for APP pTyr682 [11]. It is important to note that changes in
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Table 1

Clinical features of subjects included in the study. Data are expressed as mean +
standard error (SEM). Fisher’s exact test or Unpaired T test were used for
comparisons. Statistical significance was set at P < 0.05. The confidence interval
(CI) was set at 95%. M=males; F=Females; NS=non-significant.

HE (n.34) AD (n.38) Fisher’s exact
Test or
Unpaired T
test (P value)
Gender 15 F/19 M 19 F/19 M NS
Age (years, Mean + SEM)  68.0 + 1.4 2 79.5 + 1.27 NS
95% CI 95% CI
65.00-70.95 77.00-82.11
Education 10.7 + 0.65 7.9 +0.89 "0.033
(years, Mean + SEM) 95% CI 95% CI
9.37-12.05 6.06-9.73
BMI (Mean + SEM) 39.1 +10.77 25.5 + 0.93 “rr<0.0001
95% CI 95% CI
17.07-61.15 25.56-27.41
MMSE (Mean + SEM) 29.5 +£0.33 12.13 +£1.59 *xxx < 0.0001
95% CI 95% CI
28.85-30.23 8.88-15.38
Risk factors NS
Smokers Alcohol (more 18/34 11/38 3/38 NS
than 3 glasses) 0/34
Comorbidities NS

18/341/34 0/
348/340/34

16/38 3/38 1/ NS
3810/388/38 NS

Hypertension Myocardial
infarction Tia/stroke

Dyslipidaemia Diabetes NS
*0.0182
Pharmacological NS
treatment 17/34 11/38 NS
Antihypertensives Lipid 6/34 9/38 NS
lowering drugs 0/34 4/38 NS
Hypoglycemics Antiacids 3/34 5/38 NS
Antithrombotic 1/34 0/38 NS
Memantine/AchE 0/34 4/38
Inhibitors

plasma levels of AB42 occur before the development of amyloid-positive
PET structures in the brain, but align with AB42 alterations in the CSF,
which are thought to occur earlier in the disease.

Neuroinflammation is supposedly protective in the brain, as it in-
creases blood flow and eliminates damaged tissues. However, under
diseased conditions, it activates aberrant processes that far outweigh its
protective effect. Previous evidence has underlined how peripheral in-
flammatory factors drive AD and impact its progression and clinical
outcomes [15]. Tumor necrosis factor o (TNFa) is an inflammatory
mediator produced mostly by microglia [16]. Its expression increases
upon brain injury, peripheral inflammatory processes, or in chronic
disorders [17]. Peripheral mononuclear cells also produce TNFa, which
migrates across the intact BBB [18-21] and affects cognitive functions
[22].

Plasma metabolomic analysis of patients with AD has frequently
been suggested as a strategy for identifying metabolic pathways that
may correlate with the disease in either its predictive phase or its pro-
gression [23]. Although many metabolites change because of different
lifestyles or conditions unrelated to AD, others appear to correlate with
the disease [3,23]. In particular, a significant number of studies agree
with altered lipid levels in patients with AD, regardless of saturation or
length [24-27]. Unfortunately, patients differ frequently in their clinical
features and most do not uniformly reflect the disease. This makes
essential the development of diagnostic strategies that target small
groups of patients with similar clinical features thus allowing the design
of personalized therapeutic approaches while minimizing unwanted
side effects.

In this study, we aimed to identify potential plasma signatures for the
stratification of patients with AD. To this end, we measured the Ap42 as
a signature of AD progression, TNFa as an indicator of systemic in-
flammatory processes, and metabolite levels as vascular components
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contributing to the disease, in the plasma of patients with AD and
healthy elderly (HE). These factors were interpreted with respect to the
Mini-Mental State Examination (MMSE) score, which allows the mea-
surement of the extent of cognitive decline [28,29]. In addition, APP
pTyr682 levels were assessed in peripheral blood mononuclear cells
(PBMC) from five patients with AD, in which AB42, TNFa and two lipid
metabolites were increased and the results were compared with those
from HE.

2. Materials and methods
2.1. Participants

34 healthy elderly (HE) subjects and 38 patients with AD were
recruited from the Center for Research and Training in Medicine for
Aging at the University of Molise, Campobasso (Italy). Table 1 reports
the clinical and demographic characteristics of the two groups of par-
ticipants. Patients with MMSE scores < 24 and Clinical Dementia Rating
(CDR) > 0.5 were defined as probable AD patients according to the
National Institute on Ageing/Alzheimer’s Association (NIA-AA) criteria
[30]. Participants with a Geriatric Depression Scale-Short Form
(GDS-SF) score > 6 were not included in the study [31]. Patients with
alcohol abuse (>2 standard drinks per day for females and >3 standard
drinks per day for males) or use of any medication expected to influence
central nervous system functions were excluded from the study.

Neuroimaging analysis was requested only in cases where there were
reasons for concerns about brain damage. CSF analysis was not per-
formed because of budget limitations and difficulties in engaging the
patients and caregivers in these diagnostic procedures.

This study was conducted in accordance with the ethical principles of
the Declaration of Helsinki and approved by the National and Interna-
tional Guidelines for Human Research. The Ethics Committee of the
University of Molise (ASReM) reviewed and approved this study (pro-
tocol no. 142 — 19/09/2019). Written informed consent was obtained
from all the participants or caregivers.

2.2. Blood sampling

Venous blood was collected with standard clinical procedures be-
tween 7:30 and 8:00 am after an overnight fasting of approximately 12
h. For collection we used vacutainer tubes (Becton & Dickinson, Milan,
Italy). Following blood centrifugation within 1 h at 2000g for 10 min,
plasma aliquots were divided into 0.5 ml aliquots in Sarstedt poly-
propylene tubes and stored at — 80 °C.

2.3. BIOCRATES metabolomics analysis

Metabolomic analysis was performed using BIOCRATES Life Sci-
ences AG service. Plasma was packed with dry ice, and sent by courier to
the Biocrates laboratory. Upon arrival, they were stored at — 80 °C until
measurements. Quantitative levels of 630 endogenous metabolites were
assessed in the plasma of HE subjects and patients with AD using a mass
spectrometry-based metabolomic approach. A summary of the 630
metabolites analyzed is available at this link: https://biocrates.com/wp-
content/uploads/2021/01/Technical-note-List-of-metabolites-
v2-2020.pdf.

As shown on the BIOCRATES Life Sciences website, the procedure
consisted of triple-quadrupole ultra-high-performance liquid
chromatography-tandem mass spectrometry (UHPLCMS/MS) using a
Shimadzu Nexera chromatography platform (Shimadzu Corporation,
Kyoto, Japan) coupled with a Sciex QTrap 5500 mass spectrometer (AB
Sciex LLC, Framingham, MA, USA). All pre-analytical and analytical
procedures were performed, documented, and reviewed according to
BIOCRATES Life Sciences AG ISO 9001:2015 certified quality manage-
ment guidelines and standards. 524 Lipids and hexoses were measured
by flow injection tandem mass spectrometry (FIA-MS/MS) using a
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Fig. 1. Ap42 and TNFa plasma levels increase in patients with AD. Ap42 (A) and TNFa (B) levels were assessed in the plasma of 34 HE and 38 AD patients. To
evaluate the statistical differences an unpaired T Test was used. P values are reported in (A) and (B). P < 0.05 was considered significantly different. Ap42 levels were
below the kit sensitivity in four patients with AD and one HE. Similarly, TNFa was undetectable in three patients with AD and two HE.

QTRAP® 5500 instrument (AB Sciex, Darmstadt, Germany) with an
electrospray ionization (ESI) source. In addition, 106 small molecules
were measured by liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) using a QTRAP® 5500 instrument.

The procedure consisted of a patented 96-well plate design that
allowed to analyze 10 pl of each sample and contained human plasma-
based quality controls at three concentration levels (low, medium, and
high), which were used for quality control or batch normalization.
Isotope-labelled and chemically homologous internal standards were
used for quantification.

2.4. Immunoprecipitation (IP) and western blot analysis (WB)

Peripheral blood mononuclear cells (PBMC) were isolated immedi-
ately after collecting the blood samples and subjected to IP and WB
analysis. PBMC were collected and homogenized in RIPA buffer
(Thermo Fisher Scientific) supplemented with protease inhibitors
(Sigma-Aldrich, Darmstadt, Germany). After 60 min of incubation on
ice, the homogenates were centrifuged (14.000 x rpm, 4 °C, 20 min),
and supernatants were immediately prepared for IP using a previously
established procedure [11,13]. Briefly, lysates were immunoprecipi-
tated using an anti-phospho-tyrosine mouse antibody magnetic bead
conjugated (p-Tyr-100) (Cell Signaling Technology, #8095) and
analyzed by WB using rabbit anti-APP antibody (1:1000; Abcam, clone
Y188, ab32136). Detection of the protein of interest was achieved by
chemiluminescence with Clarity Western ECL Substrate (Bio-Rad Lab-
oratories, Milan, IT). Densitometric analysis of the immunoreactive
bands was performed using ImageLab 6.1.0 software (2020, Bio-Rad
Laboratories, Milan, IT, USA). The following primary antibodies were
used: monoclonal anti-p-actin (1:20,000; Sigma-Aldrich, #A3854),
rabbit anti-Src pTyra;6 (Cell Signaling Technology, #2101), and mouse
anti-pTyr (Sigma-Aldrich, #9416). The following secondary antibodies
were used for immunoblotting: anti-rabbit IgG-HRP conjugated (1:5000,
Santa Cruz, #sc-2357), anti-mouse mIgGk BP-HRP (1:5000, Santa Cruz,
#sc-516102.

2.5. Engyme-linked immunosorbent assay (ELISA)

ApB42 and TNF« plasma levels were assessed using ELISA kits #CSB-
E10684h and #CSB-E04740h respectively (Cusabio, Houston, TX, USA),
according to the manufacturer’s instructions. Kit sensitivity was 0.078
ng/ml and 1.95 pg/ml for AB42 and TNFq, respectively, according to the
information provided in the datasheet. Known amounts of Ap42 and
TNFa peptides were used as standards for sample quantification. Ap42
and TNFa ELISA were simultaneously performed on all samples to

minimize technical differences. Values below the kit sensitivity were
excluded from the analysis.

2.6. Statistical methodology

All statistical analyses were performed using GraphPad software
(Version 9.5.1). The most appropriate statistical test was applied based
on the software recommendations. Differences in patient clinical char-
acteristics were analyzed using Fisher’s exact test or unpaired T test.
Significance in Ap42 and TNFa levels was analysed using the unpaired T
test. Differences in metabolite levels were evaluated using multiple
unpaired T test with the false discovery rate (FDR) approach. The power,
simplicity, and assumptions were controlled using Benjamini, Krieger,
and Yekutieli’s two-stage step-up method. A Volcano plot was used to
visualize the significantly changed metabolites based on -logl0(q
values) > 2 and differences > +0.5 in the mean values between HE and
AD. Correlation analysis was performed using Spearman’s test. Only
Spearman coefficients (r)> 0.5 with P < 0.05 were considered
significant.

3. Results

34 HE and 38 patients with AD were enrolled in the study. Patients
with AD had lower MMSE scores than HE and showed lower BMI and
education levels. In terms of comorbidities, the two groups were fairly
homogeneous, although eight out of 38 patients with AD had diabetes
(Table 1).

We measured the plasma levels of AB42 and TNFa in the participants.
AB42 was chosen as a parameter to assess the progression of AD [6], and
TNFa as an index of systemic inflammation [16]. MMSE score is referred
to as diagnostic factor for AD [1,29]. Results showed that both Ap42
(Fig. 1A) and TNFa (Fig. 1B) levels were significantly higher in patients
with AD than in HE.

Next, we searched for changes in plasma metabolites and correlated
them with the MMSE score, as well as AB42 and TNFa levels. To this end,
we performed metabolomic analysis in the plasma of the same in-
dividuals, in which we previously assessed Ap42 and TNFa. Volcano plot
analysis was used to identify significant differences in metabolite levels
between AD and HE, assuming —log10(q values)> 2 and differences
between HE and AD > +0.5 (Table 2 and Supplementary Figures 1-3).

We found that lipid metabolites, such as cholesteryl ester (ChE) and
phosphatidylcholines (PC), were the most affected and largely differed
between the two groups. In addition, AD patients showed higher levels
of methionine sulfoxide, p-cresyl sulfate, diacylglyceride 18:1_18:1, and
lysophosphatylcholine (Lys-PC) C28:0 than HE subjects (Table 2).
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Table 2

List of metabolites altered in AD patients. Metabolite analysis was performed
using multiple unpaired T tests. The two-stage step-up method (Benjamini,
Krieger, and Yekutieli) was used to control the false discovery rate (FDR, Q=1%)
in multiple comparisons. The metabolites that show “Difference” > + 0,5 and
-Log10 (q value) > 2 were considered significative. “Difference” refers to the
difference between HE and AD mean values (HE-AD). P values significance was
set at < 0.05.

Metabolites altered in AD patients

P value Difference  SE of q value -Logl0
difference (q
value)
Aminoacid-related
Methionine-  0.000443 -3.730 0.9740 0.009401 2.02681
Sulfoxide
Cholesteryl-ester (ChE)
ChE 15:0 0.000631 1.8343 0.4945 0.002231 2.51090
ChE 17:1 0.003345 -3.4730 1.113 0.005912 2.14032
ChE 20:0 0.000814 -134.64 37.17 0.002303 2.51090
ChE 20:1 0.001554 -39.75 11.70 0.003140 2.40622
ChE 22:0 0.000475 -0.5709 0.1382 0.002231 2.65156
ChE 22:1 0.000005 -1.656 0.3119 0.000071 4.11626
ChE 22:2 0.001257 -6.630 1.910 0.002963 2.41909
ChE 22:5 0.000077 -2.378 0.5397 0.000545 3.23367
Diacylglycerides
p-Cresyl < 0.000001  54.06 6.013 < 0.000001  9.63920
sulphate
18:1.18:1 < 0.000001 3.220 0.3782 < 0.000001 7.78627
Lysophophatidyl-cholines
a C28:0 0.000134 -0.5878 0.1391 0.000607 3.21646
Phosphatidyl-cholines (PC)
PC aa 0.000105 -0.9183 0.2133 0.000814 3.08934
C40:2
PC aa 0.000050 -0.8063 0.1774 0.000567 3.24617
C40:3
PC ae 0.000396 -6.554 1.695 0.001278 2.89337
C36:1
PC ae 0.000197 -3.295 0.8018 0.000814 3.08934
C38:1
PC ae 0.000413 -4.459 1.157 0.001278 2.89337
C38:2
PC ae 0.000173 -6.408 1.547 0.000814 3.08934
C38:3
PC ae 0.003687 -0.6561 0.2127 0.006916 2,16015
C40:1
PC ae 0.000031 -1.560 0.3323 0.000514 3.28925
C40:2
PC ae 0.000189 -3.187 0.7751 0.000814 3.08934
C40:3
PC ae 0.000182 -2.198 0.5328 0.000814 3.08934
C40:4
PC ae 0.001040 -2.193 0.6198 0.002237 2.65035
C40:5
PC ae 0.000956 -0.5789 0.1623 0.002151 2.66743
C42:1
PC ae 0.000176 -0.8075 0.1952 0.000814 3.08934
C42:5

The metabolites were then analyzed using Spearman’s correlation
analysis to highlight their possible correlations with A42, TNFa levels,
and MMSE scores (Supplementary Table 1). Interestingly, most metab-
olites that were increased in patients with AD were negatively correlated
with MMSE scores (Supplementary Table 1), especially those belonging
to PC and Lyso-PC. The same metabolites did not increase in patients
with high levels of TNFa, where we found a negative correlation with
triacylglyceride instead (Supplementary Table 1).

Notably, the levels of two metabolites lyso-PC C26:1 and C28:1, were
lower in patients with higher Ap42 levels and higher in those with lower
MMSE scores (Fig. 2).

To evaluate whether these plasmatic signatures were associated with
alterations at the cellular level, we searched for changes in the levels of
APPpTyr682 and Fyn TK in PBMC of five AD patients in which TNFa,
Ap42 and C26:1- and C28:1- lyso-PC were increased and five HE
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subjects. The clinical features of the selected patients are shown in
Fig. 3A. Differences in C26:1- and C28:1- lyso-PC between the two
groups of preselected subjects are shown in Fig. 3B and Fig. 3C. Notably,
we found that APP pTyr682 levels were higher in patients with AD than
in HE individuals (Fig. 3E and F), whereas full-length APP levels did not
change (Fig. 3D and G). In addition, Fyn was activated in the same pa-
tients in whom APP pTyr682 levels were increased (Fig. 3D and H). Fyn
activation was assessed by increased phosphorylation of the Tyr420
residue.

4. Discussion

In this study, we provide insights into a new framework for strati-
fying patients with AD based on plasma biomarkers, whose clinical
relevance has been demonstrated previously [3,4,23]. Particularly, we
assessed the Ap42 and TNFa levels in the plasma of 38 patients with AD
and 34 HE subjects. Plasma metabolites of 32 patients with AD were
correlated with changes in Ap42 and TNFa« levels and were interpreted
with respect to the MMSE scores. We found that C26:1- and C28:1-
lyso-PC levels increased in AD patients with lower MMSE scores and
decreased in patients with higher Ap42 levels. Instead, it was surprising
to find that no plasma metabolites were correlated with MMSE scores or
Ap42 in patients with elevated levels of TNFa. In addition, the levels of
several metabolites in the triacylglyceride pathway changed in AD pa-
tients with higher TNFa levels, but not in those with higher Ap42, or
lower MMSE scores, suggesting that changes in TNFa might be inde-
pendent of cognitive impairment in AD patients. Accordingly, previous
evidence has demonstrated a role for TNFa in regulating lipid meta-
bolism and predisposing individuals to cardiovascular diseases [32].

In contrast, PC and lyso-PC levels were increased in patients with
lower MMSE scores. Changes in lipid profile have been previously sug-
gested as a signature of AD, especially for identifying a cohort of patients
with serious cardiovascular comorbidities [33]. Indeed, AD and car-
diovascular diseases are not always independent pathologies, as most
patients with AD have a clinical profile with cardiovascular components,
and conversely, cardiovascular pathologies represent one of the most
critical risk factors for AD [34].

PC are a class of phospholipids largely present in the neuronal cell
membranes and actively regulating cell signaling, protein trafficking
and energy metabolism in brain [35,36]. Increased or decreased PC
levels have been previously reported in patients with AD [37-40]. PC is
significantly decreased, and its metabolites are increased in the frontal,
primary auditory, and parietal cortices of patients with AD [41]. In
agreement, Mapstone et al. (2014) and Proitsi et al. (2017), reported PC
values below those of cognitively normal subjects [40,42]. Differently,
Nho et al. (2021) reported higher levels of seven PC associated with
increased AP deposition as well as changes in memory and executive
functioning [39]. Similarly, Gonzalez-Dominguez et al. (2014, 2016)
found that PC levels increased in serum samples of patients with AD [43,
44]. Indeed, the discrepancies in these findings and conclusions may rise
from differences in the population selected for the study or by techni-
calities related to the procedure used for the analysis.

Lyso-PC include lysoglycerophospholipids and lysosphingolipids,
and are abundant in interstitial fluids and plasma [45]. Lyso-PC are the
degradation products of PC. Phospholipase A2 (PLA2) mediates PC hy-
drolysis and produces lyso-PC [46]. Alternatively, acyl-CoA-lyso-PC
acyltransferase transforms lyso-PC into PC, which is rapidly integrated
into biological membranes [47]. Alterations in lyso-PC affect BBB
function and might induce pericyte loss, demyelination, and motor
function defects [45]. Lyso-PC and lyso-PC/PC ratios have been found to
decrease in patients with AD [38,40,48-51]. Of note, biological mem-
brane alterations might influence APP trafficking and increase APP
phosphorylation on Tyr682 or Thr668 residues in neurons, predisposing
to APP processing to generate Ap [52]. In this regard, alterations in APP
pTyr682 levels have been proposed to predict amyloidogenic processes
in neurons and fibroblasts [11,12,53], as well as in the PBMC of patients
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Fig. 3. APP pTyr682 increases in PBMC from patients with AD. Panel (A) shows the age, MMSE score, TNFa, Ap42 and a C26:1- and a C28:1- lyso-PC levels in five
patients with AD and five HE subjects. Panels (B) and (C) show differences in C26:1- and C28:1- lyso-PC levels in five HE and five AD individuals. P values are shown
in the graphics. Representative WB analyses of APP and Fyn pTyr420 are shown in (D), and APP pTyr682 is reported in (E). Data from (D) and (E) were normalized to
B actin and IgG values, respectively. Quantitative analyses are reported in (F), (G), and (H). To evaluate the statistical differences an unpaired T Test was used.
Statistical significance was set at P < 0.05.

with AD [23]. APP pTyr682 is mediated by Fyn TK in AD neurons [13],
and a specific Fyn T isoform has been identified in PBMC of patients with

AD [54].

5. Conclusion

The goal of this study was to explore the importance of performing
research on a small number of patients with similar clinical character-
istics and potentially druggable signatures, thus prospecting for the
design of therapies that might be most effective and result in fewer side
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effects. In addition, the possibility of stratifying patients based on
changes in multiple blood signatures paves the way for the management
of AD using medications previously indicated in other pathologies.

In conclusion, combinations of clinical parameters, such as MMSE
scores and plasma signatures that reflect multiple AD-related pathways,
including amyloidogenesis, such as Af42; inflammation, TNFa; lipid
profile; and APP pTyr682, might improve our understanding of AD and
likely aid in more appropriate therapeutic treatment.

Funding sources
PRIN 2017 #2017T9JNLT to CM.
CRediT authorship contribution statement

Ferretti G: Methodology, Investigation, Formal analysis, Writing —
review & editing.. Serafino S: Methodology, Investigation, Conceptu-
alization, Writing — review & editing.. Monterosso P: Methodology,
Investigation, Writing — review & editing. Di Angiolillo A: Data cura-
tion, Resources, Writing — review & editing. Costanzo A: Data curation,
Resources, Writing — review & editing. Matrone C: Conceptualization,
Resources, Writing — original draft preparation, Writing — review &
editing.

Declaration of Competing Interest

The authors declare that they have no affiliations with or involve-
ment in any organization or entity with any financial interests in the
subject matter or materials discussed in this manuscript.

Data Availability
Data will be made available on request.
Acknowledgments

Not applicable.

Competing Interests
Authors have not a conflict of interest to declare.
Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.biopha.2023.115094.

References

[1] S. Cohen, et al., Clinical trial endpoints and their clinical meaningfulness in early
stages of Alzheimer’s disease, J. Prev. Alzheimers Dis. 9 (3) (2022) 507-522.

[2] M.B. Abubakar, et al., Alzheimer’s disease: an update and insights into
pathophysiology, Front. Aging Neurosci. 14 (2022), 742408.

[3] A. Di Costanzo, et al., Blood biomarkers indicate that the preclinical stages of
Alzheimer’s disease present overlapping molecular features, Sci. Rep. 10 (1) (2020)
15612.

[4] S.P. Padala, P.A. Newhouse, Blood-based biomarkers in Alzheimer’s disease: a
mini-review, Metab. Brain Dis. 38 (1) (2023) 185-193.

[5] S.Janelidze, et al., Detecting amyloid positivity in early Alzheimer’s disease using
combinations of plasma AI%42/A1%40 and p-tau, Alzheimers Dement 18 (2) (2022)
283-293.

[6] M. Kokkinou, et al., Plasma and cerebrospinal fluid ABeta42 for the differential
diagnosis of Alzheimer’s disease dementia in participants diagnosed with any
dementia subtype in a specialist care setting, Cochrane Database Syst. Rev. 2 (2)
(2021), CD010945.

[7] O. Hansson, et al., The Alzheimer’s Association appropriate use recommendations
for blood biomarkers in Alzheimer’s disease, Alzheimers Dement 18 (12) (2022)
2669-2686.

[8] A. Sagare, et al., Clearance of amyloid-beta by circulating lipoprotein receptors,
Nat. Med. 13 (9) (2007) 1029-1031.

[91

[10]

[11]
[12]

[13]

[14]

[15]

[16]
[17]
[18]

[19]

[20]

[21]
[22]

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

[31]

[32]

[33]
[34]
[35]
[36]

[37]

[38]
[39]
[40]
[41]

[42]

Biomedicine & Pharmacotherapy 165 (2023) 115094

A.P. Sagare, et al., Impaired lipoprotein receptor-mediated peripheral binding of
plasma amyloid-p is an early biomarker for mild cognitive impairment preceding
Alzheimer’s disease, J. Alzheimers Dis. 24 (1) (2011) 25-34.

B.T. Hyman, D. Strickland, G.W. Rebeck, Role of the low-density lipoprotein
receptor-related protein in beta-amyloid metabolism and Alzheimer disease, Arch.
Neurol. 57 (5) (2000) 646-650.

F. Iannuzzi, et al., Fyn tyrosine kinase elicits amyloid precursor protein Tyr682
phosphorylation in neurons from Alzheimer’s disease patients, Cells 9 (8) (2020).
C. Matrone, F. lannuzzi, L. Annunziato, The Y, Ageing Res. Rev. 52 (2019)
120-128.

E.T. Poulsen, et al., An aberrant phosphorylation of amyloid precursor protein
tyrosine regulates its trafficking and the binding to the clathrin endocytic complex
in neural stem cells of Alzheimer’s disease patients, Front. Mol. Neurosci. 10
(2017) 59.

C. Matrone, et al., Fyn tyrosine kinase as harmonizing factor in neuronal functions
and dysfunctions, Int. J. Mol. Sci. 21 (12) (2020).

P. Italiani, et al., Circulating levels of IL-1 family cytokines and receptors in
Alzheimer’s disease: new markers of disease progression? J. Neuroinflamm. 15 (1)
(2018) 342.

G. van Loo, M.J.M. Bertrand, Death by TNF: a road to inflammation, Nat. Rev.
Immunol. (2022) 1-15.

L. Alvarez-Rodriguez, et al., Aging is associated with circulating cytokine
dysregulation, Cell Immunol. 273 (2) (2012) 124-132.

W. Pan, A.J. Kastin, Penetration of neurotrophins and cytokines across the blood-
brain/blood-spinal cord barrier, Adv. Drug Deliv. Rev. 36 (2-3) (1999) 291-298.
Y. Takeshita, R.M. Ransohoff, Inflammatory cell trafficking across the blood-brain
barrier: chemokine regulation and in vitro models, Immunol. Rev. 248 (1) (2012)
228-239.

W. Pan, et al., Upregulation of tumor necrosis factor alpha transport across the
blood-brain barrier after acute compressive spinal cord injury, J. Neurosci. 19 (9)
(1999) 3649-3655.

W.A. Banks, A.J. Kastin, R.D. Broadwell, Passage of cytokines across the blood-
brain barrier, Neuroimmunomodulation 2 (4) (1995) 241-248.

A. Le Page, et al., Role of the peripheral innate immune system in the development
of Alzheimer’s disease, Exp. Gerontol. 107 (2018) 59-66.

P. Reveglia, et al., Challenges in LC-MS-based metabolomics for Alzheimer’s
disease early detection: targeted approaches versus untargeted approaches,
Metabolomics 17 (9) (2021) 78.

L. Sun, et al., Association between human blood metabolome and the risk of
Alzheimer’s disease, Ann. Neurol. 92 (5) (2022) 756-767.

K.G. Faldu, J.S. Shah, Alzheimer’s disease: a scoping review of biomarker research
and development for effective disease diagnosis, Expert Rev. Mol. Diagn. 22 (7)
(2022) 681-703.

V. Chiurchiu, et al., Lipidomics of bioactive lipids in Alzheimer’s and Parkinson’s
diseases: where are we? Int. J. Mol. Sci. 23 (11) (2022).

J. Mill, L. Li, Recent advances in understanding of Alzheimer’s disease progression
through mass spectrometry-based metabolomics, Phenomics 2 (1) (2022) 1-17.
P. Pezzotti, et al., The accuracy of the MMSE in detecting cognitive impairment
when administered by general practitioners: a prospective observational study,
BMC Fam. Pr. 9 (2008) 29.

J.M. Nagaratnam, et al., Trajectories of mini-mental state examination scores over
the lifespan in general populations: a systematic review and meta-regression
analysis, Clin. Gerontol. 45 (3) (2022) 467-476.

G.M. McKhann, et al., The diagnosis of dementia due to Alzheimer’s disease:
recommendations from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease, Alzheimers Dement 7
(3) (2011) 263-269.

O.P. Almeida, S.A. Almeida, Short versions of the geriatric depression scale: a study
of their validity for the diagnosis of a major depressive episode according to ICD-10
and DSM-1V, Int. J. Geriatr. Psychiatry 14 (10) (1999) 858-865.

C. Popa, et al., The role of TNF-alpha in chronic inflammatory conditions,
intermediary metabolism, and cardiovascular risk, J. Lipid Res 48 (4) (2007)
751-762.

J.C. de la Torre, Is Alzheimer’s disease a neurodegenerative or a vascular disorder?
Data, dogma, and dialectics, Lancet Neurol. 3 (3) (2004) 184-190.

E.E. Smith, S.M. Greenberg, Beta-amyloid, blood vessels, and brain function, Stroke
40 (7) (2009) 2601-2606.

D. Piomelli, G. Astarita, R. Rapaka, A neuroscientist’s guide to lipidomics, Nat.
Rev. Neurosci. 8 (10) (2007) 743-754.

D.A. Brown, E. London, Structure and function of sphingolipid- and cholesterol-
rich membrane rafts, J. Biol. Chem. 275 (23) (2000) 17221-17224.

V.R. Varma, et al., Brain and blood metabolite signatures of pathology and
progression in Alzheimer disease: a targeted metabolomics study, PLoS Med 15 (1)
(2018), €1002482.

J.B. Toledo, et al., Metabolic network failures in Alzheimer’s disease: a
biochemical road map, Alzheimers Dement 13 (9) (2017) 965-984.

K. Nho, et al., Serum metabolites associated with brain amyloid beta deposition,
cognition and dementia progression, Brain Commun. 3 (3) (2021) fcab139.

M. Mapstone, et al., Plasma phospholipids identify antecedent memory impairment
in older adults, Nat. Med 20 (4) (2014) 415-418.

R.M. Nitsch, et al., Evidence for a membrane defect in Alzheimer disease brain,
Proc. Natl. Acad. Sci. USA 89 (5) (1992) 1671-1675.

P. Proitsi, et al., Association of blood lipids with Alzheimer’s disease: a
comprehensive lipidomics analysis, Alzheimers Dement 13 (2) (2017) 140-151.


https://doi.org/10.1016/j.biopha.2023.115094
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref1
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref1
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref2
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref2
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref3
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref3
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref3
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref4
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref4
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref5
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref5
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref5
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref6
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref6
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref6
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref6
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref7
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref7
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref7
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref8
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref8
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref9
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref9
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref9
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref10
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref10
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref10
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref11
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref11
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref12
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref12
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref13
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref13
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref13
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref13
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref14
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref14
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref15
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref15
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref15
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref16
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref16
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref17
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref17
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref18
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref18
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref19
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref19
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref19
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref20
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref20
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref20
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref21
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref21
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref22
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref22
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref23
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref23
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref23
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref24
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref24
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref25
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref25
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref25
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref26
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref26
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref27
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref27
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref28
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref28
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref28
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref29
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref29
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref29
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref30
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref30
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref30
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref30
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref31
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref31
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref31
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref32
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref32
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref32
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref33
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref33
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref34
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref34
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref35
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref35
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref36
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref36
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref37
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref37
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref37
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref38
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref38
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref39
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref39
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref40
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref40
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref41
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref41
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref42
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref42

G. Ferretti et al.

[43]

[44]

[45]

[46]

[47]

[48]

R. Gonzalez-Dominguez, et al., Metabolomic-driven elucidation of serum
disturbances associated with Alzheimer’s disease and mild cognitive impairment,
Curr. Alzheimer Res. 13 (6) (2016) 641-653.

R. Gonzalez-Dominguez, T. Garcia-Barrera, J.L. Gémez-Ariza, Combination of
metabolomic and phospholipid-profiling approaches for the study of Alzheimer’s
disease, J. Proteom. 104 (2014) 37-47.

S.H. Law, et al., An updated review of lysophosphatidylcholine metabolism in
human diseases, Int. J. Mol. Sci. 20 (5) (2019).

A.S. Alekseeva, et al., Phospholipase A2 way to hydrolysis: Dint formation,
hydrophobic mismatch, and lipid exclusion, Biochim Biophys. Acta Biomembr.
1863 (1) (2021), 183481.

A. Mapelli-Brahm, et al., Functional characterization of Lysophosphatidylcholine:
Acyl-CoA acyltransferase genes from sunflower, Front. Plant Sci. 11 (2020) 403.
R. Casanova, et al., Blood metabolite markers of preclinical Alzheimer’s disease in
two longitudinally followed cohorts of older individuals, Alzheimers Dement 12 (7)
(2016) 815-822.

[49]

[50]

[51]

[52]

[53]

[54]

Biomedicine & Pharmacotherapy 165 (2023) 115094

K. Klavins, et al., The ratio of phosphatidylcholines to lysophosphatidylcholines in
plasma differentiates healthy controls from patients with Alzheimer’s disease and
mild cognitive impairment, Alzheimers Dement 1 (3) (2015) 295-302.

Y. Cui, et al., Lysophosphatidylcholine and amide as metabolites for detecting
alzheimer disease using ultrahigh-performance liquid chromatography-quadrupole
time-of-flight mass spectrometry-based metabonomics, J. Neuropathol. Exp.
Neurol. 73 (10) (2014) 954-963.

C. Mulder, et al., Decreased lysophosphatidylcholine/phosphatidylcholine ratio in
cerebrospinal fluid in Alzheimer’s disease, J. Neural Transm. 110 (8) (2003)
949-955.

C. Matrone, A new molecular explanation for age-related neurodegeneration: the
Tyr682 residue of amyloid precursor protein, Bioessays 35 (10) (2013) 847-852.
F. lannuzzi, et al., Might fibroblasts from patients with Alzheimer’s disease reflect
the brain pathology? A focus on the increased phosphorylation of amyloid
precursor protein Tyr, Brain Sci. 11 (1) (2021).

C. Lee, et al., An isoform-specific role of FynT tyrosine kinase in Alzheimer’s
disease, J. Neurochem 136 (3) (2016) 637-650.


http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref43
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref43
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref43
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref44
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref44
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref44
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref45
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref45
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref46
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref46
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref46
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref47
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref47
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref48
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref48
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref48
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref49
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref49
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref49
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref50
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref50
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref50
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref50
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref51
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref51
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref51
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref52
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref52
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref53
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref53
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref53
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref54
http://refhub.elsevier.com/S0753-3322(23)00885-5/sbref54

	Advances in peripheral blood biomarkers of patients with Alzheimer’s disease: Moving closer to personalized therapies
	1 Introduction
	2 Materials and methods
	2.1 Participants
	2.2 Blood sampling
	2.3 BIOCRATES metabolomics analysis
	2.4 Immunoprecipitation (IP) and western blot analysis (WB)
	2.5 Enzyme-linked immunosorbent assay (ELISA)
	2.6 Statistical methodology

	3 Results
	4 Discussion
	5 Conclusion
	Funding sources
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data Availability
	Acknowledgments
	Competing Interests
	Appendix A Supporting information
	References


