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Abstract.
Background: Alzheimer’s disease (AD) remains to date an incurable disease with a long asymptomatic phase. Early diagnosis
in peripheral biofluids has emerged as key for identifying subjects at risk and developing therapeutics and preventative
approaches.
Objective: We apply proteomics discovery to identify salivary diagnostic biomarkers for AD, which are suitable for self-
sampling and longitudinal biomonitoring during aging.
Methods: 57 participants were recruited for the study and were categorized into Cognitively normal (CNh) (n = 19), mild
cognitive impaired (MCI) (n = 21), and Alzheimer’s disease (AD) (n = 17). On a subset of subjects, 3 CNh and 3 mild AD,
shot-gun filter aided sample preparation (FASP) proteomics and liquid chromatography mass spectroscopy (LC-MS/MS) was
employed in saliva and cerebrospinal fluid (CSF) to identify neural-derived proteins. The protein level of salivary Transthyretin
(TTR) was validated using western blot analysis across groups.
Results: We found that 19.8% of the proteins in saliva are shared with CSF. When we compared the saliva and CSF
proteome, 24 hits were decreased with only one protein expressed more. Among the differentially expressed proteins, TTR
with reported function in amyloid misfolding, shows a significant drop in AD samples, confirmed by western blot showing
a 0.5-fold reduction in MCI and AD compared to CNh.
Conclusion: A reduction in salivary TTR appears with the onset of cognitive symptoms. More in general, the proteomic
profiling of saliva shows a plethora of biomarkers worth pursuing as non-invasive hallmarks of dementia in the preclinical
stage.
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INTRODUCTION

Alzheimer’s disease (AD) is the most preva-
lent age-related neurodegenerative disorder currently
affecting around 50 million people worldwide [1].
While insoluble amyloid �-42 (A�42) and tau
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hyperphosphorylation are causative hallmarks of
senile plaques and neurofibrillary tangles there is cur-
rently little understanding of early molecular drivers
preceding the cascading effects of amyloid oligomer-
ization. Still to date diagnosis occurs mostly after
the onset of clinical symptoms, when pathophysi-
ological events are irreversible. As a result of the
long asymptomatic phase, with no diagnostic mea-
sures available to identify subjects at risk, disease
modifying drugs fail to show effectiveness. Behav-
iorally, cognitive symptoms are anticipated by smell
deficits. While hyposmia is an overarching condi-
tion for dementia [2], chemosensory probing can be
used as companion diagnostics to identify subjects
at risk for dementia conversion [3, 4]. Once cog-
nitive symptoms appear the routine diagnostics are
centered on imaging techniques such as magnetic
resonance imaging (MRI), positron emission tomog-
raphy (PET), and cerebrospinal fluid (CSF) analysis
and are rather used as confirmatory evidence to sup-
port the diagnosis of AD.

In the molecular diagnosis, CSF A�42, total tau
(t-tau), and phosphorylated tau (p-tau) are employed
in differentiating AD from cognitively normal (CNh)
and predicting the progression from mild cognitive
impairment (MCI) to AD [5].

Nevertheless, in the last two decades, there has
been a great effort to develop peripheral biomarkers
which could enable timely diagnosis with an accu-
racy comparable to CSF. In particular, plasma pTau
and A� [6] have been studied as specific biomarkers
for subjects at high risk of cognitive decline. Most
recently, p-tau 181, along with p-tau 217 and p-tau231
have been shown to be robust predictors of dementia
conversion 2–3 years before the onset of cognitive
symptoms and represent the most promising blood
biomarker for AD pathology at present [7–9]. In the
search for additional neuronal-derived molecules in
blood, plasma NFL [10], BDNF [11], and sNRG [12]
have been identified as overarching plasma biomark-
ers of neurodegeneration, without specificity for AD.
Finally, a panel of circulating markers such as GRO-
alpha, IGFBP6, IL-3, IL-8, MCP-1, MIP-3�, sIL-6R,
TGF-�, TIMP-1, and sTNF-RI [13] has been identi-
fied as potential predictors for AD, suggesting the use
of cytokines for the surveillance and monitoring of
inflammatory states which prime neurodegeneration.

To further accelerate early diagnosis of AD a
handful of laboratories including ours is attempt-
ing to identify early molecular hallmarks in saliva,
as non-invasive and self-sampleable sources suit-
able for point of care (PoC) diagnostics. Saliva is

a colorless hypotonic solution produced by salivary
acini containing oral mucosal exudates, blood fil-
trates, and gingival crevicular fluid’s traces. The first
work to investigate saliva as a specific biomarker
for AD, showed an increase in salivary A�1-42 in
mild AD as compared to non-demented control sub-
jects while Parkinson’s diseases (PD) patients showed
no change [14]. Another work successfully detected
a rise in p-tau/t-tau levels in saliva of severe AD
patients [15]. In the quest for prodromal biomark-
ers, a study showed that the levels of lactoferrin
(Lf) progressively decline in MCI and AD patients
and distinctively classify diseased individuals from
healthy controls, implying Lf to be a robust, early
novel salivary biomarker [16]. These findings sup-
port the use of salivary peripheral biomarkers (A�,
t-tau/p-tau, Lf) as a simple, non-invasive test that
can be used as an adjunct to diagnose AD during
its earlier stages [17–19]. On native saliva, OMICs
approaches have allowed us to search for large
scale salivary proteins associated with AD and other
neurodegenerative conditions [20]. Using shotgun
proteomics and 2D-mass spectroscopy, unique iden-
tified proteins, such as albumins, immunoglobulins,
transferrin, and zinc-alpha-glycoproteins were also
mapped to pathways associated with AD, Hunting-
ton’s disease, and PD [21]. Other identified proteins
were cystatin, defensins, lysozyme, and peroxidase;
besides their role in the oral defense system, they also
have been associated with neuronal damage and cog-
nitive health [22]. Additionally, a recent metabolomic
article has shown a distinctive set of metabo-
lites differentiating AD from CN, methylguano-
sine, histidine-phenylalanine and choline-cytidine,
and amino-dihydroxybenzene, glucosyl galactosyl
hydroxylysine-H2O, where glutamine-carnitine was
unique for MCI [23]. The different metabolite com-
position of saliva changes the oral microflora likely
contributing to the insurgence of periodontitis, iden-
tified as a potential causative agent of AD [24]. To
corroborate the use of saliva as a diagnostic matrix
for AD, a recent work from our laboratory has found
a change in microbial profiles starting in prodro-
mal subjects [25]. In the present work, we aimed to
identify salivary biomarkers that can inform about
the pathogenesis of AD by using FASP-Shotgun-
Proteomics, a more convenient and fast procedure
as compared to 2D LC-MS/MS. In the differential
proteomic panel, we identified a protein candidate,
Transthyretin (TTR), with reported role in A� clear-
ance, neuronal cell death [26] and gene regulation
[27, 28]. The depletion of TTR in AD subjects
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observed by LC-MS/MS was confirmed in MCI and
AD subjects using western blot analysis. The aim of
study is to demonstrate that overall saliva is a rich
source of biomarkers with great potential for becom-
ing an elective biofluid for early clinical testing of
brain health and aging.

METHODS

Participants

A cohort of 57 participants were recruited at
the Cantonal Hospital of Fribourg Memory Clinic.
We could include patients with clinically diagnosed
amnestic MCI and Dementia of Alzheimer type
according to the criteria guidelines [29]. To sum-
marize, the clinical diagnosis results from clinical
examination, neuropsychological evaluation con-
firming the cognitive deficit corresponding to the AD
clinical characteristics (encoding memory deficit)
and a dedicated MRI confirming the radiology pat-
tern of medial temporal atrophy. CDR assessment
was done retrospectively based on the medical his-
tory and by the interrogation with the certified
clinical nurse. The patients with cognitive impair-
ments and the healthy controls were provided with
a written consent and all data collection occurred in
compliance to the clinical protocol CER-VD2016-
01627. The participants were asked not to ingest
food for at least 2 h prior to the sample collec-
tion occurring between 9 AM and 11 AM. The
participants underwent chemosensory probing (Uni-
versity of Pennsylvania Smell Identification Test,
UPSIT; 16 odors [25]) followed by cognitive assess-
ment (Mini-Mental Scale Examination, MMSE). The
cohort of patients went through an inclusion criteria
for categorization (Table 1). From the clinical cohort,
CSF was also collected from 3 age-matched cog-
nitively normal subjects (CN) [MMSE = 29 ± 0.60;
UPSIT (%) = 0.73 ± 0.04] and 3 age-matched mild
AD pathology [MMSE = 20.6 ± 0.88; UPSIT (%) =
0.32 ± 0.01]. After behavioral testing, about 2 ml of
whole unstimulated saliva was collected and stored
at –20◦C for later processing.

Proteomics analysis

FASP separation
Saliva was depleted of amylase prior to processing

using potato starch as previously described [30]. The
protein concentration of CSF and saliva from 3 cog-
nitively normal subjects and 3 mild AD patients, with

Table 1
Classification of the cross-sectional study cohort

Variable CNh MCI AD

Number (F) 19(13) 21(16) 17(9)
Age 64 ± 2.63 73 ± 1.51 72 ± 1.36
BMI 26.3 ± 1.1 23.9 ± 1.03 25.3 ± 0.87
CDR 0.03 ± 0.03 0.76 ± 0.06∗∗∗ 1.17 ± 0.12∗∗∗
MMSE 28.84 ± 0.22 22.85 ± 0.310∗∗∗ 15.11 ± 1.140∗∗∗
UPSIT (%) 78.61 ± 3.80 51.1 ± 3.41∗∗∗ 37.86 ± 5.45∗∗∗

CNh, cognitively normal healthy; MCI, mild cognitive impair-
ment; AD, Alzheimer’s disease. Values are indicated as mean ±
standard error of mean and ∗∗∗p value ≤ 0.001 referring to the
significant difference between the conditions, MCI or AD, and
CNh.

confirmed A� pathology, were read using a BCA kit
(Roth Chemicals, Germany). CSF and saliva protein
content was normalized by the addition of a non-ionic
Trizma base protein buffer and further processed
using a variation of filter-aided sample preparation.
FASP proteolytic digestion of the protein samples
[31] combines the purification and digestion of pro-
teins [32]. Reduction and alkylation were performed
on a single filter unit, followed by an incubation step
with DTT for removal of excess iodoacetamide. Dur-
ing the proteolytic digestion, several urea washing
steps were performed, followed by the exchange from
urea to a volatile MS-compatible ammonium bicar-
bonate buffer. Separation of peptides was performed
by reverse-phase nonoUPLC at 55◦C using 25 cm
columns packed with 1.8 �m C18 peptides.

Liquid-chromatography/mass spectroscopy
(LC-MS/MS)

For LC-MS/MS analysis, digested CSF and saliva
samples were resuspended in a mobile phase A solu-
tion (2% ACN/water, 0.1% formic acid) and then
separated by reversed-phase chromatography using a
Dionex Ultimate 3000 RSLC nano UPLC system on
a homemade 75 �m ID×50 cm C18 capillary column
(Reprosil-Pur AQ 120 Å, 1.9 �m) in line connected
with an Orbitrap Fusion Lumos Mass-Spectrometer
(Thermo Fisher Scientific, Waltman, MA, USA).
Human CSF and saliva peptides were separated by
applying a nonlinear 150 min gradient ranging from
99% solvent A (2% ACN and 0.1% FA) to 90%
solvent (90% ACN and 0.1% FA) at a flow rate of
250 nl/min.

MS acquisition was performed using a data-
dependent acquisition. First MS scans were acquired
with a resolution of 120,000 (at 200 m/z) and the
10 most intense parent ions were selected and
fragmented by High energy Collision Dissociation
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(HCD) with a Normalized Collision Energy (NCE)
of 32% using an isolation window of 2.0 m/z. Frag-
mented ions were then excluded for the following
45 s.

Data processing and label-free quantification
MS data were filtered at a peptide and protein

level based on their identification score and type,
sequence length, replication rate, false discovery
rate (FDR) threshold using PEAKS Studio Pro X
(Bioinformatics Solution Inc., USA). The raw data
files were imported into PEAKS DB software using
the following parameters for the PEAKS database
search: For protein identification the UniProt/Swiss-
Pro human database (release 2018 03) combined
with a decoy database was used. For identifying
peptides the following settings were used: Enzyme:
Trypsin, missed cleavages: 2 precursor mass tol-
erance: 10 ppm, fragment mass tolerance: 0.7 Da,
minimum charge: 2, maximum charge: 5, fixed
modifications: Carbamidomethyl (C), variable modi-
fications: Oxidation (M) and Deamidated (N and Q),
Phosphorylation (S,T,Y) and Acetylation (N-term).
False discovery rate (FDR) was calculated based on
the target /decoy database and the peptides with FDR
of ≤ 0.05 were chosen as true positive hits. A total
number of proteins is established between biofluid
and label-free quantification, and the relative amount
of proteins per sample is determined according to
their intensities. Keratin contaminants are excluded
from the saliva and CSF proteome (Supplementary
Material). Protein intensities are log transformed,
normalized against total protein, and compared
between the biofluids and condition (AD versus Con-
trol). Differential expression analysis is performed
using the open-access Perseus-Maxquant application
[33]. Post-translational modification (PTM) of the
common pool of proteins for CSF and saliva are
interrogated using PEAKS Studio. Carbamidomethy-
lation of cysteine was set as a fixed modification.

Bioinformatics and Gene Ontology analysis

CSF and saliva proteome from AD patients and
age-matched control subjects were investigated using
the open-source MaxQuant Perseus proteomics anal-
ysis software; protein expression variability within
the clinical group was analyzed using homogene-
ity of variance. Statistically significant differences
in protein expression were analyzed using One-way-
Anova followed by Post-hoc Bonferroni correction.
Saliva and Common CSF and saliva proteome were

analyzed using Gene-ontology (GO) analysis via
Panther and based on the annotated signaling path-
ways. Furthermore, on the set of proteins common to
CSF, saliva and the Alzgene dataset (https://www.
alzgene.org/) [34], as well as on the differentially
expressed proteins in AD versus Controls, we inves-
tigated the proteins interactions using string v11.0 to
construct a map showing predicted functional associ-
ation based on knowledge and experimental evidence
in different organisms.

Western blot analysis

Native saliva was solubilized by the addition of
a 4-fold concentrated Laemmli buffer. The protein
solution was denatured at 95◦C for 10 min and loaded
on an electrophoretic gel. Proteins were separated
on 12.5% SDS-PAGE and transferred to nitrocel-
lulose (Biorad, USA). Primary antibodies for TTR
(sc-377517, Santa Cruz Biotechnology, USA), Tau
(sc-32274 or sc-16606, Santa Cruz Biotechnology,
USA), were incubated overnight at 4◦C, washed
the next day, and incubated with fluorescent conju-
gated secondary antibodies (Invitrogen, USA) [7].
The proteins were detected using the Omega Lum
(Labgene, CH). After immunolabeling, the mem-
branes were stained using total protein impregnating
solution Revert (LI-COR Biosciences-GmbH, Ger-
many). The optical density of the protein bands was
determined using Image J software and normalized
to Revert.

Statistical analysis

The classification of the study cohort and calcula-
tions were executed in Excel 2019. For all the other
analysis and graphics with R version 3.6.3 was used.

For the statistics, the normality of each data
set was tested by the Shapiro-Wilk test and Lev-
ene’s test. For normally distributed values, t-test and
one-way ANOVA for multiple comparison were con-
ducted, whereas for not normally distributed values,
Wilcoxon-Mann-Whitney-Test, Kruskal-Wallis for
multiple comparisons were performed. The results
were considered statistically significant when the p-
value was less than 0.05. Variables are expressed in
the text as average ± standard error of the mean. For
graphical representations, boxplots were produced by
using the geom boxplot() and stat boxplot() func-
tions of package ggplot2.

https://www.alzgene.org/
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RESULTS

FASP proteomic analysis of saliva

To determine target proteins of saliva, FASP-
based proteomics was performed on 3 healthy control
subjects (CNh; 70 ± 4.35 years of age) and com-
pared to matched CSF samples. After amylase
depletion, we detected a total of 1,459 proteins
(Molecular weight = 40.77 ± 61.60) in saliva and 879
proteins in CSF (Molecular weight = 73.54 ± 88.65)
with comparable molecular weights. Between CSF
and saliva, 288 proteins were detected as common
(Fig. 1A). According to the GO analysis, the most
observed biological pathways (BP) of this subset of
proteins are blood coagulation, followed by inflam-
mation, cytokine signaling and integrin signaling
pathways. The salivary proteins also belong to path-
ways associated with neurodegenerative diseases like
Huntington’s disease, AD, and PD (Fig. 1B). For fur-
ther analysis, the Alzgene set, a list of genes reported
to be associated with AD [34, 35], was used to identify
the set of proteins that are related to AD according to
the evidence in the literature. As a result, 27 proteins
(shared between CSF and saliva) are associated with
AD (Fig. 1C) and are functionally interconnected
according to the string STRING map analysis with
more than one functional activity (Fig. 1D).

As a further investigation to assess whether
the common proteins may have also been shared,
the samples were analyzed in PEAKS Studio for
post-translational modification (PTM) patterns, with
exception of Carbamidomethylation and oxidation
which are introduced during the preparation of the
samples for LC-MS/MS analysis.

While the saliva peptidome contains 16,241 pep-
tides, the CSF peptidome contains 7,707 peptides,
and 2,634 of these peptides are common. More
than half of the shared peptidome did not undergo
any kind of PTM (1,538). Out of the 27 selected
common proteins associated with AD, half of the
proteins demonstrated unique PTMs in CSF which
are not present in saliva: APOE (Apolipoprotein
E), APOA4 (Apolipoprotein A-IV), and APOA1
(Apolipoprotein A-I), HSPA5 (Heat Shock Protein
Family A Member 5), SERPINA1 (Serpin Family
A Member 1), and TTR. An additional group of
shared proteins, CD14 (Cluster Differentiation 14),
SOD1 (Superoxide Dismutase 1), CST3 (Cystatin
C or cystatin 3), TF (Transferrin), AH5G, and CFH
(Complement Factor H), display more PTMs in
CSF as compared to saliva and share at least one

common type of PTM with the exclusion of TF. On
the other hand, selected metabolic proteins in saliva
present unique PTMs, which are not present in CSF:
YWHAQ (Tyrosine 3-Monooxygenase/Tryptophan
5-Monooxygenase Activation Protein Theta),
GOLM1 (Golgi membrane protein 1), ad GAPDH
(Glyceraldehyde-3-phosphate dehydrogenase).
Overall, we could not find differentiating types of
PTMs in saliva and CSF proteins showed on average
a higher number of PTMs. The types of PTMs which
are more frequent in our analysis did not show any
specific relation with AD according to the published
literature.

Analysis of the differentially expressed proteins
obtained by shotgun proteomics analysis of CSF and
saliva from 3 mild AD (20.6 ± 0.88 MMSE, 72 ± 3.6
years of age) and compared to 3 CTL age-matched
subjects (29 ± 0.57 MMSE, 70 ± 4.35 years of age)
reveals a pool of differential expressed proteins.
The salivary and CSF proteome show a deletion of
salivary proteins in AD while differential expressed
CSF proteins are both up and downregulated in AD as
compared to CTL (Fig. 1E, F). The abundance rank
dot plots for salivary and CSF show that differentially
expressed proteins are distributed over the entire
range of intensities with S100A9, S100A8, APOA1,
THBS1, and TTR in the highly abundant proteins
(Fig. 1G). For CSF, the abundance distribution for
the differential expressed protein is narrower than
saliva but spans a range of intensities confirming the
depth of the analysis for both biofluids (Fig. 1H).
Interestingly, in the differentially expressed hits
between AD and CTL we identified: S100A9
(CTL = 28.09 ± 1.51, AD = 23.11 ± 2.01, p = 0.026),
S100A8 (CTL = 26.75 ± 1.55, AD = 22.54 ± 1.82,
p = 0.038), APOA1 (CTL = 25.07 ± 1.25, AD =
19.37 ± 2.82, p = 0.033), THBS1 (CTL = 22.93 ±
0.44, AD = 18.72 ± 1.05, p = 0.030), and TTR
(CTL = 26.35 ± 1.41, AD = 18.30 ± 1.90, p = 0.042).
These molecules showing a depletion in AD, have
previously reported association to A� metabolism
[36–39]. The STRING analysis for differentially
expressed proteins in CSF and saliva indicates
that Saliva had more protein-protein interactions
as compared to CSF (Fig. 1I, J). In saliva, TTR is
found to associate with APOA1 directly and has
indirect association to APOE and APOA4, which are
known to be a relevant biomarker for AD. S100 A8
was directly associated with Melanotransferrin, and
indirectly linked to the APOE family (Fig. 1I). On the
other hand, predicted functional associations in CSF
are weaker, with only SCG3 (Secretagogin-3; CTL =
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Fig. 1. Shotgun proteomics to compare saliva and CSF and correlation analysis of differentially expressed genes in saliva. A) GO Biological
pathways for salivary proteins. B) Number of shared proteins between saliva and CSF. C) Number of shared hits between common proteins
and AD related proteins. D) STRING map shows the functional association based on the string database indicating the interactome of
commonly shared proteins in saliva and CSF with AD. E) Volcano plots showing differential expression in saliva and F) CSF between AD
and CN. G) Abundance rank dot plots for saliva and H) CSF shows the range of expression levels for the differentially expressed proteins. I)
STRING map shows the interaction of differentially expressed proteins in saliva and J) in CSF. In the STRING map, the pink line represents
the known interaction that is experimentally determined, blue line represents the known interaction from curated databases, green line
represents predicted interaction due to gene neighborhood, red line represents prediction due to gene fusions and dark blue line represents
prediction due to gene co-occurrence.
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Fig. 2. Abundance of TTR and S100A8 among the stages of AD. A) Representative images from western blot procedure to capture TTR
and Tau bands, 17 kDa and 79 kDa respectively. No. of samples analyzed: CNh = 19, MCI = 21, AD = 17. Box plots with jitter across CNh,
MCI, and AD groups show B) Tau expression normalized to loading control, Revert, CNh versus MCI t39 = 0.291, p = 0.437; CNh versus
AD t35 = 0.278 p = 0.906; MCI versus AD t37 = 0.185 p = 0.241, C) normalized TTR, CNh versus MCI t39 = 0.007 p = 0.437; CNh versus
AD t35 = 0.018 p = 0.019; MCI versus AD t37 = 0.845 p = 0.241. The whiskers on the boxplot represents the range of population and the
horizontal line the median, ∗p < 0.05 and ∗∗p < 0.01.

25.31 ± 0.24 and AD = 24.98 ± 0.22, p = 0.038)
associated with CHGA (Chromogranin-A; CTL =
25.81 ± 0.24 and AD = 24.98 ± 0.22, p = 0.038) and
C5 (Complement 5; CTL = 21.64 ± 0.49 and AD =
22.81 ± 0.52, p = 0.048) linked to MASP1 (Man-
nan binding lectin serine peptidase 1; CTL =
0.00 ± 0.00 and AD = 18.12 ± 0.25, p < 0.001) and
CFHR1 (Complement factor H-related protein
1; CTL = 0.00 ± 0.00 and AD = 19.81 ± 0.25, p <
0.001) (Fig. 1J).

The strong interactome map in Saliva suggests that
this biofluid is suitable to pursue the investigation of
brain-associated biomarkers and their function during
aging. Based on the role of TTR in A� misfolding,
we decided to concentrate on this biomarker to under-
stand whether it could be of potential diagnostic use.

Validation of clinically relevant protein biomarker

TTR
To validate the expression of TTR in saliva we

performed western blot analysis followed by semi-
quantitative analysis. Representative immunoblots
for paired comparisons CNh and MCI and CNh and
AD were probed for TTR, the biomarker of interest,
Tau as cytoskeletal marker, and counterstained
with Revert, as loading control (Fig. 1A). While

normalized tau to Revert levels show no significant
difference among condition (Fig. 2B; CNh = 0.85 ±
0.24, MCI = 1.20 ± 1.39, AD = 0.72 ± 0.88 (mean ±
SEM); One-way ANOVA with Post-hoc Tukey’s
test, F2,56 = 1.48, p = 0.237), normalized TTR
showed a significant difference across conditions
with a quantitatively similar reduction in MCI and
AD as compared to CNh (Fig. 2C; CNh = 0.99 ±
0.149, MCI = 0.49 ± 0.09, AD = 0.519 ± 0.107,
(mean ± SEM) One-way ANOVA with Post-hoc
Tukey’s test, F2,54 = 5.414, p = 0.00719).

DISCUSSION

Our study has the objective of identifying molecu-
lar hallmarks in saliva for early diagnostic detection
of AD. With a lack of effective therapeutics, the
search for early diagnosis methods is taking center
stage with the scope of engaging subjects at risk and
plan disease modifying interventions as early as pos-
sible in the disease continuum. Peripheral biomarkers
have been shown to be non-invasive, cost-efficient
diagnostic matrices that prominently reflect cerebral
A� and p-tau/t-tau pathologies.

In particular, blood which is already used as rou-
tine biofluid in clinical diagnosis, is a convenient
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and timely biomarker source in the preclinical stages
of AD. Among the plasma biomarkers, p-tau181
and p-tau271 species have emerged as most reli-
able for identifying prodromal cases with conversion
to dementia within 2 years [40, 41]. Nevertheless,
blood drawing is usually practiced by a medical
professional restricting the direct use by patients.
Furthermore, the low concentration of brain-derived
molecules in blood requires ultrasensitive technolo-
gies for measurement limiting their presence in
low-resource environments [42].

On the other hand, saliva, a filtered biofluid with
high biological stability, represents a promising non-
invasive source for the early diagnosis of AD. The
accessibility and the rich composition of saliva have
attracted interest in the discovery of new biomarkers
species through proteomic analysis informing about
the disease states. So far, salivary proteomics has been
employed in periodontal disease [43] and oral cancer
[44]. Earlier reports have indicated that the salivary
proteome transforms with aging [45], suggesting that
age-related diseases such as AD, may found in saliva
a novel source of sentinel biomarkers. Indeed, previ-
ous work has indicated that salivary glands producing
A� and tau [46, 47] are hypofunctional in AD patients
[48] inferring that the biological content of saliva
could capture early parasympathetic dysfunctions,
already observed in other organs [49]. Our study con-
firms that saliva and CSF share 288 target proteins of
which 27 are directly associated with AD according
to the Alzgene dataset underlining the potential use
of these targets in monitoring brain health. In addi-
tion, previous work indicates that disease states can
alter the PTMs of the salivary proteome [50] provid-
ing an additional insight in the differential analysis of
those salivary hits in AD and Control subjects. Nev-
ertheless, from our shot-gun LC-MS/MS, PTMs of
the 27 common hits are generally depleted in saliva
as compared to CSF independently of the condition,
supporting that PTMs are biofluid-specific and pre-
cluding the ability of assigning a neuronal origin for
these species using our methodology.

When comparing the salivary proteome from Con-
trol subjects and AD patients, we observed a general
reduction in protein expression in AD, in contrast
to the balance in upregulated and downregulated
proteins in CSF with no common differential hit
detected. The reduced protein content in saliva from
AD subjects is less documented and may be related
to the reported salivary flow dysfunction with aging
[45]. Already, two studies showed that salivary Lf
is progressively reduced with the advancement of

the disease and inversely correlates with amyloid
pathology [16, 51], suggesting a depletion of the
biological composition of saliva linked to oral dys-
biosis [25]. Our own LC-MS/MS screen indicates
a reducing trend in Lf in saliva from AD sub-
jects, which is however not significant in the set
of samples.

Among the differentially expressed salivary pro-
teins in AD, we found TTR already known for a direct
association with AD based on its amyloid binding
properties, preventing its fibrillogenesis and aggrega-
tion [52, 53]. The overproduction of A�1-42, which is
reported in the saliva of subjects with MCI [14], may
indicate the failure of the TTR-mediated sequestering
system [54]. Indeed a reduction in TTR expression
was previously reported in AD patients both in CSF
[55] and blood [56, 57] showing an inverse correla-
tion with the increasing severity of the disease. These
studies and the evidence that mutation in TTR gene
causes liver amyloidosis [58] indicate that the drop
in the clearing capacity of TTR may be instrumental
for the increased A�42 misfolding also in the brain.
We performed validation of TTR changes using west-
ern blot on whole saliva. While immunoblot returns
only semi quantitative data, proteins in saliva can be
directly denatured without pre-processing and can be
easily measured also in low technological settings, as
previously demonstrated for the assessment of sali-
vary tau species in neurodegenerative diseases [59].
Our own biochemical validation analysis indicates a
halving of TTR expression in MCI and AD patients as
compared to age-matched healthy controls, whereas
tau levels remain unchanged as previously shown
[60]. Despite the fact that TTR levels change with
the diet and depend on the calories intake [61], the
comparable BMI across groups excludes malnutri-
tion as the cause of TTR reduction with the onset of
dementia.

The reduction of salivary TTR by increasing A�
aggregation could influence directly and indirectly
the oral microbiome, based on the agglutinating and
antimicrobial properties of A� [62]. As such, the
observed alteration in periodontal and mucosal bac-
terial species in the progression of AD [25], could
be linked to the drop in TTR-dependent A� clear-
ance, which is also in line with the reported reduced
level of the antimicrobial peptide Lf [16, 51]. Over-
all, our study suggests TTR as a promising peripheral
bioindicator for early AD diagnosis. The results pre-
sented here will need subsequent verification but
if confirmed, TTR could be added to the existing
salivary biomarker panel (Lf and pTau) to obtain



E. Eldem et al. / Salivary TTR as Early Alzheimer’s Disease Biomarker 39

a highly accurate estimation of brain health during
aging.

The main limitation of the study is the cohort size
both in the LC-MS/MS analysis and the subsequent
western blot, which provides a preliminary indication
about the reduction of TTR already with the onset
of cognitive symptoms onward. Nevertheless, our
study provides useful information about the protein
composition of saliva. The common pool of proteins
between saliva and CSF has unveiled a subset of tar-
gets with known association with AD that are worth
investigating and which support future studies aimed
at identifying brain associated markers in saliva for
portable and self-samplable PoC applications.
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[51] González-Sánchez M, Bartolome F, Antequera D, Puertas-
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