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Abstract.
Background: Aging is a risk factor for several pathologies as Alzheimer’s disease (AD). Great interest exists, therefore,
in discovering diagnostic biomarkers and indicators discriminating biological aging and health status. To this aim, omic
investigations of biological matrices, as saliva, whose sampling is easy and non-invasive, offer great potential.
Objective: Investigate the salivary proteome through a statistical comparison of the proteomic data by several approaches to
highlight quali-/quantitative variations associated specifically either to aging or to AD occurrence, and, thus, able to classify
the subjects.
Methods: Salivary proteomic data of healthy controls under-70 (adults) and over-70 (elderly) years old, and over-70 AD
patients, obtained by liquid chromatography/mass spectrometry, were analyzed by multiple Mann-Whitney test, Kendall
correlation, and Random-Forest (RF) analysis.
Results: Almost all the investigated proteins/peptides significantly decreased in relation to aging in elderly subjects, with
or without AD, in comparison with adults. AD subjects exhibited the highest levels of �-defensins, thymosin �4, cystatin
B, S100A8 and A9. Correlation tests also highlighted age/disease associated differences. RF analysis individuated quali-
/quantitative variations in 20 components, as oxidized S100A8 and S100A9, �-defensin 3, P-B peptide, able to classify with
great accuracy the subjects into the three groups.
Conclusion: The findings demonstrated a strong change of the salivary protein profile in relation to the aging. Potential
biomarkers candidates of AD were individuated in peptides/proteins involved in antimicrobial defense, innate immune
system, inflammation, and in oxidative stress. RF analysis revealed the feasibility of the salivary proteome to discriminate
groups of subjects based on age and health status.
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INTRODUCTION

Aging is a risk factor for many pathologies, includ-
ing neurodegeneration, cancer, osteoarthritis, and
many others, so the availability of biomarkers of
biological aging has been pointed as highly rele-
vant to succeed in the early identification of patients
at high age-related risk [1]. The potential of pro-
teomic and metabolomic studies has recently gained
attention to understand the molecular mechanisms
influencing aging and longevity [1, 2], and in the
definition of the aging clock [3]. Johnson et al. [4]
performed a systematic review of 36 studies involv-
ing a total of 3,301 subjects aged 18–76 years old
highlighting the upregulation of 23 proteins, e.g.,
vascular endothelial growth factor, pleiotrophin, and
fibrinogen alpha, in the oldest subjects. Proteomic
studies also highlighted a correlation between post-
translational modifications and age or age-related
diseases, in particular acetylation, oxidation, nitro-
sylation, and chlorination of several proteins [5].
Among the tissues and body fluids investigated for
biomarker discovery by proteomics, saliva represents
one of the most advantageous due to the painless, non-
invasive, and safe collection [6]. Furthermore, human
saliva includes both specific proteins of the oral cav-
ity and proteins common to other tissues and body
fluids. For this reason, the interest in its prognos-
tic and diagnostic employment is increasing [7–9].
Human saliva composition varies between individu-
als depending on a multitude of factors, including sex,
health status, circadian rhythms, habits, nutritional
factors, and age [10]. Age-related changes in salivary
proteome were highlighted by several studies focused
on individuals from 180 days after birth to adulthood
[11–15]. Anyway, to date, few studies on the changes
of the salivary protein profile in individuals older than
60 years have been performed, and in some cases
with opposite results. Significant decreased levels
related to age of histatins [16], mucins 1–2 [17, 18],
lactoferrin and secretory immunoglobulin A [19], and
peroxidase activity [20] were highlighted by differ-
ent methodologies. Conversely, Nagler et al. [21]
found increased levels of secretory immunoglobu-
lin A, lysozyme, amylase, and albumin. High levels
of cystatins A and B and small proline-rich pro-
tein 3 in old totally edentulous subjects have been
determined by a mass spectrometry-based approach
[22], as well as lower levels of �-defensins [23]. In
a recent review, telomere length, DNA methylation,
mucin 1 and protein carbonylation have been indi-
cated as the main biological hallmarks aging-related

measurable in saliva [24]. Alzheimer’s disease (AD)
represents the major form of dementia in people over
65 years old [25]. AD diagnosis is based on pres-
ence and combination of three different parameters:
clinical and neuropsychological evidence of cogni-
tive impairment, levels of amyloid-� (A�) and tau
proteins measurable in the brain either by positron
emission tomography or by analysis of the cere-
brospinal fluid [26]. To overcome the invasiveness
of cerebrospinal fluid tests, peripheral biomarkers on
other tissues and biofluids, like blood cells, plasma,
eyes, saliva, and skin, have been studied [27, 28].
Recently, our group revealed significant changes in
the salivary proteome of AD patients in comparison
with a healthy control group by high-performance liq-
uid chromatography (HPLC) coupled to electrospray
ionization ion trap mass spectrometry (ESI-IT-MS)
[29]. In the present study, we performed a statis-
tical investigation based on exact Mann-Whitney
test, Random Forest (RF), Multidimensional Scaling
and Hierarchical Cluster Analysis, to compare the
salivary protein profiles, detectable by HPLC-ESI-IT-
MS, of healthy adult (under 70 years old) and elderly
(over 70 years old) subjects, both healthy and affected
by AD. The aim of the study was, therefore, to indi-
viduate salivary biomarkers related to aging or AD
and useful to classify accurately the subjects.

MATERIALS AND METHODS

Demographic and clinical features of subjects
included into the study

We used proteomic salivary data of thirty-five adult
healthy controls (aHC, 18 females, 17 males, 46 ± 12
mean age ± standard deviation) selected among those
included in the study of Serrao et al. [30]. Proteomic
data of the elderly healthy controls (eHC, 18 females
and 16 males, 78 ± 5) and AD patients (23 females
and 12 males; 80 ± 6), reported in the study of Con-
tini et al. [29], were also utilized. Table 1 reports
demographic features of all the subjects included.
The informed consent process for sample’s collec-
tion agreed with the latest stipulations established
by the Declaration of Helsinki. The study approval
was obtained by the formal ethical committees of
the Catholic University of Rome and of the Univer-
sity of Cagliari. No subjects included were affected
by any major oral disease (periodontitis, caries, or
dry mouth), moreover, they had not history of radio-
therapy or chemotherapy and were carefully selected
as non-smokers. The elderly subjects enrolled as
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Table 1
Demographic data of aHC, eHC, and AD patients involved in the

study

aHC Sex and eHC Sex and AD Sex and
age age age

#1 F, 44 #1 M, 70 #1 M, 82
#2 M, 53 #2 M, 85 #2 F, 80
#3 F, 60 #3 F, 84 #3 M, 85
#4 F, 43 #4 M, 82 #5 F, 63
#5 F, 38 #5 F, 81 #6 M, 78
#6 F, 39 #6 F, 81 #7 M, 85
#7 F, 23 #7 F, 79 #8 F, 81
#8 F, 49 #8 M, 74 #9 F, 78
#9 M, 55 #9 M, 71 #10 M, 85
#10 M, 54 #10 M, 78 #11 F, 80
#11 M, 36 #11 M, 76 #13 F, 79
#12 M, 24 #12 F, 77 #14 F, 82
#13 M, 27 #13 M, 74 #16 F, 83
#14 M, 53 #14 M, 87 #17 F, 63
#15 M, 53 #15 M, 73 #18 F, 80
#16 M, 58 #16 F, 81 #19 F, 80
#17 F, 43 #17 F, 82 #20 M, 87
#18 M, 45 #18 F, 72 #21 M, 81
#19 F, 64 #19 F, 86 #22 M, 87
#20 M, 38 #20 F, 73 #23 F, 75
#21 F, 52 #22 F, 78 #24 F, 75
#22 M, 36 #23 F, 79 #25 F, 83
#23 F, 57 #25 F, 75 #26 F, 84
#24 F, 60 #24 F, 78 #27 F, 81
#25 F, 59 #26 M, 75 #28 F, 84
#26 F, 40 #27 F, 89 #29 F, 92
#27 F, 27 #28 M, 78 #30 M, 86
#28 M, 33 #29 M, 73 #31 M, 77
#29 F, 54 #30 F, 76 #32 F, 88
#30 F, 67 #31 F, 81 #33 F, 81
#31 M, 46 #32 M, 81 #34 F, 77
#32 M, 55 #33 M, 84 #35 M, 87
#33 M, 56 #34 F, 72 #36 M, 84
#34 F, 30 #35 M, 80 #37 F, 77
#35 M, 62 #38 F, 78

controls suffered from common age-related illness,
such as hypertension, and were treated with standard
drugs. However, none control subject used antide-
pressants or anticholinergic drugs.

Among the elderly subjects with or without AD,
50% carried a dental prosthesis. The diagnosis of
AD, made according to standardized criteria [25],
classified thirteen patients as moderate AD and the
remaining twenty-two as mild AD.

Proteomic data

For sample collection procedure and treatment,
and the experimental conditions of the HPLC-low
resolution-ESI-IT-MS, and HPLC-high resolution-
MS/MS (by LTQ-Orbitrap Elite or LTQ-Orbitrap XL
instruments) analysis, which were applied for quan-
tification and identification of peptides and proteins,

see references [29, 30]. Briefly, the label-free quan-
titation of peptides and proteins was performed by
measuring the area of the eXtracted Ion Current (XIC)
peaks revealed by HPLC-low resolution-MS anal-
ysis. XIC peaks were generated by extracting ion
current produced by specific m/z ions selected for
each protein/peptide, the following parameters have
been applied: baseline window 15, area noise fac-
tor 50, peak noise factor 50, peak height 15%, and
tailing factor 1.5. The estimated percentage error of
the XIC analysis was < 8%. Area of the XIC peaks,
expressed by arbitrary units, is proportional to the
protein concentration, and, under constant analytical
conditions, it allows performing relative quantifica-
tion of the same protein in different samples and
quantify an indefinite number of proteins/peptides in
a unique analysis [31, 32]. Eventual dilution errors
occurring during sample collection were adjusted by
correcting XIC peak areas of each peptide/protein
with the XIC peak area of the leu-enkephalin used as
internal standard in the aqueous 0.1% trifluoroacetic
solution added to whole saliva in ratio 1:1(vol/vol)
at the collection time [29]. The following equation
was applied: Corrected Area of protein = Measured
Area of protein ∗ (Expected Area of Leu-enkephalin
25 �M/Measured Area of Leu-enkephalin). Supple-
mentary Table 1 reports UniProt-KB codes, elution
times, experimental and theoretical average mass
values, multiply-charged ions used for the XIC
procedure, and the detected post-translational modi-
fications of the 61 peptides and proteins considered
in this study. Moreover, we determined, in dupli-
cate, the total protein concentration in �g/�l in the
acid soluble fractions of each salivary sample by
the bicinconinic acid assay (MicroBCATM protein
assay kit, 0.5–20 �g/mL, Thermo Fisher Scientific).
The total protein concentration of every single sam-
ple was used to normalize the XIC peak areas of
each peptide/protein detected in that sample as it
follows: the value of the XIC peak area corrected
with Leu-enkephalin was divided by the total protein
concentration [29].

Statistical analysis

Non-parametric tests were applied to analyze the
difference of total protein concentration among the
three groups (Mann-Whitney and Kruskal-Wallis
followed by Dunn’s post-hoc test) using Graph-
Pad Prism software (version 5.0). MS data were
analyzed using three statistical methods: 1) mul-
tiple exact Mann-Whitney tests [33] to identify
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proteins/peptides with different abundance between
pair of groups, 2) multiple Kendall correlations
[34] to identify correlated proteins/peptides within
groups, and 3) RF analysis [35] to provide a classi-
fication of subjects into different groups. Statistical
analysis considered both single proteoforms and the
sum of proteoforms of the same protein, to simplify
we call both “components” in the text. The number of
components examined in this study is 76. Distribution
of XIC peak areas of every protein/peptide showed
a considerable deviation from normality using
Kolmogorov-Smirnov test and several goodness-of-
fit tests (Shapiro-Wilk, Anderson-Darling, Lilliefors,
with p-values < 0.0001 in almost all tests, data not
shown). Thus, non-parametric exact Mann-Whitney
tests (between groups) and Kendall correlations
(within groups) were adopted. Significant p-values
of simultaneous multiple tests were verified by the
Benjamini-Hochberg procedure [36] to keep a cumu-
lative false discovery ratio among all the tests lower
than 5%. Multidimensional scaling analysis was
applied to Kendall correlations to obtain a dimen-
sionally reduced diagram of co-expressed proteins.
The classification of subjects was obtained using RF
analysis. Algorithm parameters, such as the number
of trees to grow and the number of features ran-
domly sampled for each split, were preliminarily
tuned to minimize the classification error. RF was
applied to three data set combinations: 1) aHC and
eHC, characterized by differences in age; 2) eHC
and AD, characterized by differences in normal or
pathological conditions; 3) aHC, eHC, and AD, char-
acterized by differences both in age and normal or
pathological conditions. Classification accuracy was
calculated as the proportion of correct assessments
(both true positive and true negative) to the total num-
ber of assessments. The Boruta method [37] was used
to individuate a subset of proteins and peptides to
use for an accurate RF analysis. Then, the signifi-
cance of each protein/peptide for classification was
expressed by a score indicating the mean decrease of
the Gini index (MDG), that is a measure of impu-
rity. For a single decision tree, the Gini index ranges
from 0 (no impurities, 100% correct classification) to
1 (total impurity, elements are randomly distributed
across classes). MDG averages the decrease in impu-
rity for each tree of the whole ‘forest’, produced
by each protein. Dimensionally reduced diagrams
of RF classifications were obtained by multidimen-
sional scaling and hierarchical cluster analysis using
the RF proximity values (the normalized frequency
of trees that contain the two samples in the same end

node). For the hierarchical cluster analysis, we used
the Ward’s agglomerative method and 1-proximity
as distance between each pair of samples. Multidi-
mensional scaling analysis was computed using the
singular value decomposition method, which ensures
a matrix factorization numerically accurate even in
the presence of a high degree of multicollinearity (i.e.,
multiple correlations). Multivariate analyses were
made using the software “R” (RCoreTeam. R: A
language and environment for statistical computing.
Vienna, Austria: R Foundation for Statistical Com-
puting; 2014. https://www.R-project.org/).

Functional pathway analysis

Functional pathway analysis of the most dis-
criminating components evaluated by RF in the
classification of elderly and adult subjects, as well as
elderly and AD subjects, was performed via ClueGO
plugin (v.2.5.8) from Cytoscape software (v. 3.9.1)
[38] by using the Kyoto Encyclopedia of Genes and
Genomes and Reactome Pathway database. Enrich-
ment right-sided hypergeometric test and Bonferroni
step down statistical options were included and only
pathways with p ≤ 0.05 were accepted. Minimum and
maximum tree interval values were 3–7, evidence
code decision tree was set at “all”, minimum number
of 2 genes and 4% of genes selected for GO terms,
and the kappa score set at 0.4.

RESULTS

Figure 1 represents the workflow applied in this
study in which we analyzed, by different statistical
approaches, the abundances of 61 selected salivary
proteins and peptides measured in our previous stud-
ies [29, 30]. The XIC peak areas are the quantitative
data obtained by MS analysis used to compare the
abundances of every peptide and protein among the
three groups. Proteins and peptides of our interest
belonged to the following families: acidic proline-
rich proteins (aPRPs), statherin, histatin (Hst) 1, 3,
5 and 6, P-B peptide, cystatins A, B, C, D, and sali-
vary (S-type), �-defensins 1–4, thymosin �4 (T�4),
antileukoproteinase (Secretory Leukocyte Protease
Inhibitor, SLPI), S100A7, A8, A9, and A12 pro-
teins (Supplementary Table 1), including modified
proteoforms generated by phosphorylation, proteoly-
sis, N-terminal acetylation, methionine or tryptophan
oxidation, and cysteine oxidation (formation of disul-
phide bridges, glutathionylation, cysteinylation, and
nitrosylation). In the present study we implemented
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Fig. 1. Workflow drafting the different steps performed in the data analysis of this study.

the number of investigated proteoforms adding cys-
tatin S2 mono-oxidized, S100A12, S100A9 long
glutathionylated (L-SSG) and its phosphorylated and
oxidized proteoforms, which were not included in the
two previous studies [29, 30]. The typical total ion
current chromatographic profiles of the acidic soluble

fractions of whole saliva from aHC (Fig. 2A), eHC
(Fig. 2B), and AD subjects (Fig. 2C), analyzed by
HPLC-ESI-MS, is shown with the elution ranges of
the protein families considered.

All the XIC peak areas, utilized for the several
statistical analyses, have been normalized on the
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Fig. 2. Total ion current chromatographic profile of acidic-soluble fraction of saliva from aHC (A), eHC (B), and AD patient (C) obtained
by RP-HPLC-ESI-low-resolution MS analysis.

total protein concentration measured in every sam-
ple. This parameter resulted to be significantly higher
in eHC compared to aHC group (p-value < 0.01) and
to AD patients (p-value < 0.05) (Supplementary Fig-
ure 1). Preliminary statistical analysis performed on
un-normalized data produced results analogous to
those ones obtained after normalization. To improve
the statistical validity and accuracy of our study we
preferred to use normalized XIC peak areas.

Statistical analysis of the proteins/peptides
abundances by multiple Mann-Whitney tests

The XIC peak areas, the frequencies, and the
results of the Mann-Whitney tests of all the compo-
nents measured in aHC, eHC, and AD patients, are
shown in Table 2. In the case of aPRPs, statherin, P-B
peptide, histatins, cystatin A, B, S1, S2, SN, S100A8,
S100A9, and �-defensins 1–4 the sum of the XIC
peak areas of all their proteoforms (Supplementary
Table 1) was also considered, and thus Table 2 reports
overall 76 components including 61 proteins/peptides
and 15 proteoform sums. Results of Mann-Whitney
tests are also graphically shown in Supplementary
Figure 2.

The comparison between aHC and eHC (Table 2
and Supplementary Figure 2A) showed a significant
decrease of the abundance of 69 out of the 76 ana-
lyzed components (91%) in eHC group. The lowest

abundance concerned the P-B peptide and particu-
larly its fragment des1–7, the sum of PRP-3 and
PRP-1 proteoforms and the oxidized proteoforms of
S-type cystatins (indicated as “ox”). Some compo-
nents were often not detectable in the two control
groups, probably since their abundance was under
the sensitivity of our MS apparatus, such as S100A7,
the form of PRP3 missing for Arginine at position
106 (desR106), cystatin B cysteinylated (SSC), Hst-
3, SLPI, the non-phosphorylated (0P) proteoforms of
PRP-1 and Hst-1. The comparison between eHC and
AD (Table 2 and Supplementary Figure 2C) showed
significant higher abundance of 37 out of the 76 ana-
lyzed components (49%) in AD group. These were
statherin and its proteoforms des1–9, des1–13 and, as
consequence, the sum of all proteoforms; Hst-1, both
phosphorylated and non-phosphorylated; P-C pep-
tide, the several proteoforms of S100A8, S100A9,
cystatins A, B, and SA, the oxidized form of cys-
tatins S2 and SN, �-defensins 1–4 and T�4. AD
patients with respect to aHC (Table 2 and Supplemen-
tary Figure 2B) showed significant lower abundance
of cystatin A, S-type cystatins, Hst-5 and Hst-6,
PRP-1, PRP-3, except for its non-phosphorylated
form, P-C peptide, statherin and its truncated forms
desT42F43 and desD1, and P-B peptide. Only the sum
of the oxidized forms of S100A8 showed an oppo-
site trend, being increased in AD group with respect
to aHC.
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Table 2
XIC peak areas (median and interquartile range) normalized on total protein concentration, and frequencies (F) of the salivary proteins/peptides in aHC, AD patients and eHC

aHC AD eHC aHC versus aHC versus eHC versus
eHC AD AD

XIC Peak Area F XIC Peak Area F XIC Peak Area F p change p change p change

Components 25th median 75th 25th median 75th 25th median 75th
perc perc perc perc perc perc

S100A12 1.2E05 1.9E05 3.9E05 8/35 1.0E05 1.7E05 3.1E05 3/35 8.1E04 9.7E04 1.6E05 5/34 < 0.001 ↓eHC ns ns

S100A8 1.4E05 2.3E05 7.8E07 11/35 1.1E05 2.0E05 1.3E08 9/35 7.4E04 9.4E04 1.5E05 2/34 < 0.00001 ↓eHC ns < 0.01 ↑AD

S100A8-Hyperox 1.0E05 1.6E05 2.5E05 2/35 1.1E05 1.8E05 3.3E05 5/35 7.7E04 9.5E04 1.5E05 3/34 < 0.01 ↓eHC ns < 0.01 ↑AD

S100A8-SNO 1.1E05 1.6E05 2.7E05 2/35 1.3E05 2.8E05 6.0E07 12/35 7.4E04 9.4E04 1.4E05 0/34 < 0.0001 ↓eHC ns < 0.00001 ↑AD

Sum S100A8-ox 2.2E05 3.3E05 5.4E05 5/35 3.5E05 1.1E06 1.1E08 18/35 1.5E05 1.9E05 3.0E05 3/34 < 0.001 ↓eHC < 0.01 ↑AD < 0.00001 ↑AD

Sum S100A8 4.1E05 6.8E05 9.4E07 14/35 5.8E05 1.1E08 2.208 24/35 2.3E05 2.9E05 4.6E05 5/34 < 0.0001 ↓eHC ns < 0.00001 ↑AD
S100A7 1.4E05 2.0E05 1.2E07 10/35 1.1E05 1.9E05 9.2E06 9/35 9.0E04 1.5E05 3.5E07 11/34 ns ns ns

S100A9S 1.7E05 4.0E05 4.4E08 17/35 2.0E05 9.3E07 2.2E08 20/35 8.8E04 1.5E05 5.9E07 15/34 < 0.01 ↓eHC ns < 0.001 ↑AD

S100A9S-1P 1.4E05 1.9E05 5.2E07 9/35 1.2E05 3.0E05 9.3E07 13/35 7.7E04 9.7E04 1.6E05 4/34 < 0.001 ↓eHC ns < 0.01 ↑AD

S100A9S-ox 1.7E05 4.7E07 2.1E08 19/35 1.2E05 3.0E05 1.1E08 14/35 8.1E04 1.1E05 1.7E07 10/34 < 0.0001 ↓eHC ns < 0.05 ↑AD

S100A9S-1Pox 1.0E05 1.7E05 3.2E05 5/35 1.1E05 2.0E05 3.5E05 7/35 7.7E04 9.5E04 1.5E05 1/34 < 0.001 ↓eHC ns < 0.01 ↑AD

Sum S100A9S and S-1P 3.3E05 8.0E05 5.6E08 18/35 4.4E05 1.0E08 3.2E08 23/35 1.8E05 3.1E05 7.1E07 15/34 < 0.01 ↓eHC ns < 0.001 ↑AD

Sum S100A9S-1P and S-1Pox 2.9E05 5.4E05 1.5E08 14/35 3.9E05 4.8E07 1.0E08 20/35 1.5E05 1.9E05 3.2E05 4/34 < 0.0001 ↓eHC ns < 0.001 ↑AD

Sum S100A9S-ox and S-1Pox 3.3E05 7.1E07 2.6E08 19/35 2.5E05 6.1E05 1.5E08 15/35 1.6E05 2.1E05 2.9E07 10/34 < 0.0001 ↓eHC ns < 0.05 ↑AD

Sum S100A9S 7.1E07 3.0E08 7.6E08 32/35 1.1E08 2.0E08 3.5E08 33/35 3.5E05 6.2E05 9.6E07 16/34 < 0.00001 ↓eHC ns < 0.00001 ↑AD

Sum S100A9L-SSG 5.8E05 1.5E06 2.4E08 20/35 9.0E05 4.9E07 1.8E08 26/35 3.5E05 6.2E05 5.0E07 16/34 < 0.05 ↓eHC ns < 0.01 ↑AD

Cystatin A 1.7E08 3.3E08 5.2E08 33/35 8.8E07 1.5E08 2.6E08 32/35 4.0E07 6.5E07 1.6E08 29/35 < 0.00001 ↓eHC < 0.001 ↓AD < 0.01 ↑AD

Cyst A-NAcetyl 2.4E07 5.9E07 1.1E08 29/35 1.8E06 2.2E07 3.6E07 26/35 1.7E05 1.1E07 2.4E07 23/35 < 0.0001 ↓eHC < 0.001 ↓AD ns

Sum cyst A 2.1E08 3.9E08 5.6E08 34/35 9.4E07 1.7E08 3.0E08 32/35 4.7E07 7.9E07 1.9E08 30/34 < 0.00001 ↓eHC < 0.001 ↓AD < 0.05 ↑AD

Cystatin B-SSG 4.3E07 7.2E07 1.3E08 29/35 2.1E07 4.1E07 1.2E08 30/35 1.1E07 1.9E07 3.1E07 27/34 < 0.0001 ↓eHC ns < 0.01 ↑AD

Cyst B-SSC 1.5E05 1.5E07 4.1E07 18/35 2.6E05 1.5E07 2.8E07 21/35 1.1E05 4.0E06 1.3E07 18/34 ns ns < 0.05 ↑AD

Cyst B-S-S dimer 8.9E06 5.5E07 1.2E08 26/35 1.7E07 5.4E07 7.9E07 31/35 1.5E05 1.7E07 3.3E07 22/34 < 0.01 ↓eHC ns < 0.001 ↑AD

Sum cyst B 7.5E07 1.5E08 3.0E08 30/35 4.5E07 1.1E08 2.4E08 33/35 1.6E07 4.5E07 7.3E07 27/34 < 0.0001 ↓eHC ns < 0.01 ↑AD

Cystatin C 1.6E05 3.8E05 6.8E07 16/35 1.2E05 1.8E05 3.2E05 6/35 8.1E04 9.7E04 2.4E05 6/34 < 0.00001 ↓eHC < 0.01 ↓AD ns

Cystatin D R26des1-5 1.7E05 4.0E07 1.7E08 20/35 1.3E05 2.8E05 5.3E07 13/35 9.0E04 3.6E05 5.8E07 16/34 < 0.05 ↓eHC ns ns

Cystatin S 1.6E05 4.0E05 1.4E08 17/35 1.2E05 1.9E05 3.2E05 5/35 8.1E04 1.2E05 2.1E07 9/34 < 0.001 ↓eHC < 0.01 ↓AD ns

Cyst S1 2.1E08 6.8E08 1.3E09 33/35 1.1E08 3.2E08 8.1E08 29/35 1.0E08 3.3E08 6.6E08 30/34 < 0.05 ↓eHC ns ns

Cyst S2 3.6E07 2.3E08 4.0E08 31/35 2.2E05 8.0E07 2.6E08 20/35 3.4E07 8.4E07 2.1E08 26/34 < 0.01 ↓eHC < 0.01 ↓AD ns

Cyst SN 5.7E08 1.6E09 2.4E09 34/35 1.6E08 4.8E08 1.6E09 30/35 2.6E08 5.4E08 8.8E08 29/34 < 0.001 ↓eHC < 0.05 ↓AD ns

Cyst SA 2.5E05 2.0E08 4.3E08 24/35 1.2E05 2.1E05 5.9E05 8/35 7.7E04 9.7E04 2.4E05 7/34 < 0.00001 ↓eHC < 0.01 ↓AD ns

Cyst S1-ox 3.3E05 1.9E08 4.9E08 24/35 1.1E05 2.0E05 3.5E07 10/35 7.7E04 1.1E05 2.0E05 7/34 < 0.00001 ↓eHC < 0.0001 ↓AD ns

Cyst S2-ox 1.9E05 2.3E07 1.4E08 18/35 1.0E05 1.7E05 2.9E05 3/35 7.4E04 9.4E04 1.5E05 1/34 < 0.00001 ↓eHC < 0.0001 ↓AD < 0.05 ↑AD

Cyst SN-ox 8.0E05 2.3E08 5.7E08 25/35 1.2E05 2.6E05 5.2E07 12/35 7.7E04 1.1E05 1.4E07 9/34 < 0.00001 ↓eHC < 0.0001 ↓AD < 0.05 ↑AD

Sum cyst S1 4.4E08 8.0E08 1.8E09 33/35 1.5E08 3.4E08 8.1E08 31/35 1.2E08 3.3E08 6.6E08 30/34 < 0.001 ↓eHC < 0.01 ↓AD ns

Sum cyst S2 1.4E08 2.5E08 6.8E08 32/35 4.4E05 9.6E07 2.6E08 21/35 3.5E07 8.4E07 2.1E08 26/34 < 0.0001 ↓eHC < 0.001 ↓AD ns

Sum cyst SN 8.1E08 1.9E09 2.8E09 34/35 1.7E08 4.8E08 1.6E09 32/35 2.6E08 5.4E08 8.8E08 31/34 < 0.00001 ↓eHC < 0.01 ↓AD ns

Hst-1-1P 3.7E05 2.4E08 5.7E08 24/35 3.2E07 1.3E08 2.3E08 33/35 1.5E07 6.5E07 1.1E08 29/34 < 0.01 ↓eHC ns < 0.05 ↑AD

Hst-1-0P 1.4E05 2.7E05 6.4E07 14/35 2.1E05 2.7E07 4.2E07 24/35 1.1E05 3.4E06 2.1E07 17/34 ns ns < 0.05 ↑AD

(Continued)
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Table 2
(Continued)

aHC AD eHC aHC versus aHC versus eHC versus
eHC AD AD

XIC Peak Area F XIC Peak Area F XIC Peak Area F p change p change p change

Components 25th median 75th 25th median 75th 25th median 75th
perc perc perc perc perc perc

Sum Hst-1 7.5E05 2.7E08 6.8E08 25/35 5.1E07 1.4E08 2.9E08 33/35 1.6E07 6.9E07 1.4E08 28/34 < 0.01 ↓eHC ns < 0.05 ↑AD

Hst-3 1-24 Hst-5 1.9E08 4.4E08 1.1E09 30/35 1.8E05 9.2E07 1.5E08 20/35 9.6E04 7.9E06 9.1E07 17/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

Hst-3 1-25 Hst-6 1.7E05 3.5E07 2.1E08 18/35 1.2E05 2.0E05 2.3E06 8/35 9.1E04 1.5E05 3.9E07 10/34 < 0.001 ↓eHC < 0.01 ↓AD ns
Hst-3 1.5E05 3.8E05 2.1E08 17/35 1.5E05 6.3E05 5.8E07 17/35 1.1E05 1.6E07 5.6E07 18/34 ns ns ns

Sum Hst-3 2.8E08 5.9E08 1.5E09 33/35 6.1E05 1.4E08 2.7E08 25/35 4.0E05 3.8E07 2.1E08 22/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

T�4 1.6E05 6.6E07 1.7E08 22/35 3.3E05 3.5E07 8.0E07 25/35 9.0E04 4.8E06 5.0E07 17/34 < 0.001 ↓eHC ns < 0.01 ↑AD

�-defensin 1 5.1E07 1.8E08 3.2E08 32/35 6.2E07 1.1E08 2.3E08 32/35 2.7E06 3.4E07 7.5E07 25/34 < 0.0001 ↓eHC ns < 0.0001 ↑AD

�-defensin 2 6.4E07 1.3E08 2.3E08 30/35 3.8E07 1.1E08 1.6E08 30/35 1.3E07 2.6E07 5.5E07 27/34 < 0.0001 ↓eHC ns < 0.001 ↑AD

�-defensin 3 2.5E05 4.1E07 1.3E08 24/35 4.6E05 5.4E07 1.0E08 25/35 1.3E05 2.9E06 1.9E07 14/34 < 0.001 ↓eHC ns < 0.0001 ↑AD

�-defensin 4 1.6E05 3.1E07 6.1E07 20/35 2.1E05 1.3E07 3.4E07 18/35 8.3E04 1.2E05 8.4E06 11/34 < 0.0001 ↓eHC ns < 0.001 ↑AD

Sum � -defensins 2.0E08 4.8E08 8.5E08 34/35 1.2E08 2.9E08 4.7E08 34/35 2.4E07 6.5E07 1.8E08 27/34 < 0.00001 ↓eHC ns < 0.0001 ↑AD

PRP-1-2P 6.7E09 1.0E10 2.0E10 35/35 1.4E09 3.2E09 5.6E09 34/35 1.1E09 2.5E09 4.6E09 33/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

PRP-1-1P 6.0E08 1.3E09 2.1E09 34/35 1.6E08 3.6E08 7.5E08 34/35 8.0E07 2.9E08 5.5E08 31/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

PRP-1-0P 1.4E05 1.1E07 1.1E08 17/35 1.2E05 1.9E05 4.4E05 7/35 9.4E04 7.4E06 3.8E07 17/34 ns < 0.05 ↓AD ns

PRP-1-3P 6.4E07 2.2E08 3.4E08 33/35 1.2E05 2.1E05 5.9E05 8/35 1.2E05 4.0E05 4.0E07 15/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

Sum PRP-1 8.2E09 1.2E10 2.3E10 35/35 1.8E09 3.7E09 6.1E09 35/35 1.3E09 2.9E09 5.2E09 33/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

PRP-3-2P 1.8E09 3.4E09 7.6E09 35/35 5.2E08 9.2E08 2.0E09 35/35 2.9E08 8.0E08 1.3E09 33/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

PRP-3-1P 2.5E08 5.2E08 8.9E08 35/35 1.1E08 1.5E08 2.9E08 35/35 3.7E07 1.5E08 1.9E08 31/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

PRP-3-0P 1.1E05 1.9E05 3.0E07 12/35 1.3E05 2.1E05 9.9E06 10/35 8.8E04 1.3E05 2.3E06 9/34 < 0.05 ↓eHC ns ns

PRP-3-2P desR106 1.2E08 2.6E08 8.4E08 30/35 6.6E07 1.4E08 2.5E08 31/35 2.6E07 2.0E08 3.2E08 27/34 ns < 0.01 ↓AD ns

Sum PRP-3 2.5E09 4.7E09 9.6E09 35/35 8.2E08 1.4E09 2.4E09 35/35 5.8E08 1.1E09 1.8E09 33/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

P-C peptide 1.1E09 2.3E09 4.3E09 35/35 4.7E08 8.4E08 1.3E09 34/35 2.0E08 4.9E08 8.2E08 34/35 < 0.00001 ↓eHC < 0.0001 ↓AD < 0.01 ↑AD

Statherin-2P 9.7E08 1.6E09 2.7E09 35/35 3.9E08 6.5E08 1.1E09 35/35 2.5E08 4.5E08 6.0E08 33/34 < 0.00001 ↓eHC < 0.001 ↓AD < 0.05 ↑AD

Stath-1P 3.3E05 3.0E07 4.5E07 25/35 4.4E06 1.3E07 3.2E07 27/35 2.8E05 8.5E06 1.5E07 25/35 < 0.01 ↓eHC ns ns

Stath desF43 9.6E07 1.9E08 4.2E08 34/35 6.5E07 1.1E08 2.1E08 34/35 3.6E07 7.9E07 1.7E08 33/34 < 0.01 ↓eHC ns ns

Stath desT42F43 2.7E07 5.5E07 1.1E08 34/35 1.3E07 2.5E07 5.3E07 33/35 9.5E06 1.8E07 4.0E07 30/34 < 0.001 ↓eHC < 0.01 ↓AD ns

Stath desD1 4.8E07 9.7E07 1.5E08 35/35 2.9E05 1.9E07 6.1E07 24/35 9.7E06 2.9E07 7.0E07 32/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

Stath des1-9 3.4E07 7.8E07 1.5E08 30/35 4.6E06 5.8E07 8.7E07 26/35 2.8E05 1.8E07 3.4E07 24/34 < 0.0001 ↓eHC ns < 0.01 ↑AD

Stath des1-10 2.7E07 5.0E07 8.8E07 32/35 4.9E05 2.9E07 4.4E07 25/35 7.2E06 1.6E07 3.0E07 27/34 < 0.00001 ↓eHC < 0.01 ↓AD ns

Stath des1-13 1.5E07 3.5E07 5.9E07 33/35 1.3E05 1.8E07 2.7E07 23/35 9.3E04 3.5E05 1.4E07 16/34 < 0.00001 ↓eHC < 0.001 ↓AD < 0.01 ↑AD

Sum statherin 1.5E09 2.6E09 3.7E09 35/35 5.6E08 1.0E09 1.7E09 35/35 4.3E08 7.1E08 9.6E08 34/34 < 0.00001 ↓eHC < 0.001 ↓AD < 0.05 ↑AD

P-B peptide 1.4E09 3.0E09 3.9E09 35/35 3.7E08 5.5E08 9.8E08 35/35 3.0E08 5.0E08 9.8E08 33/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

P-B des1-5 6.8E07 1.3E08 4.4E08 32/35 2.2E07 4.5E07 9.8E07 34/35 2.8E07 5.8E07 1.6E08 34/34 < 0.01 ↓eHC < 0.001 ↓AD ns

P-B des1-7 3.0E08 4.8E08 7.0E08 34/35 4.9E07 9.1E07 1.4E08 34/35 4.2E07 7.1E07 1.2E08 34/34 < 0.00001 ↓eHC < 0.00001 ↓AD ns

P-B des1-4 5.9E07 1.1E08 2.7E08 30/35 4.8E05 3.8E07 8.6E07 25/35 2.2E07 5.1E07 1.0E08 30/34 < 0.01 ↓eHC < 0.001 ↓AD ns

P-B des1-12 5.0E07 9.4E07 1.7E08 34/35 2.3E07 5.1E07 8.0E07 34/35 2.3E07 5.6E07 8.7E07 31/34 < 0.05 ↓eHC < 0.01 ↓AD ns

Sum P-B peptide 2.2E09 4.2E09 5.2E09 35/35 5.7E08 9.4E08 1.4E09 35/35 4.8E08 8.3E08 1.2E09 35/35 < 0.00001 ↓eHC < 0.00001 ↓AD ns
SLPI 1.1E05 1.6E05 2.7E05 5/35 1.4E05 3.2E05 1.6E07 14/35 8.3E04 1.9E05 8.7E06 14/34 ns ns ns

On the right, results of Mann-Whitney exact tests for group comparisons, with a false discovery rate < 5%. The range of color tones from yellow to red denotes the magnitude of significant p-values.
Color tones are continuous and more accurate over significance thresholds.
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Fig. 3. Multidimensional Scaling (MDS) diagrams of Kendall correlations between components. To facilitate the understanding of the
diagrams, the 76 components are grouped into different categories, numerically and color encoded, based on their structural/functional
similitudes and secretory origin. The degree of clustering of points accounts for the degree of proteins/peptides co-expression. Percent values
indicate the percent of information contained in bi-dimensional multidimensional scaling diagrams, relative to all the information contained
in the whole multi-dimensional structure.

Correlation analysis of proteins/peptides within
the groups

A diagram of correlated proteins/peptides within
each group was obtained by multidimensional scaling
analysis applied to Kendall correlations, as showed
in Fig. 3, where clusters generated by components
with correlated levels are evident. To facilitate the
understanding of multidimensional scaling diagrams,
the 76 components were subdivided into 13 cate-
gories based on their structural/functional analogies
and secretory origin. The most compact cluster, in
all the groups, was that of cystatins A and B (cate-
gory 5 in Fig. 3). Less compact clusters were formed
by histatins (category 7), �-defensins 1–4 (category
9), aPRPs (category 10), statherin family (category
11), and P-B peptide family (category 12), without

appreciable differences between groups. Conversely,
differences were found in the degree of clustering of
three categories: category 2, including S100A8 and
its proteoforms, which was relatively more compact
in aHC and eHC than in AD; category 4, including
S100A9 and its proteoforms, which was relatively
more compact in eHC than in aHC and AD; category
6, including cystatins C, D and S, and category 9 (�-
defensins 1–4) relatively more compact in eHC and
AD than in aHC. In addition, the clustering of dif-
ferent categories was evaluated: a strong proximity
between categories 2 and 4, including S100A8 and
S100A9 respectively, was present in eHC. Moreover,
S100A12 was observed to cluster with S100A8 in
aHC and with S100A8 and A9 in eHC. In AD group
a good relationship between T�4 and �-defensins 1–4
was found.
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Table 3
Mean decrease of the Gini (MDG) scores of the 20 most important proteins/peptides or their sum, generically indicated as components,

identified by RF

aHC versus eHC eHC versus AD aHC versus eHC versus AD

Component MDG Component MDG Component MDG

P-B des1-7 11.82 Sum S100A8 5.92 P-B des1-7 14.60
PRP-1-2P 4.29 �-defensin3 4.14 Sum S100A8 5.17
Sum PRP-1 3.70 Sum S100A8-ox 3.92 PRP-1-3P 4.93
Hst-3 1-24 (Hst-5) 1.19 Sum S100A9(S) 2.81 Sum PRP-1 3.56
Sum P-B peptide 1.10 S100A8-SNO 2.01 �-defensin3 3.37
Sum S100A9(S) 1.00 Sum S100A9(S)-1P and (S)-1Pox 1.80 Sum S100A8-ox 3.08
P-B peptide 0.94 Stath des-F43 1.74 PRP-1-2P 3.03
PRP-3-2P 0.91 PRP-1-2P 1.50 Sum S100A9(S) 2.94
Cyst S2-ox 0.87 Stath des1-13 1.17 S100A8-SNO 1.81
Cyst SN-ox 0.72 Cystatin A 1.14 Sum S100A9(S)-1P and (S)-1Pox 1.80
PRP-1-3P 0.51 Stath des1-9 1.08 Sum �-defensins 1.64
Sum cyst SN 0.50 Sum �-defensins 1.02 Hst-3 1-24 (Hst-5) 1.48
Sum �-defensins 0.44 Cyst B-S-S dimer 0.99 �-defensin1 1.44
PRP-3-1P 0.43 �-defensin4 0.97 P-B peptide 1.36
�-defensin4 0.42 �-defensin1 0.86 Sum P-B peptide 1.23
Cyst S1-ox 0.40 Sum S100A9(S) and (S)-1P 0.74 Sum cyst SN 1.23
Sum PRP-3 0.35 �-defensin2 0.68 �-defensin2 1.06
Cystatin A 0.31 S100A9(S)-1P 0.59 Cyst B-S-S dimer 1.06
P-C peptide 0.30 T�4 0.54 �-defensin4 1.05
Sum Hst-3 0.30 S100A8 0.37 Stath des1-13 1.02

Classification of subjects by RF analysis

RF was applied to a subset of components selected
according to the Boruta method (Supplementary Fig-
ure 3), indeed, the use of a subset of proteins/peptides
individuated with the Boruta method, compared to
the use of all the proteins/peptides analyzed, resulted
in a consistent increase of classification accuracy
[37]. The number of selected components varied
in the three analyses, they were 47 for aHC-eHC,
22 for eHC-AD, and 38 for aHC-eHC-AD, for this
reason a limit of 20 components with the highest
MDG scores of each analysis was chosen (Table 3),
being this parameter fundamental to individuate pro-
teins/peptides important for classification.

Confusion matrices and sensitivity/specificity of
classifications are shown in Fig. 4A. Classification
of samples in either aHC or eHC group showed
the highest accuracy (97.1%), followed by classifi-
cation in either aHC, eHC or AD (82.7%), and in
either eHC or AD (79.8%). It should be noted that
these findings were validated by ‘out of bag’ sam-
ples, a method that consists in creating separate sets
of training and test samples, composed by 72% and
36% of the entire set of data, respectively. Accord-
ing to MDG scores, the most important components
for the classification of samples in either aHC or
eHC groups were the des1–7 fragment of P-B pep-
tide and aPRPs, especially PRP1 proteoforms. The

most important components for the classification of
the samples in either eHC or AD group were all
the S100A8 proteoforms, mainly the oxidized and
nitrosylated forms, all the S100A9 proteoforms and
�-defensins, mainly �-defensin 3. The classification
of samples mixing the three groups together (aHC-
eHC-AD) shared the components already identified
in the previous two analyses. It is to note that MDG
scores were in close accordance with the Boruta
selection, while, both MDG and Boruta scores were
not consistent with Mann-Whitney tests. For exam-
ple, in the classification of eHC-AD mixed samples,
PRP1-2P was the 8th most ‘important’ component
in the MDG ranking (Table 3) and the 10th in
the Boruta ranking (not shown), but the same pro-
tein did not appear to be differentially expressed
by the Mann-Whitney test (Table 2 and Supplemen-
tary Figure 2C). This apparent contrast represents an
essential difference between multivariate RF clas-
sification and univariate comparisons and will be
discussed in detail in the next section. Diagrams
of RF classifications were obtained by multidimen-
sional scaling analysis, using the proximity between
each pair of samples as distance (Fig. 4B). A 3D
movie showing the clustering of the three groups
using the first three multidimensional scaling axes
is reported in the Supplementary Material. RF clas-
sification of aHC-eHC-AD mixed samples was also
shown by hierarchical cluster analysis (Fig. 5), which
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Fig. 4. RF applied to the three mixed data sets. Confusion matrices of RF classifications (A), validated by out-of-bag samples. Matrix
rows represent the actual classes, while columns represent the predicted classes. Marginal columns show the frequency of false negatives,
while marginal rows show the frequency of false positives. Multidimensional Scaling (MDS) diagrams (B) showing the relationships among
subjects, using the proximity values calculated by RF. Each group is delimited by a dispersion ellipse with a confidence of 1.6 standard
deviations. Percent values indicate the percent of information contained in bi-dimensional multidimensional scaling diagrams, relative to all
the information contained in the whole multi-dimensional structure.

represents the hierarchical clustering of subjects of
the aHC-eHC-AD mixed data set. aHC subjects are
shown in red, eHC in blue and AD in black. Clustering
was obtained using RF proximity values as distances
and the Ward method as clustering criterion. The den-
drogram shows three main clusters, each composed
primarily of aHC or eHC or AD. The relative fre-
quencies of aHC, eHC, and AD in each of the three
main clusters are represented by the pie charts.

Pathway analysis

The biological pathway analysis was performed
considering the 20 components with the highest
MDG scores that allowed the RF classification of the
samples in the three groups (Table 3). As it concerns
the components differentiating the eHC from the aHC
group (Fig. 6A), the Cytoscape ClueGo plugin indi-
viduated a functional pathway among antimicrobial
components such as �-defensins 1–4, histatins 3 and
5, and S100A9 protein. Among the components dif-
ferentiating the eHC from the AD group (Fig. 6B), the

analysis placed the �-defensins in the antimicrobial
pathway and revealed functional pathways around
the several biological roles of S100A8 and S100A9
proteins, such as the immune system disease, the acti-
vation of NADPH oxidases and various pathways
associated to the signaling cascade of the toll-like
receptor.

DISCUSSION

Overall, the results of the statistical analysis per-
formed on salivary proteomic data from two groups
of healthy subjects differing only in the age, namely
adult (under 70 years old) and elderly subjects (over
70 years old), and a group of elderly affected by AD,
clearly evidenced: 1) changes of the salivary pro-
teome according to a physiological parameter, the
age, and 2) changes of the salivary proteome in accor-
dance the investigated pathology, AD. These results
highlighted that some salivary proteins could classify
subjects with great accuracy based on two parame-
ters: age and disease, some proteins being potentially
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Fig. 5. Hierarchical clustering of subjects of the aHC-eHC-AD mixed data set. aHC subjects are shown in red, eHC in blue and AD in black.
Clustering was obtained using RF proximity values as distances and the Ward method as clustering criterion. The dendrogram denotes three
main clusters, each composed primarily of aHC or eHC or AD. The relative frequencies of aHC, eHC, and AD in each of the three main
clusters are represented by the pie charts.

useful for diagnostic purposes. In particular, the
aging-associated variations in the abundance of the
salivary proteins were revealed between the adult
group and the two elderly groups, with and without
AD, reaching the 91% of the analyzed components
with lower levels in healthy elderly than in adult
controls. Elderly people, especially, showed a very
noteworthy decreased level of components belong-
ing to acidic proline-rich proteins, salivary cystatins,
histatins, P-B peptide, and statherin families, which
are proteins and peptides secreted by salivary glands
[39]. Except for the P-B peptide, whose biological
role is unknown, they are physiologically involved
in the homeostasis, in the bacterial colonization and
in antimicrobial defense of the oral cavity [7, 40].
The correlation analysis performed in this study evi-
denced that in all of the three groups their abundances
were interrelated as expected for peptides/proteins
with same origin and with harmonized functions.
Moreover, these secretory components resulted to be
among the most discriminant between elderly and
adult subjects in the RF analysis of classification, in
accordance with the Mann-Whitney test.

These findings appeared related to the physio-
logical and histological changes occurring in the
major salivary glands with aging. Indeed, the pro-

portion of fat and fibrovascular tissues of salivary
glands increases in elderly individuals [41], and
the reduced volume of acinar cell secretion causes
gland hypofunction [42]. However, our results were
in accordance also with other studies, which sug-
gested that age may influence the secretion of specific
salivary components, indeed, different aging-related
trends for diverse proteins have been observed high-
lighting increases of some and decreases of others
[43]. It was demonstrated, for instance, that N-
glycoproteins [44], amylase, and IgA [43], are more
abundant in saliva of elderly with respect to younger
subjects. This suggested that the highest total pro-
tein concentration measured in eHC group probably
might have been affected by the concentration of
amylase, IgA, or N-glycoproteins, which have not
been analyzed in the present study. We observed a
lower total protein concentration in elderly subjects
with AD, whose pathological conditions could have
interfered with the levels of these proteins. Indeed,
de la Rubia et al. [45] observed a decreased level
of IgA in AD subjects. It should be noted that we
used the total protein concentration to normalize the
quantitative data represented by the XIC peak areas of
proteins/peptides, and that same results (not shown)
were obtained without normalization. Thus, the nor-
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Fig. 6. Network representation of the functional pathway analysis considering the 20 components with the highest MDG scores used to
classify the samples in the eHC, aHC, and AD groups. The analysis was performed by enriched KEGG and Reactome databases with
the Cytoscape ClueGo plugin. Results obtained with components distinctive the eHC from aHC subjects in panel A, results obtained with
components distinctive eHC from AD subjects in panel B.

malization on total protein concentration, even if
affected by abundant proteins not considered in the
analysis, did not produce an underestimation of the
investigated proteins, and did not introduce errors in
the statistical analysis.

Regarding peptides/proteins not secreted by sali-
vary glands, aging-associated differences were
observed between the two groups of healthy controls.
In the younger subjects were measured higher levels
of �-defensins 1, 2, 3, and 4, thymosin �4, cystatins
A and B, and the several proteoforms of S100A9 and
S100A8, all components largely expressed in several
body fluids and tissues as modulator of the inflamma-
tory processes and antimicrobial agents [40–48]. RF
classification analysis individuated the �-defensins,
cystatin A and the short S100A9 proteoforms among

the 20 most discriminant between adult and elderly
healthy controls. Moreover, the functional pathway
analysis included �-defensins and S100A9 protein
in the network of antimicrobial activities together
with histatin 5. Overall, these results suggested that
healthy subjects could be distinguished based on their
salivary profiles that drastically changed with age,
and that the variation involved especially components
important to regulate the inflammation and to respond
to antimicrobial occurrences not only in the oral cav-
ity but also at systemic level. Our results showed that
these abilities were reduced with the aging.

When adult controls were compared with elderly
subjects with AD, not significant variations were
observed in the abundances of the non-glandular
components except for cystatin A, with lower level
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in the patients, and the oxidized forms of S100A8,
with higher levels in the patients. This last one
appeared a disease-related difference and it has been
highlighted also between the healthy elderly con-
trols and the patients with AD together to other
disease-related variations involving peptides and pro-
teins included in the innate immune system pathway
[40–48], which significantly increased in the patient
group. In accordance with our previous study [29],
they were statherin, histatin 1 among the secretory
glandular peptides, �-defensins, thymosin �4, cys-
tatins A and B, the S100A9 and S100A8 proteoforms,
among the non-glandular components. The present
investigation highlighted, in addition, that the oxi-
dized forms of cystatins S2 and SN were found
more abundant in AD patients than in elderly con-
trols, suggesting a possible role of these proteins as
oral ROS scavengers and the existence of oxidative
state in oral cavity of the patients. It is noteworthy
that S100A8 and S100A9 proteoforms, particularly
the nitrosylated S100A8, as well as cystatins A and
B, thymosin �4 and the �-defensins, mainly the �-
defensin 3, resulted important for the classification
of the groups based on the MDG scores, especially
for the classification of subjects either in the AD
group or in the control group of elderly. Interest-
ing suggestions on the possible biological role in
the pathology of these peptides and proteins were
provided by the analysis of correlation and of func-
tional network. The correlation analysis showed an
association of proteins/peptides categories that was
different in the three groups. Moreover, some specific
categories of proteins/peptides were found to cluster
together, as the cystatins A and B clustering in all the
three groups. These two proteins share the same 3D
structure, 80% sequence homology, and 52% identity
[49], and as cathepsin inhibitors, both play an impor-
tant role as regulatory factors of inflammation and in
the innate immune response [48]. In particular cys-
tatin B may exert additional functions in maintenance
of cell homeostasis, reduction of oxidative stress [50],
prevention of apoptosis [51], and neuronal protective
role [52]. Interestingly, the high abundance of both
cystatins A and B found in the patients and their con-
stant co-regulation independently from age, could be
in accordance with the hypothesis that they play a
protective role in amyloid fibrilization, which proba-
bly is enhanced during AD occurrence. Indeed, it has
been reported that both cystatins A and B co-localize
in amyloid plaques of various origins [53, 54], bind
A� and interrupt amyloid aggregation in cells [55].
The strong correlation between �-defensins 1–4 and

thymosin �4 in saliva of the patients induced to reflect
on the possible role that these antimicrobial and anti-
inflammatory peptides could have in the brain, and
on the hypothesis that the microbiota-induced neu-
ronal inflammation may trigger A� deposition and
AD development [56]. Indeed, the neuropatholog-
ical alterations are often associated with abnormal
expression and/or regulation of antimicrobial and
anti-inflammatory peptides such as defensins [57].
This was in accordance with the antimicrobial func-
tional pathway including the �-defensins 1–4 that was
evidenced in the present study.

Interestingly, thymosin �4, which is a moon-
lighting peptide widely expressed in human tissues
[58], exerts neuroprotective and neuro-regenerative
effects [59], and it was found upregulated in reactive
microglia of patients with AD, where it suppresses the
pro-inflammatory signaling [60]. The strong correla-
tion of the S100A8 proteoforms, and their clustering
with S100A12 protein in both control groups, and,
only in elderly subjects also with S100A9 proteo-
forms, appeared to be associated to two features: 1)
they are all involved in the modulation of the inflam-
matory processes [47, 60]; 2) their co-participation
in the inflammation appeared aging-related, being
these proteins significantly less abundant in the
elderly subjects. S100A12 is a potent chemoat-
tractant for monocytic cells [61], and it activates
various cell types inducing expression of adhe-
sion molecules and pro-inflammatory cytokines [62].
S100A9 and S100A8 are constitutively expressed in
immune cells and their expression and extracellular
release are upregulated also in other cell types under
inflammatory conditions [47]. The pathway analy-
sis, performed on the most significant 20 components
discriminating elderly controls from AD patients,
indicated the participation of S100A9 and S100A8
in the regulation of the Toll-like receptors (TLRs)
cascade. Indeed, extracellular S100A8 and S100A9
bind pattern recognition receptors including TLRs
and receptor for advanced glycation end products
(RAGE) to activate the innate immune system and
mediate inflammation by inducing cytokine secre-
tion, and by influencing monocyte and macrophage
behavior [63]. Furthermore, they play an important
role in protecting the body from pathogenic infec-
tion by triggering TLR4- or RAGE-mediated multiple
inflammatory pathways [47]. It was demonstrated
that S100A8 and A9 acts directly on cultured BV-
2 microglial cells binding to TLR4 and RAGE and
inducing the secretion of pro-inflamamtory cytokines
through the activation of the nuclear factor κB
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via ERK and JNK pathways [64]. For this rea-
son, S100A8 and S100A9 were proposed as novel
therapeutic targets for microglial-induced neuroin-
flammatory diseases. A recent review highlighted
that TLRs are considered one of the major com-
ponents of the AD pathogenesis, since signaling of
TLRs affects synaptic plasticity, microglial activity,
tau phosphorylation, and inflammatory responses,
moreover, several genetic polymorphisms of TLRs
have been also recognized as protective or risk factors
for the AD [65].

Therefore, our results place the pro-inflammatory
activity of S100A9 and S100A8 very well in the
dynamics of AD pathogenesis. However, it is also
worth reflecting on the fact that they may exert
both pro- and anti-inflammatory effects by manip-
ulating the cytokine profile of cells through TLRs-
and RAGE-binding [66], and they can switch from
pro-inflammatory to anti-inflammatory activity prob-
ably depending on the local microenvironment, the
oxidative modifications, and the binding with metal
ions [67]. The methionine oxidation of S100A9 can
terminate the chemo-repulsive effect on peripheral
neutrophils [68]. S100A8 exerts anti-inflammatory
activity when modified by nitrosylation on its cys-
teine residue [69]. In addition, S100A9 and S100A8
can play a dual role also in oxidative stress conditions.
Indeed, in activated granulocytes and macrophages,
these two proteins are involved in the activation
of NADPH oxidase 2, as suggested by the func-
tional pathway analysis performed in this study, and
thus contribute to the generation of reactive oxy-
gen/nitrogen species (ROS/RNS) with a subsequent
progression and exacerbation of the inflammatory
status [70]. However, they can play protective roles
against oxidative stress in several tissues as scav-
enger of ROS/RNS [71]. The very low levels of
S100A12 and of all the proteoforms, unmodified and
oxidized, of S100A8 and S100A9 in elderly controls,
which we found strongly correlated, suggested an
enhanced need of protection from oxidative damages,
as well as a loss of capacity to regulate the inflam-
matory response. These results well agreed with the
hypothesis that aging is a loss of homeostasis due
to a chronic oxidative stress caused by an accumu-
lation of ROS/RNS-induced damages, which is at
the base of the “Oxidative stress theory of aging”
[72]. Increased ROS/RNS levels lead to several age-
related conditions affecting the regulatory systems,
such as nervous, endocrine, and immune systems.
The activation of the immune system induces an
inflammatory state creating a vicious circle and, con-

sequently, increases the age-related morbidity and
mortality [72]. In this context, the highest levels
of oxidized forms of S100A9 and S100A8, partic-
ularly the nitrosylated S100A8, in subjects with AD,
reinforced the suggestion that these proteins, being
particularly sensitive to oxidative cross-linking and
massive oxidation [60], could act as ROS/RNS scav-
engers against oxidative damages in the patients, as
well as part of an anti-inflammatory response.

The 79.8% accuracy in the classification of elderly
subjects with and without AD was relatively higher
than that reported for clinical diagnostic methods
[73], but lower than that obtained using ultrasensitive
assays of biomarkers, namely A� and tau proteins, in
plasma [74], and in salivary samples [75]. Neverthe-
less, present data may be of interest because they were
obtained from a panel of proteins/peptides present in
saliva, not associated with classical markers of AD,
and that were recently related to the disease [29].
For the classification, RF was preferred over other
methods because of several reasons: (a) it is not con-
ditioned by the data distribution; (b) it has a low risk
of overfitting; (c) it does not require supplementary
samples for the validation of results, as each tree is
built up omitting nearly one-third of the samples that
are subsequently used to test the misclassification
rate; (d) it provides a measure of the relative impor-
tance of each feature in the classification of samples
(MDG); (e) it provides an estimation of the proximity
(i.e., similarity) between each two samples that opens
the possibility of applying multidimensional scaling
and hierarchical cluster analyses to obtain a visual
representation of the classification. In addition, the
use of this approach provides the possibility to corre-
late the position of misclassified subjects with their
specific clinical profiles (i.e., severity of the disease,
therapy, presence of comorbidities, etc.). This will
be the subject of future investigations. The results of
the RF classification were in accordance with those
obtained by the analyses of the differential abun-
dances and of correlation. Surprisingly, some proteins
identified as important for RF classification were not
found to be significantly changed by Mann-Whitney
tests (e.g., statherin desF43 and PRP1, comparing
eHC and AD subjects), and vice versa some proteins
significantly changed were not found important for
RF classification (e.g., statherin des1-13 and cystatin
C, comparing aHC and eHC subjects). This appar-
ent paradox is due to the modus operandi of RF,
and more in general of methods based on decision
trees, that are able to detect changes in variables using
multiple split points, although the averages or medi-
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ans of the groups being compared are approximately
equivalent. Because of this fact, proteins important
for RF classification could not be directly regarded as
candidate markers for AD. For diagnostic purposes,
the panel of differentially expressed proteins identi-
fied by Mann-Whitney tests appears to provide very
reliable indications.

Conclusions

The results obtained in the present study, con-
firmed those of our previous study [29] that is the
individuation of potential biomarkers candidates of
AD in peptides and proteins principally involved in
defense mechanisms of the innate immune system,
in inflammation regulation and in protection against
oxidative stress. Moreover, interesting new finding
demonstrated that salivary protein profile strongly
changes its composition, mainly at quantitative point
of view, in relation to the aging, and that variation
involved almost all the analyzed peptides and proteins
and their proteoforms. The mainly fascinating results
were produced by RF analysis, which demonstrated
the feasibility of the salivary proteome to discrimi-
nate groups of subjects who are different in their age
and health status, and thus patients with AD in com-
parison with healthy controls. This outcome drives
to the potential use of the salivary protein profile for
diagnostics and classification purposes.
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