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Abstract: Biological material is one of the most important aspects that allow for the correct diagnosis
of the disease, and tears are an interesting subject of research because of the simplicity of collection,
as the well as the relation to the components similar to other body fluids. In this review, biomarkers
for Alzheimer’s disease (AD), Parkinson’s disease (PD), and multiple sclerosis (MS) in tears are
investigated and analyzed. Records were obtained from the PubMed and Google Scholar databases in
a timeline of 2015–2022. The keywords were: tear film/tear biochemistry/tear biomarkers + diseases
(AD, PD, or MS). The recent original studies were analyzed, discussed, and biomarkers present
in tears that can be used for the diagnosis and management of AD, PD, and MS diseases were
shown. α-synTotal and α-synOligo, lactoferrin, norepinephrine, adrenaline, epinephrine, dopamine,
α-2-macroglobulin, proteins involved in immune response, lipid metabolism and oxidative stress,
apolipoprotein superfamily, and others were shown to be biomarkers in PD. For AD as potential
biomarkers, there are: lipocalin-1, lysozyme-C, and lacritin, amyloid proteins, t-Tau, p-Tau; for MS
there are: oligoclonal bands, lipids containing choline, free carnitine, acylcarnitines, and some amino
acids. Information systematized in this review provides interesting data and new insight to help
improve clinical outcomes for patients with neurodegenerative disorders.

Keywords: biomarkers; Parkinson’s disease; Alzheimer’s disease; multiple sclerosis; tears

1. Introduction

The appropriate selection of biological material is one of the most important aspects
that allow for the correct diagnosis of the disease. The type, method of collection, and
storage conditions have a significant impact on the reliability of the obtained result. The
invasively obtained material is blood, tissue, and cerebrospinal fluid, and the non-invasive
material is urine, saliva, tears, and sweat [1–3]. The choice of biological material depends on
the possibility and usefulness for the study. A material that can be obtained non-invasively
without the possibility of exposing the patient to side effects is preferred. Tears are an inter-
esting and important biological material, due to the simplicity of collection and are related
to the central nervous system (CNS) [3,4], considered an intermediate fluid between the
cerebrospinal fluid and serum [5]. It was shown that proteins present in the cerebrospinal
fluid were also present in tears [3]. For this reason, tears seem to be a strategic material
for a new biomarkers search and for the early non-invasive diagnosis of nervous system
diseases. Neurodegenerative diseases are characterized by the progressive dysfunction of
the central or peripheral structures of the nervous system, and Alzheimer’s disease, Parkin-
son’s disease, or multiple sclerosis are examples of diseases where prompt diagnosis is very
important, and biomarkers are still needed [6–11]. In this work, we reviewed the current
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state of knowledge, regarding the potential use of tears as an innovative non-invasive tool
for the search for protein markers of nervous system diseases, such as Alzheimer’s disease,
Parkinson’s disease, and multiple sclerosis. To this end, we performed an extensive search
of available online databases. In this work, we relied solely on original research. Our
review systematizes the available information on these diseases and marks new directions
in clinical research in diseases of the nervous system.

1.1. Composition of Tears

Based on the Masoudi (2022) [12] and Zhou and Beuerman (2017) work [13], tear film
is a composition of molecules of varied form and function of several origins. The total
protein concentration of human tears ranges from 6 to 11 mg/mL, with lysozyme being
the most abundant tear protein with a concentration of approximately 1 mg/mL [13]. The
main components of human tears are proteins, also tear lipid, metabolites, electrolytes,
vitamins, and other components [12,14].

In healthy human tears, 1351 proteins were found. The principal tear proteins are
directly secreted by lacrimal glands, tear lipocalin, lysosomes, and also by serum, which
is probably as a result of passive transport from the blood [15]. Among the proteins
detected are growth factors [16,17], cytokines [18], matrix metalloproteinases [19], im-
munoglobulins [20–23], sex hormones [24–28], proteases and protease inhibitors [29–33],
calcium-binding proteins [34,35], and glycoproteins [36–38]. The tear film lipid layer (TFLL)
acts as an interface between the aqueous layer and air and is the composition of different
types of lipids, including cholesteryl esters (CE), wax esters (WE), and triacylglycerol
(TAG) [17,39–45]. In tears, circulating microRNAs (cimiRNAs) as potential biomarkers
were also found [46]. Wide data on other tear components are presented in the Masoudi
(2022) work [12]. Figure 1 presents the main components of tears.
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1.2. Methods of Tears Analysis

The composition of the tear fluid supplies valuable information not only about the
health of the eyes but also about the functioning of the entire body. There is currently a lot
of interest in the potential use of tears as a tool in health screening, disease prevention, and
as a source of disease markers. Primary health care facilities where patients’ tears may be
collected can play a key role. Quah et al. (2014) [47] have compared the patients’ opinion
on collecting blood by antecubital venous puncture and finger prick test compared to tear
collection. The analysis was performed in 383 patients (not diabetic and not attending to an
eye-related complaint), whose tears were obtained using Schirmer strips. The participants
also completed a pain-sensing questionnaire on a scale of 0 to 10. The authors noticed that
the pain score for the collection of tears with Schirmer strips was significantly lower than
for the puncture of the antecubital venous but higher than for the finger puncture. The
study found that 74% of participants preferred to donate tears rather than blood for testing,
confirming that tear collection with Schirmer strips is highly acceptable and can be used
for primary health screening [47].

The use of the method with Schirmer strips is also appreciated by Zhou et al. [13],
but these authors emphasized that it is also possible to use other absorbent materials or
fire-polished microcapillary tubes. It has been shown that, regardless of the tear collection,
care should be taken not to activate the corneal nerves and not induce reflex tears. Tears
induced upon irritation have numerous differences in protein profile, which can influence
problems and difficulties in biochemical testing.

The search for biomarkers in tears is based on obtaining biological material from
patients in the control and study groups, and then laboratory analyses are carried out.
Until now, a wide range of research methods have been used, including electrophore-
sis [48,49], spectrophotometric techniques [50], enzyme immunoassays (ELISA) [51,52],
microarrays [48], and beads-based tests [53,54].

An interesting approach seems to be biosensors that are tested for example in moni-
toring chronic kidney disease. This non-invasive method uses the diffusion of metabolite
molecules from the blood into the tears [55] and makes it possible to test not only tears but
also other peripheral body fluids, such as interstitial fluid (ISF), sweat, and saliva [56]. The
use of biosensors allows the monitoring of creatinine (CR), glucose, sodium, potassium,
urea, and uric acid (UA), which are important indicators of homeostatic conditions. In
this aspect, glucose levels can be regularly controlled, which is based on electrochemical
techniques and using a special contact lens [56]. Moreover, some authors also describe
the use of colorimetric methods [57]. In technological advances, microchannels have been
embedded in commercial, rigid gas-permeable contact lenses for non-invasive colorimetric
biodetection of the pH of tears, glucose, nitrite ions, and protein. Other authors indicated
the use of an integrated tear lactate sensor using a Schirmer test strip and developed lactate
oxidase, which can be used in clinical diagnostics and monitoring the performance of
athletes [58]. The described tear lactate (TL) sensor has a detection range of 0.39 to 16.60
mM and is resistant to interference substances, such as acetaminophen, ascorbic acid, and
uric acid. Therefore, the TL sensor seems to be a safe and painless alternative to tear
measurement, and its use can be extended to dry eye syndrome, Parkinson’s disease, and
cancer [58]. An interesting tool for collecting tears and glucose control is the self-diagnostic
device described by Lee et al. (2019) [59]. This device was manufactured by tightly folding
the tear-collecting lid in combination with a strip-type glucose sensor. The concentration in
serum estimated from the tear glucose level obtained with the device showed a high correla-
tion with the values measured with a clinically available blood glucose meter (R2 = 0.9617).
The authors suggested that the use of the described device can be important in disease
prevention and enables the early diagnosis of pre-diabetes [59].

The use of biosensors and contact lenses for the examination of tears has also been
extensively described by other authors [60–62]. The tear fluid can be a valuable material for
systemic glucose measurements. The method is a valuable alternative to current invasive,
painful, and expensive disease monitoring methods, based on blood or serum collection.
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Sempionatto et al. (2019) have proposed a more complex self-diagnostic detection
system [63]. Authors described wearable tear bioelectronic platform, which is integrated
with a microfluidic electrochemical detector into an eyeglasses nose-bridge pad. This
system can be useful for non-invasive monitoring of key tear biomarkers, including not
only glucose but also alcohol and vitamins. The device allows the collection of real-
time data, and direct measurements of stimulated tears enable the creation of the first
portable monitoring platform, and the principle of method is based on wireless electronics.
The authors emphasized that, for the first time, a non-invasive, wearable tear alcohol
biosensor mounted on eyeglasses was demonstrated. A platform located outside the eye
area resolves drawbacks of the contact lens systems, including potential infections and
visual disturbances [63]. The tear analysis methods are summarized in Table 1.

Table 1. Characteristic of tear analysis methods.

Method of Tears Collection Method of Identification/
Analysis References

Schirmer strips Mass spectrometry [13,24]

Absorbent materials/sponge ELISA
2D-electrophoresis [48,51]

Microcapillary tubes ELISA
Multiplex bead analysis [53,54,64]

Mass spectrometry
Microarray [48,50]

Micropipette SDS-PAGE [49]

Contact lens/Biosensors Bioelectrochemical
field/electrochemical techniques [55,60–62]

ELISA [52]
2D electrophoresis—two-dimensional gel electrophoresis; ELISA—enzyme-linked immunosorbent assay;
SDS-PAGE—polyacrylamide gel electrophoresis under denaturing conditions.

2. Methods
Literature Search Strategy

Here, we present information on human tear biomarkers in Alzheimer’s disease,
Parkinson’s disease, or multiple sclerosis, and the principal references were taken from
internet databases, such as PubMed and Google Scholar, published from January 2015 until
June 2022. The keywords were as follows: tear film/tear biochemistry/tear biomarkers +
diseases (including Alzheimer’s disease, Parkinson’s disease, or multiple sclerosis). Google
Scholar database gave different search results depending on the use of quotation marks or
its absence. We included only original studies that described the biomarkers in tears. We
reviewed all publications in English and those having English abstracts.

3. Results and Discussion
3.1. Literature Search

This review was performed in accordance to the PRISMA (Preferred Reporting Items
for Systematic Reviews and Meta-Analyses) guidelines. Figure 2 shows the scheme of
literature searching method.



Int. J. Mol. Sci. 2022, 23, 10123 5 of 22Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 5 of 23 
 

 

 
Figure 2. Scheme of literature searching (created with BioRender.com, accessed on 25 July 2022). 

3.2. Parkinson’s Disease Tears Biomarkers 
Parkinson’s disease (PD) affects approximately 1% of the world’s population [65] and 

is the second most commonly diagnosed neurodegenerative disease after Alzheimer’s 
(AD) [66]. 

PD is a systemic neurodegenerative disease in which there is a loss of dopaminergic 
neurons in the substantia nigra of the brain and the formation of fibrous protein aggre-
gates called Lewy bodies (LB). Until recently, PD was considered a movement disorder 
characterized by resting tremor, bradykinesia, postural instability, and rigidity of the 
limbs. Currently, in the course of PD, a multisystem disorder is observed, accompanied 
by inflammation of the nervous system and decreased function of the immune system. It 
is the cause of nonmotor symptoms, such as sleep disorders, hallucinations, gastrointesti-
nal disorders, and scotomas [67–69]. The first motor symptoms appear in patients several 
decades after the onset of the disease process, i.e., from the onset of non-specific non-mo-
tor symptoms [70]. Changes in the human body during PD are reflected in a change in the 
composition of body fluids. Much research has been done to discover PD biomarkers in 
the blood and cerebrospinal fluid (CSF). However, none of these studies had a clear con-
clusion [71]. Table 2 presents the candidate biomarkers found in tears for Parkinson’s dis-
ease (PD). 

Under physiological conditions, α-synuclein (α-syn) is a protein active in synapses 
and is involved (object) in the formation, trafficking, and coupling of synaptic vesicles; 
thus, α-syn is indirectly related to the recycling and storage of dopamine. The α-syn acti-
vation and deactivation process is controlled at the level of lysosomal autophagy and pro-
teasome degradation driven by ubiquitinylation [72]. α-syn in dopaminergic neurons oc-
curs in the form of an unfolded monomer and a folded oligomer (α-synOligo). α-synOligo 
is ligated and aggregated in dopaminergic neurons in the form of Lewy bodies. In the 
physiological state, a dynamic equilibrium is maintained between the monomeric and 

Figure 2. Scheme of literature searching (created with BioRender.com, accessed on 25 July 2022).

3.2. Parkinson’s Disease Tears Biomarkers

Parkinson’s disease (PD) affects approximately 1% of the world’s population [65] and
is the second most commonly diagnosed neurodegenerative disease after Alzheimer’s
(AD) [66].

PD is a systemic neurodegenerative disease in which there is a loss of dopaminergic
neurons in the substantia nigra of the brain and the formation of fibrous protein aggre-
gates called Lewy bodies (LB). Until recently, PD was considered a movement disorder
characterized by resting tremor, bradykinesia, postural instability, and rigidity of the limbs.
Currently, in the course of PD, a multisystem disorder is observed, accompanied by in-
flammation of the nervous system and decreased function of the immune system. It is
the cause of nonmotor symptoms, such as sleep disorders, hallucinations, gastrointestinal
disorders, and scotomas [67–69]. The first motor symptoms appear in patients several
decades after the onset of the disease process, i.e., from the onset of non-specific non-motor
symptoms [70]. Changes in the human body during PD are reflected in a change in the
composition of body fluids. Much research has been done to discover PD biomarkers
in the blood and cerebrospinal fluid (CSF). However, none of these studies had a clear
conclusion [71]. Table 2 presents the candidate biomarkers found in tears for Parkinson’s
disease (PD).

Under physiological conditions, α-synuclein (α-syn) is a protein active in synapses
and is involved (object) in the formation, trafficking, and coupling of synaptic vesicles; thus,
α-syn is indirectly related to the recycling and storage of dopamine. The α-syn activation
and deactivation process is controlled at the level of lysosomal autophagy and proteasome
degradation driven by ubiquitinylation [72]. α-syn in dopaminergic neurons occurs in
the form of an unfolded monomer and a folded oligomer (α-synOligo). α-synOligo is
ligated and aggregated in dopaminergic neurons in the form of Lewy bodies. In the
physiological state, a dynamic equilibrium is maintained between the monomeric and
oligomeric forms [73]. However, in pathological conditions, α-syn undergoes non-bending
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folding and excessive aggregation in neurons, causing them to die [72]. Hamm-Alvarez et al.
(2019) investigated the effectiveness of determining the total content of α-syn (α-synTotal)
and α-synOligo in basal tears as a biomarker of early PD. The researchers also determined
the concentrations of CCL2, DJ-1 protein, lactoferrin (LF), and matrix metallopeptidase
9 (MM9) in the tears of the control group (n = 82) and people with PD (n = 93) [27].
CCL2 is a chemokine used as an effector of PD progression [74]. DJ-1 is a chaperone
and protects cells against oxidative stress and prevents α-syn aggregation [75]. On the
contrary, LF is an indicator of lacrimal gland status [76] and MMP9 is an indicator of
inflammation [77]. The researchers showed that in the tears of people with PD compared
to the control group (CRT), there was a significant increase in the content of α-synOligo
(CRT = 0.44; PD = 1.68 ng/mg of tear proteins) with a simultaneous reduction in the α-
synTotal (CTR = 361.16; PD = 254.54 pg/mL of tear proteins). There was also an increase
in total protein, CCL2, DJ-1 and MMP9, however, these changes were not statistically
significant. It should also be noted that there were differences in the proteins content of the
studied proteins in terms of sex between healthy people and people with PD. The level of α-
synOligo in the tears of men with PD was found to increase twice, while in women as much
as 4.5 times; the concentration of DJ-1 increased in men by approximately 50% and remained
unchanged in women. It was also shown that in women, PD also increased the total protein
content in the tears, while in men this factor remained unchanged. Additionally, only
in the tears of men with PD was a statistical increase in total α-syn found. In another
Hamm-Alvarez et al. (2019) study [27], they investigated reflex tear to see if it would be
a more useful diagnostic tool than basal tears. It was observed that in PD patient’s tears
(PD v CRT), there was a significant increase in α-syn Oligo concentration (CRT = 0.65;
PD = 2.85 ng/mL of tear proteins), lactoferrin (CTR = 145.84; PD = 196.05 µg/mg of tear
proteins), and CCL2 (CTR = 66.47; PD = 109.68 pg/mg of tear proteins). As in the earlier
study, differences were also found between the sexes in the content of individual proteins in
the tears of healthy people and the PD patient. It was shown that PD increased the content
of α-synOligo in tears in men by five times and in women by four times, and the increase
in CCL2 and lactoferrin during PD was found only in men. Statistical analysis of AUROC
showed that α-synOligo (AUROC = 0.80) may be an effective biomarker in the diagnosis
of PD. On the other hand, the combined analysis of α-synOligo and CCL2 increases the
accuracy of PD diagnosis (AUROC = 0.83). Both studies also show that when looking for
potential biomarkers and developing levels of diagnostic factors, it is necessary to include
the gender criterion. PD is a disease that affects men 1.5–2 times more often [78]. These
differences may be due to the protective role of estrogens in relation to neurons [79].

In studies conducted in the mouse model of PD, degradation of the catecholaminergic
systems was demonstrated [80]. The degradation of central and peripheral catecholaminer-
gic neurons during PD affects changes in the motor functions of the muscles and the eye
itself [81]. Therefore, it seems justified to study the change in the profile of monoamine
accumulation in tears as a potential source of PD biomarkers. Bogdanov et al. (2021) [82]
analyzed the change in the concentration of selected catecholamines (dopamine, nora-
drenaline, adrenaline), metabolites: L-DOPA (dopamine precursor) and DOPAC (dopamine
degradation product). The study also analyzed the content of α-2-macroglobulin, which
is a proteases inhibitor present in patients’ PD tears and involved in the pathogenesis of
PD [82]. The change in the regulation of this protein is observed in the CSF of people with
PD [83]. This study included 31 people with early stage PD and 32 people in the control
group. From the data collected, researchers showed that PD develops asymmetrically. The
following pattern of changes in the content of tested proteins in PD tears, compared to
the control group was found: α-2-macroglobulin on both sides and a 2-fold reduction in
adrenaline content regardless of the side of the eye. The authors also performed a statistical
analysis of the sensitivity and specificity of the parameters tested. It shows that adrenaline,
noradrenaline, and the analysis of α-2-macroglobulin activity have the greatest potential
as biomarkers (81.2%, 88.9%, and 92%, respectively). α-2-macroglobulin shows a large
variety of functions; it is difficult to clearly define its increased activity in the tears of PD
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patients. The protein exhibits neuroprotective activity by stabilizing misfolded proteins
(α-synuclein and β-amyloid), preventing their aggregation and transformation into neuro-
toxins [83]. On the other hand, α-2macroglobulin, due to the fact that it inhibits the activity
of the neuronal growth factor, shows a neurotoxic effect [84]. Regardless of the function of
α-2-macroglobulin, it has a high potential to be a biomarker of the preclinical and clinical
stage of PD. Another study also looked at the change in catecholamine content in tears in
PD subjects [85]. It was found that in PD patient’s tears, compared to the control group, the
concentration of norepinephrine increased twice, the dopamine content increased by about
50% but only after the ipsilateral site, and the concentration of epinephrine on both sides
decreased twice. There is a risk that the detected biomarker in patients in the clinical stage
is absent in the preclinical stage. However, Kim et al. (2019*) [85] are convinced that the
catecholamines identified in the study have a high potential to be markers of the early and
clinical stage of PD. The thesis of these authors may be confirmed by the results of studies
on the animal model of PD, where an increase in the content of norepinephrine in tears was
also observed in the preclinical phase [86] by Kim et al. (2019**).

Proteomic analysis using LC-MS provides a wealth of key data to understand the
molecular basis of systemic neurodegenerative diseases. This type of analysis is also the best
tool for the precise search for whole groups of biomarkers specific for a given disease entity.
This research strategy was used by Boerger et al. [87]. They performed the segregation and
tear identification of 36 PD patients and 18 controls. A total of 571 were identified in tears
PD and CRT. Only 31 proteins were present in the tears of PD patients and only 7 in the
tears of healthy subjects. It was also shown that 21 proteins increased and 19 decreased
in the tears of PD patients, compared to the control group. The performed gene ontology
(GO) analysis allowed the determination of the functions of proteins, the accumulation of
which changed in tears during PD. A total of 40% of these proteins were related to neuronal
function. Seven proteins were associated with the maintenance of retinal homeostasis
and eight with the myelin sheath. Of the proteins present only in PD tears or proteins
that were up-regulated during PD, 40% were associated with lipid metabolism and 10%
with oxidative stress. Additionally, protein–protein interaction (PPI) analysis revealed
many interactions between proteins related to vesicle-mediated transport, secretion, stress
response, and wound healing. The results obtained may indicate a significant influence of
these proteins on the pathogenesis of PD. Furthermore, the authors in their study found the
following pattern of protein accumulation: protein deglycase DJ-1 [PARK7] was recovered
from CTR tears and with numerically higher levels in PD tear samples, S100 superfamily
(i.e., [S100A7], [S100A8] and [S100A11]), Peroxiredoxin-6 [PRDX6], Annexin-A5 [ANXA5],
and Glutathione S-transferase-A1 [GSTA1] that were upregulated in the PD group. Several
proteins from the apolipoprotein superfamily (i.e., [ApoD], [ApoA4], and [ApoA1]) were
increased in tears of PD patients. However, the authors do not indicate unequivocally
which of the proteins identified by them is a PD biomarker. Among the potential candidates,
they mention apolipoprotein D, which is involved in cholesterol binding and transport,
and its increased amount has been detected in the black essence of patient PD [88]. The
authors also point to the potential of the identified serum paraoxanse/arylesterase 1 (PON1)
protein related to organophosphate metabolism. Polymorphism in PON1 is associated
with an increased risk of PD [89]. Lactotransferin, clusterin, and beta-2-microglobulin
were indicated in the group of immune response-related proteins with a high prognostic
value. The authors note that these were a pilot study and that the analyses should be
repeated in a larger population to validate them [82]. A valuable supplement to the
knowledge about the PD substrate are the results of Acer et al. (2022) [17], where authors
are already jumping on protein candidates in the pre-clinical phase of PD. In this study,
there were 3 people in the PD study group (n = 24) with the E46K mutation in α-syn
(E46K-SNCA). Mutations and multiplications in the SNAC gene are associated with an
increased risk of autosomal dominant familial PD. On the contrary, the most aggressive
form of PD is associated with the E46K-SNCA mutation [90]. A total of 560 proteins
have been identified in the CTR and PD tears. Proteins that were deregulated in the PD
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tears of the patients were mainly associated with immune response, apoptosis, collagen
degradation, protein synthesis, lipid transport, and defense. The accumulation pattern of
PD patient proteins with the E46K-SNCA mutation differed from the PD patient without
this mutation. However, an increase in the accumulation of the same proteins was also
found in both forms of PD, while in the PD patient with the mutation, they were more
strongly expressed. The authors distinguished a group of six proteins that were subject
to variable regulation in PD patients’ tears, five up-regulated: preamine AIC (LMNA)
(fold change 2.25), cathepsin D (CATD) (fold change 1.85), acid ceramidase (ASAH1) (fold
change 1.8), transitional endoplasmic reticulum ATP-ase (TERA) (fold change 1.6), and
cytoplasmic dynein-1 heavy chain (DYHC1) (fold change 1.32) and one down regulated:
tripeptidyl-peptidase 1 (TPP1) (fold change 0.64). These proteins are associated with
neurodegeneration processes, such as apoptosis, lysosomal autophagy, demyelination,
and axonal transport. The statistical analysis (ROC) showed that three of the six of these
proteins show a high ability to classify patients with PD. They are: CATD (AUC = 75.1%),
ASAH1 (AUC = 7.3%), and DYHC1 (AUC = 70.2). It should be emphasized that this study
also found a relationship between these proteins and age. CATD and ASAH1 are proteins
associated with lysosomal autophagy. CATD is a lysosomal protease involved in α-syn
metabolism. ASAH1 is a lysosomal enzyme that converts ceramide to sphingosine. It
has been shown that increased ASAH1 activity causes a decrease in ceramide content,
which leads to excessive intracellular α-syn accumulation [91]. In contrast, DYHC1 is a
cytoplasmic protein associated with the control of the movement of cell organelles and
retrograde transport in axons [92].

Table 2. Characteristic of biomarkers in Parkinson’s disease.

Biomarker(s) Number of
Patients

Method of Tears
Collection

Method of
Identification/Analysis Results References

Oligomeric
α-synunuklein
(α-synOligo); total
α-synuklein
(α-synTotal);

CTR n = 84;
PD n = 94

Schirmer strip
(basal tears) ELISA

(1) α-synTotal decreased significantly in PD,
compared to CTR (p = 0.004); (2) α-synOligo
increased significantly in PD compared to CTR
(p = 0.001); (3) the level of changes in analyzed
parameters was associated with sex; (4) total
protein, CCL2, DJ-1, and MMP9 were increased in
PD but changes were not statistically significant.

[93]

Oligomeric
α-synunuklein
(α-synOligo); total
α-synuklein
(α-synTotal) CCL2;
lactoferrin (LF)

CTR n = 82;
PD n = 93

Schirmer strip
(relax tears) ELISA

(1) α-synTotal decreased significantly in PD,
compared to CTR (p-value = 0.05); (2) α-synOligo,
lactoferrin, and CCL2 increased significantly in
PD, compared to CTR (respectively: p = 0.005;
p = 0.002; p = 0.003); (3) Level of changes analyzed
parameters were associated with sex; (4) AUROC
test for α-synOligo was 0.80 and for α-synOligo
and CLL2 was 0.83.

[27]

Norepinephrine;
adrenaline;
α-2-macroglobulin

CTR n = 32,
PD n = 31 Schirmer strip HPLC

(1) Noradrenaline increased in PD mainly on the
ipsilateral side of pronounced motor symptoms
(72%, p = 0.049); (2) a decrease in adrenaline level
on both sides (ipsilateral—53%, p = 0.004;
contralateral 42%, p = 0.02); (3) increased
α-2-macroglobulin activity on both sides
(ipsilateral 53%, p = 0.03; contralateral—56%,
p = 0.037), compared to CTR; (4) adrenaline,
noradrenaline, and the analysis of
α-2-macroglobulin activity have the greatest
potential as a biomarker (81.2%, 88.9% and 92%,
respectively).

[82]

Epinephrine;
norepinephrine;
dopamine

CTR n = no
data,
PD n = 26

Schirmer strip HPLC

(1) In PD, the concentration of norepinephrine
increased twice; (2) the dopamine content
increased by approximately 50% (only the
epinephrine ipsilateral site), and the
concentration on both sides decreased twice.

[85]
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Table 2. Cont.

Biomarker(s) Number of
Patients

Method of Tears
Collection

Method of
Identification/Analysis Results References

Protein deglycase DJ-1
[PARK7];
S100 superfamily;
peroxiredoxin-6
[PRDX6];
annexin-A5 [ANXA5];
glutathione
S-transferase-A1
[GSTA1];
apolipoprotein
superfamily

CRT n = 18,
PD n = 36 Schirmer strip LC-MS/MS

(1) 571 proteins were identified in PD and CTR; 31
proteins were exclusively detected in the PD and
only 7 in the CTR group; (2) 21 proteins were
significantly increased and 19 decreased in the PD
versus CTR; (3) Proteins involved in immune
response, lipid metabolism, and oxidative stress
were distinctly altered in PD; (4) Protein deglycase
DJ-1 [PARK7], S100 superfamily (i.e., [S100A7],
[S100A8] and [S100A11]), peroxiredoxin-6 [PRDX6],
annexin-A5 [ANXA5], and glutathione
S-transferase-A1 [GSTA1] were upregulated in the
PD; (5) Several proteins from the apolipoprotein
superfamily (i.e., [ApoD], [ApoA4] and [ApoA1])
were increased in tears of PD.

[87]

cathepsin D (CATD);
acid ceramidase
(ASAH1);
cytoplasmic dynein-1
heavy chain (DYHC1)

CTR n = 27,
PD n = 24,
PD (with
E46K-SNCA
mutation)
n = 3

Capillaries
(glass, 10 µL) nLC-MS/MS

(1) 560 proteins have been identified in CRT and PD
tears; (2) Proteins deregulated in the PD were
mainly associated with immune response, apoptosis,
collagen degradation, protein synthesis, lipid
transport, and defense; (3) The group of 6 proteins
that were up-regulated was distinguished:
preamine AIC (LMNA), cathepsin D (CATD), acid
ceramidase (ASAH1), transitional endoplasmic
reticulum ATP-ase (TERA), and cytoplasmic
dynein-1 heavy chain (DYHC1) and one
down-regulated: tripeptidyl-peptidase 1 (TPP1) in
PD; (4) tree proteins showed a high ability to classify
patients with PD: CATD, ASAH1, and DYHC1.

[17]

CTR—control group; ELISA—enzyme-linked immunosorbent assay; HPLC—high-performance liquid chro-
matography; LC-MS/MS—liquid chromatography with tandem mass spectrometry; nLC MS/MS—nano liquid
chromatography with tandem mass spectrometry; PD—Parkinson’s disease.

3.3. Alzheimer’s Disease Tears Biomarkers

Alzheimer’s disease (AD) is the most common cause of dementia (70% of cases), the
seventh leading cause of mortality globally, one of those diseases with the highest cost
to society, and always fatal. Nowadays, AD cases are estimated at more than 55 million
worldwide, with forecasts reaching 78 million by 2030. At the same time, the data indicate
also that probably less than 25% of cases globally are actually diagnosed, and in lower-
income countries recognizability percentage may be as low as 10%. Since more than
half of patients are over 85 years, this disease has the highest prevalence among older
adults (8% in the population above 85). However, it is believed that it starts much earlier,
even 20 years before the first clinical symptoms, i.e., around the fourth decade of human
life [94,95]. AD is classified as a neurodegenerative disorder caused by the loss of neurons
in the brain, particularly the cortex, which leads to progressive cognitive, behavioral,
and motor impairment and ultimately death. The disease process is associated with the
accumulation of senile plaques (deposits of amyloid-beta) and neurofibrillary tangles (NFT,
deposits of tau protein) in the brain. An AD-affected brain shows atrophy of cerebral
cortex responsible for language and processing information, atrophy of hippocampus
responsible for the formation of new memories, and expanded cerebral ventricles. Other
pathogenic mechanisms of AD, overlapping with or induced by Aβ plaques and NFT were
also indicated, such as inflammation, oxidative damage, iron and cholesterol metabolism
alternations, blood–brain barrier (BBB) dysfunction, or α-synuclein toxicity [94,96]. It is
worth pointing out, that although AD is usually defined as a strictly homogeneous CNS
disease it seems that there are reasons that could allow its classification as a systemic
disease. The hypothesis has been proposed in 2014 by American scientists and emphasizes
the role of invalid lipid metabolism, calcium homeostasis disturbances, and mitochondrial
dysfunctions in the disease progress. These biochemical disturbances are related to CNS
dysfunctions of CNS and the systemic processes, such as body composition and nutritional
status, general physical condition, or muscle and bones status. Symptoms, such as these,
could be observed as discrete, non-specific changes in the prodromal stage of AD or even
in its preclinical phase [97]. Structural and functional changes in the visual system of
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AD patients were also reported. Quite common are visual deficits, such as loss of visual
field, decreased contrast sensitivity, low visual acuity, impaired color vision or motion
perception, and visuospatial deficits [98]. In symptomatic AD, the nerve cell layer thinning,
optic nerve atrophy, loss of retinal ganglion cells, and changes in retinal vasculature could
be found [99]. Moreover, APP and AD-related peptides metabolism in the cornea, as well
as Aβ plaques and NFT presence in the retina and lens have been detected, wherein the
appearance of misfolded proteins deposits in the AD patient’s eyes were correlated with
the cerebral aggregates [99,100]. Patients with AD can express reduced corneal sensitivity
and disturbances in tear functionality due to their incorrect spreading on the ocular surface
or drainage, which is expected to be related to pathological cholinergic transmission, the
other hallmark of AD [7,101]. Few AD cases (about 5%) are classified as early onset familial
Alzheimer’s disease (EOAD), the condition characterized by the onset of dementia at less
than 65 years old, a positive familial history of dementia, possible mutations in presenilin
(PS1, PS2) or amyloid precursor protein (APP) genes, and a more aggressive course [102].
Most AD cases (95%) diagnosed above 65 years (late-onset sporadic Alzheimer’s disease,
LOAD, or AD) are considered idiopathic at this moment. The diagnosis is usually elusive
until a later stage, as the disease progresses slowly for an exceptionally long time and is
initially asymptomatic. The average survival time from diagnosis is approximately 10 years,
of which almost half is associated with loss of independence by the patient [103].

For many years, the diagnosis of AD was based on an analysis of the common symp-
toms, the order in which they occur, and the rate of progression. The databases were
standardized using neuropsychological tests, family interviews, and differential diagnosis,
excluding other causes of dementia. It is estimated that such an approach resulted in diag-
nostic sensitivity and specificity of about 81% and 70%. In addition, because it was based
on clinical symptoms, it allowed for diagnosis at a relatively advanced stage of the disease.
Additionally, the final certainty could only be obtained by brain biopsy with histopathologi-
cal methods, usually after an autopsy. With the progression in understanding the biological
basis of the disease, as well as with the considerable progress in the diagnostic methods of
AD that has come with the development of imaging techniques and omics technologies, the
diagnostic criteria for AD have been revised by different authorities. Although the DSM-5
and ICD-11 recommendations still focus solely on clinical diagnosis, the NINCDS-ADRDA
(National Institute of Neurological and Communicative Disorders and Stroke with the
Alzheimer’s Disease and Related Disorders Association) and NIA-AA (National Institute
on Aging with the Alzheimer Association) recommendations were more profound. Two
significant changes were made. Firstly, the disease starts to be considered as a spectrum
that could be diagnosed in one of three stages: preclinical (no symptoms), mild cognitive
impairment (MCI) or prodromal AD, and Alzheimer’s dementia. Secondly, biomarker
analysis as additional tests supporting early diagnosis has been introduced. All biomarkers
were classified with the ATN system in three groups: (A) β-amyloid deposition biomarkers
(Aβ42 or Aβ42/Aβ40 ratio in CSF, amyloid-PET), (T) pathologic tau protein biomarkers
(p-tau in CSF, protein tau-PET), and (N) neurodegeneration biomarkers (total tau protein
in CSF, reduced glucose metabolism in bilateral temporal-parietal regions in FDG-PET,
and atrophic changes in the medial temporal lobe in MRI). It was emphasized, however,
that preclinical AD is an experimental concept only, and biomarkers, although strongly
indicating a preclinical phase, still do not predict which cognitively healthy individuals
will progress to MCI or dementia. On the other hand, the imaging techniques in tandem
with molecular biomarkers could not only move the time of diagnosis to the asymptomatic
period (preclinical AD) but also increase diagnosis sensitivity and specificity for MCI or
AD dementia stage up to 92% and 90%, respectively [94,104–106].

The causal pharmacological treatment for AD is still not available. In fact, the first-
ever drug for AD (Aducanumab), a monoclonal antibody that removes beta-amyloid
deposits from the brains of early stage patients, had just received FDA accelerated approval
(June 2021), and was pending approval in Europe [107]. Meanwhile, AD is being treated
with drugs that improve cognitive functions (cholinesterase inhibitors and memantine) and
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non-pharmacological management of the cognitive and behavioral symptoms are used.
The fact is that the progression of the disease (neurodegeneration) cannot be stopped or
reversed, even by Aducanumab. However, it can be slowed down. That emphasizes why
early and precise diagnosis is so important in AD [96,103].

The early diagnostic biomarker must be specific, sensitive, reproducible, non-invasive
in the collection, inexpensive to measure, and easy to implement on a larger scale (standard-
izable). As genetic risk markers (PS-1, PS-2, APP gene mutations and APOE4 allele variant)
have no strong diagnostic or prognostic value; they are not recommended in routine clinical
practice in early AD diagnosis. Imaging techniques are not commonly available and quite
expensive; hence, in practice they are less frequently used but are still used to confirm or
exclude AD in an uncertain diagnosis. Therefore, great emphasis is placed on the search
for markers that are soluble in body fluids [95].

The biological material of the first choice for searching of markers in neurodegenerative
diseases is CSF. As a draining interstitial fluid, it is in the closest proximity to the CNS
cells and can thus best reflect pathological processes occurring during Alzheimer’s disease.
Additionally, it has the potential for a high concentration of candidate biomarker(s). Up
to today, except for the presence of two classical AD markers (Aβ peptides and p-Tau),
about 16 other proteins involved in the pathological processing of APP, neuroinflammation,
and synaptic dysfunction, a similar number of down- or up-regulated miRNA, and several
types of lipids have been proposed as biomarkers of AD. Unfortunately, its collection
is quite invasive, carries a certain risk of harm to the patient, and requires well-trained
clinicians. The procedures associated with can be painful and usually cause serious anxiety
in patients [100].

From a clinical point of view, the best source of biomarkers is blood, that is less expen-
sive than neuroimaging and less invasive than CSF. As the material it is relatively easily
available, but, on the other hand, it is also a rather complex matrix. Additionally, in the case
of neurodegenerative disorders markers, the functioning of the blood–brain barrier should
be taken into consideration. Thus, the number and the quantity of CNS-derived biomarkers
are rather low in the blood, and they may be subjected to interference during the analyses.
Both aspects could affect less consistent results and make the research of neurodegenerative
biomarkers in blood challenging. However, blood analyses are still of great interest to clini-
cians; therefore, efforts to use this biological material are still being made. Promising blood
markers for AD are: amyloid Aβ 42/40 (amyloidogenesis), p-tau analytes (tau pathology),
neurofilament light chain (NfL), and neutrophin-1 precursor (NT1) (neurodegeneration), as
well as glial fibrillary acid protein (GFAP) (astrocytic activation) [95,100]. Noteworthy is
the interesting way “how to sample components of brain tissue non-invasively”—in the
blood, which has opened with the discovery of new exosomes functions. CNS-derived exo-
somes apart from different physiological roles, serve also as supportive disposal machinery
of accumulating, unwanted biomolecules. They were found to play a crucial role in of
progression the neurodegenerative diseases, e.g., in the cell-to-cell spread of amyloidogenic
proteins. As exosomes can cross BBB, it makes them a highly attractive source of biomarkers
originating in the CNS that could be isolated from the blood. A particular advantage of
biomarker analysis in CNS-derived blood exosomes is the ability to compare biomarkers in
exosomes originating in different cell types (neurons, neural precursor cells, and astrocytes).
Multiple protein and miRNA markers were analyzed, and some could be potential markers
in AD but more studies are needed to confirm their usefulness [100,108].

The close anatomical and functional relationship between the eye and the brain means
an especially interesting alternative source of biomarkers for AD might be the patient’s tears.
As an easily accessible body fluid, with a relatively simple and stable composition and non-
invasive sample collection tears could be a biological material for searching for AD markers
that combine the favorable features of both previous ones—CSF and blood. Furthermore,
the finding of AD early markers in tears could be especially valuable for the screening
of general populations [99]. To date, five different studies have been conducted to find
AD biomarkers in the tear’s fluid. They were concerned with qualitative and quantitative
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determinations of classical AD biomarkers, as well as possible new biomarkers of the
disease with several types of immunoassays, proteomic, or molecular biology analyses
(Table 3).

The two classic types of biomarkers for AD are Aβ peptides and different forms of
Tau protein. The metabolism of APP protein produces several amyloidogenic peptides
37–43 amino acids long, where the most abundant in the body are Aβ40 and Aβ42. The
solubility of amyloidogenic peptides is low, and under physiological conditions in blood
or CSF their concentrations fluctuate in the range of 4–400 pg/mL. It was found that the
concentration of Aβ40 is usually higher than that of Aβ42 (e.g., in CSF Aβ40 constitutes
up to 70% and Aβ42 about 10%). At the same time, Aβ42 is more amyloidogenic, shows
greater cytotoxicity, forms fibrils faster, and is the main component of senile plaques in AD.
Therefore, it is considered to be more directly related to AD dementia. However, many
studies indicate that more relevant to AD pathogenesis is not the absolute concentration
of Aβ42, but the ratio Aβ42/Aβ40 [109]. Another hallmark of AD is tauopathy, although
it can also be found in other diseases of the CNS. Tau is a neuronal protein stabilizing
microtubules that has a large number of phosphorylation sites. Hyperphosphorylation
of tau constitutes an important molecular abnormality of Alzheimer’s disease. The total
concentration of Tau protein (t-Tau) in the blood or cerebrospinal fluid is used as an
indicator of neurodegeneration (CSF t-Tau concentrations in Alzheimer’s disease might
reach even 300% of control levels), while its phosphorylated form at Thr181 (p-Tau181) is
indicated as a typical marker of Alzheimer’s disease in CSF [95].

The presence of Aβ42 in the tear fluid was confirmed by the three independent
research teams. Del Prete et al. (2021) [110] found this peptide by immunocytochemistry
assay in tear smears of two people at family risk of AD, and at the same time showed
its absence in tears of a healthy person. Moreover, the presence of Aβ42 in tears was
linked with retinal plaques in these subjects. Since all donors were cognitively normal, the
authors suggested the possible predictive value of tears Aβ42 occurrence in the diagnosis
of AD. The existence of both peptides (Aβ40 and 42) in the tears of healthy people aged
20 to 79 was also demonstrated by Wang et al. (2021) [111] who, using a new type of
electrochemical immunosensor, found that the amount of both peptides could be even 10
times higher in the tear fluid (10 pg/mL level) than in whole blood (1 pg/mL level) and
that Aβ concentrations in the different age groups could be related to a certain degree
with the age. More extensive research of classical AD biomarkers in the tears of patients
with different degrees of cognitive impairment (subjective cognitive decline—SCD, mild
cognitive impairment—MCI, and Alzheimer’s dementia—AD) was carried out by Gijs
et al. (2021) [112]. Due to the use of the multiple immunoassay platform, they determined
five different parameters in the samples in terms of the pathology of amyloid proteins
(triplet assay for Aβ-38, -40, and -42) and Tau protein (duplex assay for t-Tau and p-Tau).
They found that the detectability of amyloid peptides in tears was high only for Aβ40
type. The remaining two were present in less than 23% of all samples, with Aβ42 being
determined mainly in the healthy group. The measured levels of amyloid peptides were
higher in the three groups of patients (median 17 to 1680 pg/mL) than in the healthy
group (median 4 to 60 pg/mL), but the differences were not significant. This also did not
differentiate the groups of patients. Unfortunately, due to the low detectability of Aβ42,
the ratio Aβ42/Aβ40 could not be estimated. Similarly, they had inconclusive results
with the Tau protein. They found a high detectability of total Tau protein in the tear’s
fluid (94% of samples) with concentrations at the ng/mL level, i.e., about 10 times higher
than the levels measured in the CSF. Unfortunately, although higher concentrations of
Tau protein were found in patients with cognitive impairment than in healthy ones, these
differences were not significant. However, tears t-Tau levels were significantly higher in a
subgroup of patients with increased neurodegeneration parameters in CSN (N-positive)
compared to N-negative patients. Lastly, the phosphorylated form of the Tau protein, such
as Aβ42, before, had an exceptionally low detectability in tear samples (18%). Nevertheless,
it should be noted that p-Tau was identified only in the study groups but not in the control
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group. So, taking all the above into account, it can be said that classical AD biomarkers
are possible to be measured in the tear’s fluid, with levels appearing to be higher than in
other biological materials (blood, CSF). However, whether they have predictive value for
Alzheimer’s disease and whether they will become diagnostically useful requires further
research. From the laboratory practice side, a significant hindrance here is the small volume
of the tears sample and the need of its dilution for the determination of the analytes. Such
a preparation, in the term of marker quantification, requires the latter use of appropriate
conversion factors, including the sample volume and the dilution factor. Standardization
of the first parameter could be particularly challenging.

A new type of biological material also opens up the possibility of searching for com-
pletely new biomarkers of disease. So far, two other teams have taken this problem in
the diagnosis of the Alzheimer’s disease area with the use of tears fluid. Kenny et al.
(2019) [113] have analyzed the complete tears proteome of AD, MCI, and healthy patients
and made comprehensive analyses of the protein profiles in combination with the bioin-
formatic GO analysis. Although researchers did not find a clear pattern of a disturbed
biological process characteristic of AD, they identified 12 such proteins that were specific
to dementia patients. These proteins fell into the category related to the regulation of
endopeptidase activity, protein folding, regulation of cellular amino acid metabolism, and
regulation of mRNA stability. In their study, the most relevant protein, as present only
in the AD group, was eukaryotic translation initiation factor 4E (eIF4E). Unfortunately,
the researchers failed to confirm the presence of this protein on Western blot. Thus, they
concluded that in addition to the individual variability of tears proteins, possible contami-
nation by patient’s cells could also contribute to the inconsistent protein detection in the
samples. This remark might be useful for optimizing tear fluid sampling in other studies.
Another result of the team was the identification of seven unique proteins found only in
the MCI patients, but none of them were identified with the frequency appropriate for
a potential marker (in more than 50% of samples). However, an interesting observation
was that most of the twelve AD-specific proteins showed increased expression in the MCI
group compared to the control samples, suggesting an incremental change in disease pro-
gression. The researchers of the second team, Kallo et al. (2016) [101], were focused on a
detailed proteomic analysis solely in the area of differences in the global changes in the
protein profile of tears between AD patients and healthy people. As a result of SDS-PAGE
and subsequent LC-MS/MS analyses, they identified 10 proteins with markedly different
intensities between the groups. In the next SRM-based targeted MS analyses, they showed
that in tears from AD patients, five of them are present in significantly lower amounts,
whereas one is significantly more highly expressed. Finally, the ROC analysis showed that
the best potential marker for AD, with an 81% sensitivity and 77% specificity, is the use of a
combination of four proteins: lacritin, lipocalin-1, lysozyme-C, and dermcidin. Since the
first three listed are expressed mainly by the lacrimal glands and are clearly down-regulated
in AD patients, they also concluded that lacrimal gland dysfunctions could be possible in
addition to the processes of neurodegeneration in Alzheimer’s disease.

Recently the emerging types of disease biomarkers are miRNAs. These small, non-
coding, and stable types of exogenous RNA can be found in different body fluids, among
others, in the peripheral blood, CSF, and tears. The blood and CSF miRNAs were also
tested for their use in the diagnosis of AD. For example, a panel of 10 miRNAs in the
blood has been hypothesized to be deregulated early in Alzheimer’s disease, before the
onset of clinical symptoms. These RNA markers were found to be associated with the im-
mune system, cell cycle, gene expression, cellular response to stress, neuron growth factor
signaling, Wnt signaling, cellular senescence, and Rho GTPases [114]. Several putative
microRNA biomarkers have also been identified in the CSF, but their utility is disputable
by the practicality of its invasive collection method. Tear fluid is not a common material in
these types of analyses, although it has been used in research on ophthalmic diseases in
recent years. In contrast, the analysis of the microRNA profile in the tears of patients with
cognitive impairment so far was carried out only by Kenny et al. (2019) [113]. The first
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thing they found out was a significantly higher concentration of small RNA levels in AD,
compared to MCI and control. The exact cause of the condition has not been established,
but the authors suggest its relation to the presence of neurodegenerative and neuroinflam-
matory processes in AD. Secondly, as a result of the miRNA profiling performed with a
genome-wide high-throughput qPCR-based microRNA platform they found a set of small
RNAs specific only for tears fluid of MCI and AD patients, with mi-RNA-200b-5p occurring
only in patients with dementia. Unfortunately, its relation to the pathological processes
of Alzheimer’s disease is currently unknown. However, it should be noted that due to
the limited specimen size these analyses were performed on pooled samples. Hence, as
suggested by the authors, future studies with a greater sample size should be executed to
replicate and extend these findings.

Table 3. Characteristic of biomarkers in Alzheimer’s disease.

Biomarker/s Number
of Patent

Method of Tears
Collection

Method of
Identification/Analysis Results References

Lipocalin-1;
dermcidin;
lysozyme-C:
lacritin;

CTR n = 9,
AD n = 14 Capillaries

LC-MS/MS; SRM-based
targeted MS (with
ROC analysis)

(1) Tear flow rates were significantly higher in AD
(12 ± 2 µL/min) than in CTR (6 ± 2 µL/min); (2) Total
protein concentration in tears was significantly higher in
AD (8.8 ± 2.9 µg/µL) than in CTR (4.4 ± 1.4 µg/µL);
(3) 10 proteins presented a significantly different
intensity in AD group, compared to CTR; (4) The ROC
analysis of the quantitative SRM-based proteomic results
demonstrated the combination of 4 proteins that could
be a potential biomarker of AD (with 81% sensitivity and
77% specificity); (5) Lacrimal gland dysfunction could be
possible in AD as three of biomarker proteins: lipocalin-1,
lysozyme-C, and lacritin (all typical of the lacrimal
glands) were found to be downregulated in AD group.

[101]

eIF4E (and others
11 proteins);
38 miRNAs
(mainly
miRNA-200b-5)

CTR n = 15,
MCI n = 8,
AD n = 9

Schirmer strips

high throughput
RP-LC-MS/MS;
genome-wide
high-throughput
qPCR-based microRNA
platform (OpenArray)

(1) Tears flow rates were not significantly different
between groups (Control (12 ± 9); MCI (9.25 ± 6.3) and
AD (8.5 ± 2.9) estimated in mm/5min); (2) Total proteins
concentration in tears was similar between all groups;
(3) Profiling of proteins in a complete tears fluid
proteome analysis did not show the presence of classical
markers for AD; (4) GO analysis did not show a clear
pattern in AD patients, but typical AD protein categories
were found to contribute to the regulation of
endopeptidases activity, proteins folding, cellular amino
acid metabolic processes, and mRNA stability; (5) A
unique proteomic and microRNA composition may be
present in tears fluid of AD patients—12 AD-specific
proteins were identified (with eIF4E presented only in
AD group) and 38 distinct microRNAs (with
miRNA-200b-5p detected in AD samples only).

[113]

Aβ38,
Aβ40,
Aβ42,
t-Tau,
p-Tau

CTR n = 9,
SCD n = 23,
MCI n = 22,
AD n = 11

Schirmer strips

Multiplex
immunoassays with
electrochemilumines-
cence

(1) Tear fluid classical AD biomarkers detectability:
Aβ40 and t-Tau were detectable in more than 94% of
samples, while Aβ38, Aβ42, and p-Tau were detectable
in less than 23% of samples; p-Tau was not detectable in
the TR; Aβ42 was better detectable in CTR (78%), as
compared to all patients (<18%); (2) Levels of classic AD
biomarkers levels: detection level for amyloid peptides
was pg/mL and for Tau protein forms was ng/mL (10
times higher than in CSF); Aβ38, Aβ40, Aβ42, and t-Tau
were higher in patients, compared to CTR (but not
significantly); p-Tau did not differ between patient
groups; (3) Levels of biomarkers in tears of patients
classified according to the ATN criteria: t-Tau levels were
significantly elevated in patients with neurodegeneration
(N positive), compared to patients without
neurodegeneration (N negative).

[112]
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Table 3. Cont.

Biomarker/s Number
of Patent

Method of Tears
Collection

Method of
Identification/Analysis Results References

Aβ42

CTR n = 1
(healthy, no
family risk),
AD n = 2
(healthy, with
family risk),

No data

Immunocytochemistry
assay (and fundus camera
examination for retinal
plaques)

(1) Numerous plaques on the retina were found in
patients with a family risk of AD only; (2) Aβ-42 peptide
was present in tears of patients with a family risk of AD
only; (3) retinal plaques were directly linked with Aβ-42
in tears and Aβ-42 was not linked to the expression of
dementia symptoms; (4) negative test for Aβ-42 in “no
AD risk” patient just after eye viral infection suggests
that inflammatory conditions do not cause false-positive
findings; (5) Aβ-42 in tears could have a predictive value
in the diagnosis of AD

[110]

Aβ40, Aβ42

CTR n = 50
healthy
donors
(wide age
spectrum
20 to 79)

Schirmer strips Electrochemical
immunosensor

(1) Testing of a new biosensor: relatively high sensitivity
and a low detection limit (detection range 1–100 pg/mL);
(2) Testing of AD classical biomarkers: tears of healthy
people were found to contain 10 times more Aβ peptides
than their blood (10 pg/mL in tears; 1 pg/mL in blood);
Aβ content in healthy subjects was inversely
proportional to the age; the youngest age group (ages
20–39) and the oldest age group (ages 60–79) differed
significantly in their Aβ ratio (p < 0.01).

[111]

CTR—control; SCD—subjective cognitive decline; MCI—mild cognitive impairment; AD—Alzheimer’s dementia;
LC-MS/MS—liquid chromatography with tandem mass spectrometry; RP-LC MS/MS—reversed-phase liquid
chromatography with tandem mass spectrometry.

3.4. Multiple Sclerosis (MS) Disease Tears Biomarkers

Multiple sclerosis (MS) is a chronic autoimmune, and an inflammatory-neurodegenerative
disease of the central nervous system, presenting with significant inter- and intraindivid-
ual heterogeneity [115,116]. According to biomarkers in body fluids [9,117], some of the
mentioned may be found in tears.

One of the most important indicators that helps in the diagnosis of subclinical inflam-
matory disease of the central nervous system [118,119] and has a predictive and diagnostic
value for MS patients with a first suspected symptoms is the detection of oligoclonal bands
(OCBs) in cerebrospinal fluid (CSF). OCBs were detectable in the CSF and tears from MS
patients [119] but according to other research they are not recommended as biomarkers
of disease. Bachhuber [120] analyzed OCB in tear fluid, CSF, and serum samples from
22 patients diagnosed with multiple sclerosis. OCB in tear fluid was not specific for MS but
for patients diagnosed with multiple sclerosis or other inflammatory diseases, and it is not
recommended that tear OCB detection may be a replacement of CSF OCB detection in MS
patients [121].

Using liquid chromatography coupled with tandem mass spectrometry (LC-MS/MS),
analysis of tear lipids containing choline, as well as free carnitine, acylcarnitines, and
aminoacids, was shown to reflect the pathological conditions of the central nervous system,
suggesting their potential biomarker role for MS [5]. Proteomics characterization of released
extracellular vesicles (EVs) secreted in CSF and tears of multiple sclerosis patients was
presented by Pieragostino et al. [39]. EV has been found to transport the same proteins
from the CNS to tears and the CSF, suggesting that EV can become an important diagnostic
tool that can be collected in a minimally invasive way.

Interesting research was present by Örnek et al. [7], where compared corneal sensi-
tivity and tear function for Alzheimer’s disease, multiple sclerosis, Parkinson’s disease,
Friedreich’s ataxia (FA), and epilepsy (EP) patients. In this research, it was concluded
that neurodegenerative diseases may be associated with reduced corneal sensitivity and
abnormal tear function.

Also Belviranli et al. [122] found the physical relationship between the quality/quantity
of tears and the link to MS disease. Conjunctival impression cytology (CIC) grades, tear
break-up time (TBUT), Schirmer 1 test results, and ocular surface disease index (OSDI)
scores were observed with the conclusion that mean CIC grade and OSDI scores were
higher in the MS group than in the control group, and other parameters (TBUT, Schirmer
1 test) were higher in the control group.
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Table 4 presents the candidate biomarkers found in tears for multiple sclerosis.

Table 4. Characteristic of biomarkers in multiple sclerosis.

Biomarker/s Number of
Patients

Method of Tears
Collection

Method of
Identification/Analysis Results References

Corneal
sensitivity/tear
function

AD n = 20,
MS n = 20,
PD n = 30,
Friedreich
ataxia (FA)
n = 10,
epilepsy (EP)
n = 21

Schirmer test

(1) Central corneal
sensitivity was
measured using a
Cochet–Bonnet
esthesiometer.
(2) Schirmer’s test score.
(3) Tear function tests
included tear break-up
time (TBUT)

(1) Mean corneal sensitivity was significantly reduced in
AD, MS, PD, and EP patients, in comparison to CTR;
(2) mean TBUT level was significantly shorter in patients
with AD and MS; (3) Mean Schirmer’s 1 test score was
significantly lower in EP patients; (4) The reduction in
mean corneal sensitivity in the AD and PD groups was
significantly more than in FA and MS groups. Mean
TBUT levels in AD, MS, and PD groups were
significantly shorter than in FA and EP groups; (5) Mean
Schirmer’s test scores in AD and PD groups were
significantly lower than in MS, FA, and EP groups.

[7]

Conjunctival
impression
cytology (CIC)
grades; tear
break-up time
(TBUT), Schirmer
1 test results;
ocular surface
disease index
(OSDI) scores

CTR n = 33,
MS n = 33 Schirmer test

(1) TBUT and Schirmer
1 tests were performed;
(2) CIC samples were
collected

(1) Mean CIC grade was higher in the MS group than in
the CTR (1.48 ± 0.71 and 0.39 ± 0.56, respectively;
p = 0.001). In the MS group, the CIC of the 14
participants (42.4%) was grade 2–3. In CTR, CIC of the
only one participant (3.3%) was grade 2, and none of
them were grade 3. (2) TBUT (8.12 ± 3.16, 13.06 ± 4.23 s
in MS and CTR, respectively; p = 0.001); (3) Schirmer 1
test results (8.45 ± 5.75, 17.36 ± 10.89 mm in MS and
CTR, respectively; p = 0.001) were lower; (4) OSDI score
(36.36 ± 19.19, 13.70 ± 15.36 in MS and CTR,
respectively; p = 0.001) was higher in the MS group.

[122]

Oligoclonal bands
(OCBs) No data No data Flow cytometry,

nLC-ESI-QTOF-MS/MS
(1) MVs form neuronal and microglial origin are
detectable in the CSF and tears from MS patients [119]

Oligoclonal bands
(OCBs) MS n = 59

Schirmer strips;
flush procedure
and plastic
capillary tubes

Isoelectric focusing in
polyacrylamide gels;
Immunoblotting

(1) The collection of IgG in tears was most reliable by
using Schirmer strips; (2) The concordance of OCB in
tears and CSF of all investigated MS patients was 39%
with a high rate of only marginal pattern in tears; (3) Not
recommended for tear OCB detection as replacement for
CSF OCB detection in MS patients.

[121]

Oligoclonal bands
(OCBs)

CTR n = 44,
MS n = 22

Capillary tubes or
Schirmer strips ELISA

(1) OCB in tear fluid was not specific for MS; (2) The
presence of OCB in the tear fluid could not be related to
the laboratory and clinical parameters.

[120]

Lipids containing
choline; free
carnitine;
acylcarnitines and
amino acids

CTR n = 21,
MS n = 12 LC-MS/MS

(1) Tear lipidomics showed 30 phospholipids
significantly modulated and many sphingomyelins
resulted lower in MS; (2) The metabolomics approach
carried out in both tears and serum highlighted the
diagnostic potential of specific amino acids
and acylcarnitines.

[5]

ELISA—enzyme-linked immunosorbent assay; LC-MS/MS—liquid chromatography with tandem mass spectrom-
etry; nLC-ESI-QTOF-MS/MS—nano liquid chromatography with tandem mass spectrometry and with ionization
type electrospray.

4. Conclusions

Biomarkers are especially important biological factors that can indicate the pathologi-
cal state of the body, even before the symptoms of the disease are visible. A reliable disease
marker is highly desirable, and the biological material in which the markers can be detected
is not less important. In this study, we have analyzed the recent literature on biomarkers,
which can be present in tears of patients with AD, PD, and MS. We focused on these three
neurodegenerative diseases in which tears are indicated to have a high potential as diagnos-
tic material. Interestingly, recent studies have identified some biomarkers present in tears
that can be used for the diagnosis and management of these neurodegenerative diseases.

A-synTotal and α-synOligo, CCL2, lactoferrin, norepinephrine, adrenaline, epinephrine,
dopamine, α-2-macroglobulin, proteins involved in immune response, lipid metabolism
and oxidative stress, protein deglycase DJ-1, S100 superfamily, peroxiredoxin-6, annexin-A5,
and glutathione S-transferase-A1, apolipoprotein superfamily; preamine AIC, cathepsin D,
acid ceramidase, transitional endoplasmic reticulum ATP-ase, cytoplasmic dynein-1 heavy
chain, tripeptidyl-peptidase 1, CATD, ASAH1, and DYHC1 were shown to be potential
biomarkers in PD.

The most frequent in AD were lipocalin-1, lysozyme-C, and lacritin, eIF4E, Aβ38,
Aβ40, Aβ42, t-Tau, and p-Tau and for MS they were oligoclonal bands (OCBs), lipids
containing choline, free carnitine, acylcarnitines, and amino acids.
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This area provides interesting data and new insight to help improving clinical out-
comes for patients. It seems that many of the proteins described in this work could already
be implemented into clinical practice. However, the current state of knowledge is in-
sufficient to clearly indicate the biomarkers of the diseases discussed here. Many of the
presented studies are of a pilot nature. In order for their results to constitute a standard
for early and non-invasive diagnosis of PD, AD, and MS, all these analyses should be
performed on a much larger study group.

Neurodegenerative diseases develop in the body even a decade before the patient
begins to notice the first symptoms. That is why it is so important to search for biomarkers in
readily available bioliquids. In the future, this could allow the development of commercial
screening tests focused on the rapid diagnosis and the implementation of the treatment
of diseases of the nervous system before the patient begins to feel the negative effects of
the disease.
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Sci. 2018, 63, 185–191. [CrossRef]
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7. Örnek, N.; Dağ, E.; Örnek, K. Corneal Sensitivity and Tear Function in Neurodegenerative Diseases. Curr. Eye Res. 2015, 40,
423–428. [CrossRef]

8. Frisoni, G.B.; Boccardi, M.; Barkhof, F.; Blennow, K.; Cappa, S.; Chiotis, K.; Démonet, J.-F.; Garibotto, V.; Giannakopoulos, P.; Gietl,
A.; et al. Strategic Roadmap for an Early Diagnosis of Alzheimer’s Disease Based on Biomarkers. Lancet Neurol. 2017, 16, 661–676.
[CrossRef]

9. Ziemssen, T.; Akgün, K.; Brück, W. Molecular Biomarkers in Multiple Sclerosis. J. Neuroinflamm. 2019, 16, 272. [CrossRef]
10. Paul, A.; Comabella, M.; Gandhi, R. Biomarkers in Multiple Sclerosis. Cold Spring Harb. Perspect. Med. 2019, 9, a029058. [CrossRef]
11. Nandi, S.K.; Singh, D.; Upadhay, J.; Gupta, N.; Dhiman, N.; Mittal, S.K.; Mahindroo, N. Identification of Tear-Based Protein and

Non-Protein Biomarkers: Its Application in Diagnosis of Human Diseases Using Biosensors. Int. J. Biol. Macromol. 2021, 193,
838–846. [CrossRef]

12. Masoudi, S. Biochemistry of Human Tear Film: A Review. Exp. Eye Res. 2022, 220, 109101. [CrossRef] [PubMed]
13. Zhou, L.; Beuerman, R.W. The Power of Tears: How Tear Proteomics Research Could Revolutionize the Clinic. Expert Rev. Proteom.

2017, 14, 189–191. [CrossRef] [PubMed]
14. Aparna, R.; Shanti Iyer, R. Tears and Eyewear in Forensic Investigation-A Review. Forensic. Sci. Int. 2020, 306, 110055. [CrossRef]

[PubMed]

http://doi.org/10.1016/j.advms.2017.11.002
http://doi.org/10.18388/abp.2019_2762
http://www.ncbi.nlm.nih.gov/pubmed/31799813
http://doi.org/10.1016/j.jprot.2019.103403
http://www.ncbi.nlm.nih.gov/pubmed/31170500
http://doi.org/10.1038/s41433-020-0930-0
http://www.ncbi.nlm.nih.gov/pubmed/32376979
http://doi.org/10.3390/ijms20061265
http://doi.org/10.1016/j.baga.2015.05.001
http://doi.org/10.3109/02713683.2014.930154
http://doi.org/10.1016/S1474-4422(17)30159-X
http://doi.org/10.1186/s12974-019-1674-2
http://doi.org/10.1101/cshperspect.a029058
http://doi.org/10.1016/j.ijbiomac.2021.10.198
http://doi.org/10.1016/j.exer.2022.109101
http://www.ncbi.nlm.nih.gov/pubmed/35508212
http://doi.org/10.1080/14789450.2017.1285703
http://www.ncbi.nlm.nih.gov/pubmed/28117610
http://doi.org/10.1016/j.forsciint.2019.110055
http://www.ncbi.nlm.nih.gov/pubmed/31785512


Int. J. Mol. Sci. 2022, 23, 10123 18 of 22

15. Dor, M.; Eperon, S.; Lalive, P.H.; Guex-Crosier, Y.; Hamedani, M.; Salvisberg, C.; Turck, N. Investigation of the Global Protein
Content from Healthy Human Tears. Exp. Eye Res. 2019, 179, 64–74. [CrossRef]

16. Anitua, E.; Muruzabal, F.; Tayebba, A.; Riestra, A.; Perez, V.L.; Merayo-Lloves, J.; Orive, G. Autologous Serum and Plasma Rich in
Growth Factors in Ophthalmology: Preclinical and Clinical Studies. Acta Ophthalmol. 2015, 93, e605–e614. [CrossRef]

17. Acera, A.; Abad, B.; Pereiro, X.; Rodríguez, F.D.; Ruzafa, N.; Duran, J.A.; Vecino, E. Comparative Study of the Lipid Profile of
Tears and Plasma Enriched in Growth Factors. Exp. Eye Res. 2022, 219, 109061. [CrossRef]

18. Gao, F.; Hong, X.; Ding, F.; Huang, S.; Lian, W.; Wang, H.; Zheng, W.; Ni, J.; Chen, M.; Liu, Q. High Level of Inflammatory
Cytokines in the Tears: A Bridge of Patients with Concomitant Exotropia and Dry Eye. Oxid. Med. Cell Longev. 2021, 2021, e5662550.
[CrossRef]

19. Sahay, P.; Rao, A.; Padhy, D.; Sarangi, S.; Das, G.; Reddy, M.M.; Modak, R. Functional Activity of Matrix Metalloproteinases 2 and
9 in Tears of Patients With Glaucoma. Investig. Ophthalmol. Vis. Sci. 2017, 58, BIO106–BIO113. [CrossRef]

20. Caselli, E.; Soffritti, I.; Lamberti, G.; D’Accolti, M.; Franco, F.; Demaria, D.; Contoli, M.; Passaro, A.; Contini, C.; Perri, P.
Anti-SARS-Cov-2 IgA Response in Tears of COVID-19 Patients. Biology 2020, 9, 374. [CrossRef]

21. Kwon, J.; Surenkhuu, B.; Raju, I.; Atassi, N.; Mun, J.; Chen, Y.-F.; Sarwar, M.A.; Rosenblatt, M.; Pradeep, A.; An, S.; et al.
Pathological Consequences of Anti-Citrullinated Protein Antibodies in Tear Fluid and Therapeutic Potential of Pooled Human
Immune Globulin-Eye Drops in Dry Eye Disease. Ocul. Surf. 2020, 18, 80–97. [CrossRef] [PubMed]

22. McKay, T.B.; Serjersen, H.; Hjortdal, J.; Zieske, J.D.; Karamichos, D. Characterization of Tear Immunoglobulins in a Small-Cohort
of Keratoconus Patients. Sci. Rep. 2020, 10, 9426. [CrossRef]

23. Muyldermans, A.; Bjerke, M.; Demuyser, T.; De Geyter, D.; Wybo, I.; Soetens, O.; Weets, I.; Kuijpers, R.; Allard, S.D.;
Piérard, D.; et al. SARS-CoV-2 RNA and Antibodies in Tear Fluid. BMJ Open Ophthalmol. 2021, 6, e000733. [CrossRef]

24. Liu, Q.; Liu, J.; Ren, C.; Cai, W.; Wei, Q.; Song, Y.; Yu, J. Proteomic Analysis of Tears Following Acupuncture Treatment for
Menopausal Dry Eye Disease by Two-Dimensional Nano-Liquid Chromatography Coupled with Tandem Mass Spectrometry. IJN
2017, 12, 1663–1671. [CrossRef] [PubMed]

25. Ooi, K.G.-J.; Rahimi-Oztan, M.; Proschogo, N.; Khoo, P.; Watson, S.L. Evaluation of Sex Hormone and Cholesterol Sterols in
Human Tears by Mass Spectroscopy. Investig. Ophthalmol. Vis. Sci. 2018, 59, 3276.

26. Gibson, E.J.; Bucknall, M.P.; Golebiowski, B.; Stapleton, F. Comparative Limitations and Benefits of Liquid Chromatography-Mass
Spectrometry Techniques for Analysis of Sex Steroids in Tears. Exp. Eye Res. 2019, 179, 168–178. [CrossRef] [PubMed]

27. Hamm-Alvarez, S.F.; Okamoto, C.T.; Janga, S.R.; Feigenbaum, D.; Edman, M.C.; Freire, D.; Shah, M.; Ghanshani, R.; Mack, W.J.;
Lew, M.F. Oligomeric α-Synuclein Is Increased in Basal Tears of Parkinson’s Patients. Biomark. Med. 2019, 13, 941–952. [CrossRef]

28. Lekhanont, K.; Sathianvichitr, K.; Pisitpayat, P.; Anothaisintawee, T.; Soontrapa, K.; Udomsubpayakul, U. Association between
the Levels of Prostaglandin E2 in Tears and Severity of Dry Eye. Int. J. Ophthalmol. 2019, 12, 1127–1133. [CrossRef]

29. Dikovskaya, M.; Korolenko, T.; Trunov, A. P43: Endogenous Inhibitors of Cysteine Proteases Cystatin C and Cystatin SN in
Biological Fluids of Patients with Intraocular Melanoma as Possible Biomarkers and Therapy Targets. Eur. J. Cancer Suppl. 2015,
13, 13–14. [CrossRef]

30. Edman, M.C.; Janga, S.R.; Meng, Z.; Bechtold, M.; Chen, A.F.; Kim, C.; Naman, L.; Sarma, A.; Teekappanavar, N.; Kim, A.Y.; et al.
Increased Cathepsin S Activity Associated with Decreased Protease Inhibitory Capacity Contributes to Altered Tear Proteins in
Sjögren’s Syndrome Patients. Sci. Rep. 2018, 8, 11044. [CrossRef]

31. Magalhães, B.; Trindade, F.; Barros, A.S.; Klein, J.; Amado, F.; Ferreira, R.; Vitorino, R. Reviewing Mechanistic Peptidomics in
Body Fluids Focusing on Proteases. Proteomics 2018, 18, e1800187. [CrossRef]

32. Fu, R.; Klinngam, W.; Heur, M.; Edman, M.C.; Hamm-Alvarez, S.F. Tear Proteases and Protease Inhibitors: Potential Biomarkers
and Disease Drivers in Ocular Surface Disease. Eye Contact Lens. 2020, 46 (Suppl. S2), S70–S83. [CrossRef] [PubMed]

33. Das, N.; Menon, N.G.; de Almeida, L.G.N.; Woods, P.S.; Heynen, M.L.; Jay, G.D.; Caffery, B.; Jones, L.; Krawetz, R.; Schmidt, T.A.;
et al. Proteomics Analysis of Tears and Saliva From Sjogren’s Syndrome Patients. Front. Pharmacol. 2021, 12, 3299. [CrossRef]
[PubMed]

34. Chng, C.-L.; Seah, L.L.; Yang, M.; Shen, S.Y.; Koh, S.K.; Gao, Y.; Deng, L.; Tong, L.; Beuerman, R.W.; Zhou, L. Tear Proteins
Calcium Binding Protein A4 (S100A4) and Prolactin Induced Protein (PIP) Are Potential Biomarkers for Thyroid Eye Disease. Sci.
Rep. 2018, 8, 1–10. Available online: https://www.nature.com/articles/s41598-018-35096-x (accessed on 14 July 2022). [CrossRef]
[PubMed]

35. Zong, R.-R.; Zhu, F.-F.; Han, W.; Wang, Y.-X.; Wang, G.-L.; Wang, Y.-Z.; Mao, Y.-B.; Guan, T.-J.; Liu, Z.-G.; Xue, Y.-H.; et al. Tear
Dynamics Testing and Quantitative Proteomics Analysis in Patients with Chronic Renal Failure. J. Proteom. 2021, 248, 104351.
[CrossRef]

36. Nguyen-Khuong, T.; Everest-Dass, A.V.; Kautto, L.; Zhao, Z.; Willcox, M.D.P.; Packer, N.H. Glycomic Characterization of Basal
Tears and Changes with Diabetes and Diabetic Retinopathy. Glycobiology 2015, 25, 269–283. [CrossRef] [PubMed]

37. Schmelter, C.; Perumal, N.; Funke, S.; Pfeiffer, N.; Grus, F.H. Identification and Characterization of Human Tear Film Glycoproteins.
Investig. Ophthalmol. Vis. Sci. 2015, 56, 2489.

38. Tambe, M.; Ng, B.; Freeze, H. Beyond ERAD: N-Glycanase Will Bring You to Tears. FASEB J. 2018, 32, 673–674. [CrossRef]
39. Pieragostino, D.; D’Alessandro, M.; di Ioia, M.; Di Ilio, C.; Sacchetta, P.; Del Boccio, P. Unraveling the Molecular Repertoire of

Tears as a Source of Biomarkers: Beyond Ocular Diseases. Proteom. Clin. Appl. 2015, 9, 169–186. [CrossRef]

http://doi.org/10.1016/j.exer.2018.10.006
http://doi.org/10.1111/aos.12710
http://doi.org/10.1016/j.exer.2022.109061
http://doi.org/10.1155/2021/5662550
http://doi.org/10.1167/iovs.17-21723
http://doi.org/10.3390/biology9110374
http://doi.org/10.1016/j.jtos.2019.10.004
http://www.ncbi.nlm.nih.gov/pubmed/31606460
http://doi.org/10.1038/s41598-020-66442-7
http://doi.org/10.1136/bmjophth-2021-000733
http://doi.org/10.2147/IJN.S126968
http://www.ncbi.nlm.nih.gov/pubmed/28280333
http://doi.org/10.1016/j.exer.2018.11.015
http://www.ncbi.nlm.nih.gov/pubmed/30448340
http://doi.org/10.2217/bmm-2019-0167
http://doi.org/10.18240/ijo.2019.07.12
http://doi.org/10.1016/j.ejcsup.2015.08.024
http://doi.org/10.1038/s41598-018-29411-9
http://doi.org/10.1002/pmic.201800187
http://doi.org/10.1097/ICL.0000000000000641
http://www.ncbi.nlm.nih.gov/pubmed/31369467
http://doi.org/10.3389/fphar.2021.787193
http://www.ncbi.nlm.nih.gov/pubmed/34950038
https://www.nature.com/articles/s41598-018-35096-x
http://doi.org/10.1038/s41598-018-35096-x
http://www.ncbi.nlm.nih.gov/pubmed/30446693
http://doi.org/10.1016/j.jprot.2021.104351
http://doi.org/10.1093/glycob/cwu108
http://www.ncbi.nlm.nih.gov/pubmed/25303961
http://doi.org/10.1096/fasebj.2018.32.1_supplement.673.4
http://doi.org/10.1002/prca.201400084


Int. J. Mol. Sci. 2022, 23, 10123 19 of 22

40. Ngo, W.; Chen, J.; Panthi, S.; Nichols, K.K.; Nichols, J.J. Comparison of Collection Methods for the Measure of Human Meibum
and Tear Film-Derived Lipids Using Mass Spectrometry. Curr. Eye Res. 2018, 43, 1244–1252. [CrossRef]

41. Chen, J.; Nichols, K.K.; Wilson, L.; Barnes, S.; Nichols, J.J. Untargeted Lipidomic Analysis of Human Tears: A New Approach for
Quantification of O-Acyl-Omega Hydroxy Fatty Acids. Ocul. Surf. 2019, 17, 347–355. [CrossRef] [PubMed]

42. Glasgow, B.J. Evidence for Phospholipids on the Surface of Human Tears. Investig. Ophthalmol. Vis. Sci. 2020, 61, 19. [CrossRef]
[PubMed]

43. Fineide, F.; Chen, X.; Bjellaas, T.; Vitelli, V.; Utheim, T.P.; Jensen, J.L.; Galtung, H.K. Characterization of Lipids in Saliva, Tears
and Minor Salivary Glands of Sjögren’s Syndrome Patients Using an HPLC/MS-Based Approach. Int. J. Mol. Sci. 2021, 22, 8997.
[CrossRef]

44. Masoudi, S.; Mitchell, T.W.; Willcox, M.D. Profiling of Non-Polar Lipids in Tears of Contact Lens Wearers during the Day. Exp.
Eye Res. 2021, 207, 108567. [CrossRef] [PubMed]

45. Mudgil, P. Antimicrobial Tear Lipids in the Ocular Surface Defense. Front. Cell Infect. Microbiol. 2022, 12, 866900.
46. van den Berg, M.M.J.; Krauskopf, J.; Ramaekers, J.G.; Kleinjans, J.C.S.; Prickaerts, J.; Briedé, J.J. Circulating MicroRNAs as

Potential Biomarkers for Psychiatric and Neurodegenerative Disorders. Prog. Neurobiol. 2020, 185, 101732. [CrossRef] [PubMed]
47. Quah, J.H.M.; Tong, L.; Barbier, S. Patient Acceptability of Tear Collection in the Primary Healthcare Setting. Optom. Vis. Sci. 2014,

91, 452–458. [CrossRef]
48. Soria, J.; Durán, J.A.; Etxebarria, J.; Merayo, J.; González, N.; Reigada, R.; García, I.; Acera, A.; Suárez, T. Tear Proteome and

Protein Network Analyses Reveal a Novel Pentamarker Panel for Tear Film Characterization in Dry Eye and Meibomian Gland
Dysfunction. J. Proteom. 2013, 78, 94–112. [CrossRef]

49. Versura, P.; Nanni, P.; Bavelloni, A.; Blalock, W.L.; Piazzi, M.; Roda, A.; Campos, E.C. Tear Proteomics in Evaporative Dry Eye
Disease. Eye 2010, 24, 1396–1402. [CrossRef]

50. Nichols, J.J.; Green-Church, K.B. Mass Spectrometry-Based Proteomic Analyses in Contact Lens-Related Dry Eye. Cornea 2009, 28,
1109–1117. [CrossRef] [PubMed]

51. Acera, A.; Rocha, G.; Vecino, E.; Lema, I.; Durán, J.A. Inflammatory Markers in the Tears of Patients with Ocular Surface Disease.
Ophthalmic Res. 2008, 40, 315–321. [CrossRef] [PubMed]

52. Seifert, K.; Gandia, N.C.; Wilburn, J.K.; Bower, K.S.; Sia, R.K.; Ryan, D.S.; Deaton, M.L.; Still, K.M.; Vassilev, V.C.; Laurie, G.W.;
et al. Tear Lacritin Levels by Age, Sex, and Time of Day in Healthy Adults. Investig. Ophthalmol. Vis. Sci. 2012, 53, 6610–6616.
[CrossRef]

53. Enríquez-de-Salamanca, A.; Castellanos, E.; Stern, M.E.; Fernández, I.; Carreño, E.; García-Vázquez, C.; Herreras, J.M.; Calonge,
M. Tear Cytokine and Chemokine Analysis and Clinical Correlations in Evaporative-Type Dry Eye Disease. Mol. Vis. 2010, 16,
862–873.

54. Sonoda, S.; Uchino, E.; Nakao, K.; Sakamoto, T. Inflammatory Cytokine of Basal and Reflex Tears Analysed by Multicytokine
Assay. Br. J. Ophthalmol. 2006, 90, 120–122. [CrossRef] [PubMed]

55. Pankratov, D.; González-Arribas, E.; Blum, Z.; Shleev, S. Tear Based Bioelectronics. Electroanalysis 2016, 28, 1250–1266. [CrossRef]
56. Kukkar, D.; Zhang, D.; Jeon, B.H.; Kim, K.-H. Recent Advances in Wearable Biosensors for Non-Invasive Monitoring of Specific

Metabolites and Electrolytes Associated with Chronic Kidney Disease: Performance Evaluation and Future Challenges. TrAC
Trends Anal. Chem. 2022, 150, 116570. [CrossRef]

57. Yang, X.; Yao, H.; Zhao, G.; Ameer, G.A.; Sun, W.; Yang, J.; Mi, S. Flexible, Wearable Microfluidic Contact Lens with Capillary
Networks for Tear Diagnostics. J. Mater. Sci. 2020, 55, 9551–9561. [CrossRef]

58. Lin, C.-E.; Hiraka, K.; Matloff, D.; Johns, J.; Deng, A.; Sode, K.; La Belle, J. Development toward a Novel Integrated Tear Lactate
Sensor Using Schirmer Test Strip and Engineered Lactate Oxidase. Sens. Actuators B Chem. 2018, 270, 525–529. [CrossRef]

59. Lee, S.H.; Cho, Y.C.; Bin Choy, Y. Noninvasive Self-Diagnostic Device for Tear Collection and Glucose Measurement. Sci. Rep.
2019, 9, 4747. [CrossRef] [PubMed]

60. Kim, K.; Jeon, H.M.; Choi, K.C.; Sung, G.Y. Testing the Effectiveness of Curcuma Longa Leaf Extract on a Skin Equivalent Using a
Pumpless Skin-on-a-Chip Model. Int. J. Mol. Sci. 2020, 21, 3898. [CrossRef]

61. Kownacka, A.E.; Vegelyte, D.; Joosse, M.; Anton, N.; Toebes, B.J.; Lauko, J.; Buzzacchera, I.; Lipinska, K.; Wilson, D.A.; Geelhoed-
Duijvestijn, N. Clinical Evidence for Use of a Noninvasive Biosensor for Tear Glucose as an Alternative to Painful Finger-Prick for
Diabetes Management Utilizing a Biopolymer Coating. Biomacromolecules 2018, 19, 4504–4511. [CrossRef] [PubMed]

62. Moreddu, R.; Wolffsohn, J.S.; Vigolo, D.; Yetisen, A.K. Laser-Inscribed Contact Lens Sensors for the Detection of Analytes in the
Tear Fluid. Sens. Actuators B Chem. 2020, 317, 128183. [CrossRef]

63. Sempionatto, J.R.; Brazaca, L.C.; García-Carmona, L.; Bolat, G.; Campbell, A.S.; Martin, A.; Tang, G.; Shah, R.; Mishra, R.K.;
Kim, J.; et al. Eyeglasses-Based Tear Biosensing System: Non-Invasive Detection of Alcohol, Vitamins and Glucose. Biosens.
Bioelectron. 2019, 137, 161–170. [CrossRef]

64. Solomon, A.; Dursun, D.; Liu, Z.; Xie, Y.; Macri, A.; Pflugfelder, S.C. Pro- and Anti-Inflammatory Forms of Interleukin-1 in the
Tear Fluid and Conjunctiva of Patients with Dry-Eye Disease. Investig. Ophthalmol. Vis. Sci. 2001, 42, 2283–2292.

65. de Lau, L.M.; Breteler, M.M. Epidemiology of Parkinson’s Disease. Lancet Neurol. 2006, 5, 525–535. [CrossRef]
66. Love, S. Neuropathological Investigation of Dementia: A Guide for Neurologists. J. Neurol. Neurosurg. Psychiatry 2005, 76

(Suppl. S5), v8–v14. Available online: https://jnnp.bmj.com/content/76/suppl_5/v8 (accessed on 15 July 2022). [PubMed]

http://doi.org/10.1080/02713683.2018.1501803
http://doi.org/10.1016/j.jtos.2019.02.004
http://www.ncbi.nlm.nih.gov/pubmed/30818035
http://doi.org/10.1167/iovs.61.14.19
http://www.ncbi.nlm.nih.gov/pubmed/33326015
http://doi.org/10.3390/ijms22168997
http://doi.org/10.1016/j.exer.2021.108567
http://www.ncbi.nlm.nih.gov/pubmed/33848523
http://doi.org/10.1016/j.pneurobio.2019.101732
http://www.ncbi.nlm.nih.gov/pubmed/31816349
http://doi.org/10.1097/OPX.0000000000000188
http://doi.org/10.1016/j.jprot.2012.11.017
http://doi.org/10.1038/eye.2010.7
http://doi.org/10.1097/ICO.0b013e3181a2ad81
http://www.ncbi.nlm.nih.gov/pubmed/19770725
http://doi.org/10.1159/000150445
http://www.ncbi.nlm.nih.gov/pubmed/18688174
http://doi.org/10.1167/iovs.11-8729
http://doi.org/10.1136/bjo.2005.076737
http://www.ncbi.nlm.nih.gov/pubmed/16361687
http://doi.org/10.1002/elan.201501116
http://doi.org/10.1016/j.trac.2022.116570
http://doi.org/10.1007/s10853-020-04688-2
http://doi.org/10.1016/j.snb.2018.05.061
http://doi.org/10.1038/s41598-019-41066-8
http://www.ncbi.nlm.nih.gov/pubmed/30894582
http://doi.org/10.3390/ijms21113898
http://doi.org/10.1021/acs.biomac.8b01429
http://www.ncbi.nlm.nih.gov/pubmed/30350599
http://doi.org/10.1016/j.snb.2020.128183
http://doi.org/10.1016/j.bios.2019.04.058
http://doi.org/10.1016/S1474-4422(06)70471-9
https://jnnp.bmj.com/content/76/suppl_5/v8
http://www.ncbi.nlm.nih.gov/pubmed/16291923


Int. J. Mol. Sci. 2022, 23, 10123 20 of 22

67. Okun, M.; Malaty, I.A.; Deeb, W. Living with Parkinson’s Disease: A Complete Guide for Patients and Caregivers; Robert Rose
Incorporated: Toronto, ON, Canada, 2020; ISBN 978-0-7788-0672-1.

68. Sharma, S.; Moon, C.S.; Khogali, A.; Haidous, A.; Chabenne, A.; Ojo, C.; Jelebinkov, M.; Kurdi, Y.; Ebadi, M. Biomarkers in
Parkinson’s Disease (Recent Update). Neurochem. Int. 2013, 63, 201–229. [CrossRef]

69. Delenclos, M.; Jones, D.R.; McLean, P.J.; Uitti, R.J. Biomarkers in Parkinson’s Disease: Advances and Strategies. Parkinsonism
Relat. Disord. 2016, 22 (Suppl. S1), S106–S110. [CrossRef] [PubMed]

70. Ugrumov, M. Development of Early Diagnosis of Parkinson’s Disease: Illusion or Reality? CNS Neurosci. Ther. 2020, 26, 997–1009.
[CrossRef]

71. Chahine, L.M.; Stern, M.B. Parkinson’s Disease Biomarkers: Where Are We and Where Do We Go Next? Mov. Disord. Clin. Pract.
2017, 4, 796–805. [CrossRef]

72. Datta, I.; Ganapathy, K.; Razdan, R.; Bhonde, R. Location and Number of Astrocytes Determine Dopaminergic Neuron Survival
and Function Under 6-OHDA Stress Mediated Through Differential BDNF Release. Mol. Neurobiol. 2018, 55, 5505–5525. [CrossRef]
[PubMed]

73. Dehay, B.; Bourdenx, M.; Gorry, P.; Przedborski, S.; Vila, M.; Hunot, S.; Singleton, A.; Olanow, C.W.; Merchant, K.M.; Bezard, E.;
et al. Targeting α-Synuclein for Treatment of Parkinson’s Disease: Mechanistic and Therapeutic Considerations. Lancet Neurol.
2015, 14, 855–866. [CrossRef] [PubMed]

74. Nagata, T.; Nagano, I.; Shiote, M.; Narai, H.; Murakami, T.; Hayashi, T.; Shoji, M.; Abe, K. Elevation of MCP-1 and MCP-1/VEGF
Ratio in Cerebrospinal Fluid of Amyotrophic Lateral Sclerosis Patients. Neurol. Res. 2007, 29, 772–776. [CrossRef]

75. Lev, N.; Roncevic, D.; Roncevich, D.; Ickowicz, D.; Melamed, E.; Offen, D. Role of DJ-1 in Parkinson’s Disease. J. Mol. Neurosci.
2006, 29, 215–225. [CrossRef]

76. Danjo, Y.; Lee, M.; Horimoto, K.; Hamano, T. Ocular Surface Damage and Tear Lactoferrin in Dry Eye Syndrome. Acta Ophthalmol.
1994, 72, 433–437. [CrossRef]

77. Manicone, A.M.; McGuire, J.K. Matrix Metalloproteinases as Modulators of Inflammation. Semin. Cell Dev. Biol. 2008, 19, 34–41.
[CrossRef]

78. Bonini, S.; Rama, P.; Olzi, D.; Lambiase, A. Neurotrophic Keratitis. Eye 2003, 17, 989–995. [CrossRef]
79. Scott, B.; Borgman, A.; Engler, H.; Johnels, B.; Aquilonius, S.M. Gender Differences in Parkinson’s Disease Symptom Profile. Acta

Neurol. Scand. 2000, 102, 37–43. [CrossRef]
80. Kim, A.R.; Pavlenko, T.A.; Katargina, L.A.; Chesnokova, N.B.; Ugrumov, M.V. Biochemical and Functional Changes in the Eye As

a Manifestation of Systemic Degeneration of the Nervous System in Parkinsonism. Acta Nat. 2018, 10, 62–67. [CrossRef]
81. Armstrong, R.A. Visual Symptoms in Parkinson’s Disease. Parkinson's Dis. 2011, 2011, 908306. [CrossRef]
82. Bogdanov, V.; Kim, A.; Nodel, M.; Pavlenko, T.; Pavlova, E.; Blokhin, V.; Chesnokova, N.; Ugrumov, M. A Pilot Study of Changes

in the Level of Catecholamines and the Activity of α-2-Macroglobulin in the Tear Fluid of Patients with Parkinson’s Disease and
Parkinsonian Mice. Int. J. Mol. Sci. 2021, 22, 4736. [CrossRef]

83. Cater, J.H.; Wilson, M.R.; Wyatt, A.R. Alpha-2-Macroglobulin, a Hypochlorite-Regulated Chaperone and Immune System
Modulator. Oxid. Med. Cell Longev. 2019, 2019, 5410657. [CrossRef] [PubMed]

84. Barcelona, P.F.; Saragovi, H.U. A Pro-Nerve Growth Factor (ProNGF) and NGF Binding Protein, A2-Macroglobulin, Differentially
Regulates P75 and TrkA Receptors and Is Relevant to Neurodegeneration Ex Vivo and In Vivo. Mol. Cell Biol. 2015, 35, 3396–3408.
[CrossRef] [PubMed]

85. Kim, A.R.; Nodel, M.R.; Pavlenko, T.A.; Chesnokova, N.B.; Yakhno, N.N.; Ugrumov, M.V. Tear Fluid Catecholamines As
Biomarkers of the Parkinson’s Disease: A Clinical and Experimental Study. Acta Nat. 2019, 11, 99–103. [CrossRef] [PubMed]

86. Kim, A.; Nigmatullina, R.; Zalyalova, Z.; Soshnikova, N.; Krasnov, A.; Vorobyeva, N.; Georgieva, S.; Kudrin, V.; Narkevich, V.;
Ugrumov, M. Upgraded Methodology for the Development of Early Diagnosis of Parkinson’s Disease Based on Searching Blood
Markers in Patients and Experimental Models. Mol. Neurobiol. 2019, 56, 3437–3450. [CrossRef] [PubMed]

87. Boerger, M.; Funke, S.; Leha, A.; Roser, A.-E.; Wuestemann, A.-K.; Maass, F.; Bähr, M.; Grus, F.; Lingor, P. Proteomic Analysis of
Tear Fluid Reveals Disease-Specific Patterns in Patients with Parkinson’s Disease—A Pilot Study. Parkinsonism Relat. Disord. 2019,
63, 3–9. [CrossRef]

88. Ordoñez, C.; Navarro, A.; Perez, C.; Astudillo, A.; Martínez, E.; Tolivia, J. Apolipoprotein D Expression in Substantia Nigra of
Parkinson Disease. Histol. Histopathol. 2006, 21, 361–366. [CrossRef]

89. Zintzaras, E.; Hadjigeorgiou, G.M. Association of Paraoxonase 1 Gene Polymorphisms with Risk of Parkinson’s Disease: A
Meta-Analysis. J. Hum. Genet. 2004, 49, 474–481. [CrossRef]

90. Zarranz, J.J.; Alegre, J.; Gómez-Esteban, J.C.; Lezcano, E.; Ros, R.; Ampuero, I.; Vidal, L.; Hoenicka, J.; Rodriguez, O.;
Atarés, B.; et al. The New Mutation, E46K, of Alpha-Synuclein Causes Parkinson and Lewy Body Dementia. Ann. Neurol.
2004, 55, 164–173. [CrossRef]

91. Partanen, S.; Haapanen, A.; Kielar, C.; Pontikis, C.; Alexander, N.; Inkinen, T.; Saftig, P.; Gillingwater, T.H.; Cooper, J.D.; Tyynelä,
J. Synaptic Changes in the Thalamocortical System of Cathepsin D-Deficient Mice: A Model of Human Congenital Neuronal
Ceroid-Lipofuscinosis. J. Neuropathol. Exp. Neurol. 2008, 67, 16–29. [CrossRef]

92. Chu, J.; Thomas, L.M.; Watkins, S.C.; Franchi, L.; Núñez, G.; Salter, R.D. Cholesterol-Dependent Cytolysins Induce Rapid Release
of Mature IL-1beta from Murine Macrophages in a NLRP3 Inflammasome and Cathepsin B-Dependent Manner. J. Leukoc. Biol.
2009, 86, 1227–1238. [CrossRef] [PubMed]

http://doi.org/10.1016/j.neuint.2013.06.005
http://doi.org/10.1016/j.parkreldis.2015.09.048
http://www.ncbi.nlm.nih.gov/pubmed/26439946
http://doi.org/10.1111/cns.13429
http://doi.org/10.1002/mdc3.12545
http://doi.org/10.1007/s12035-017-0767-0
http://www.ncbi.nlm.nih.gov/pubmed/28965325
http://doi.org/10.1016/S1474-4422(15)00006-X
http://www.ncbi.nlm.nih.gov/pubmed/26050140
http://doi.org/10.1179/016164107X229795
http://doi.org/10.1385/JMN:29:3:215
http://doi.org/10.1111/j.1755-3768.1994.tb02791.x
http://doi.org/10.1016/j.semcdb.2007.07.003
http://doi.org/10.1038/sj.eye.6700616
http://doi.org/10.1034/j.1600-0404.2000.102001037.x
http://doi.org/10.32607/2075-8251-2018-10-2-48-5710.32607/20758251-2018-10-3-62-67
http://doi.org/10.4061/2011/908306
http://doi.org/10.3390/ijms22094736
http://doi.org/10.1155/2019/5410657
http://www.ncbi.nlm.nih.gov/pubmed/31428227
http://doi.org/10.1128/MCB.00544-15
http://www.ncbi.nlm.nih.gov/pubmed/26217017
http://doi.org/10.32607/20758251-2019-11-4-99-103
http://www.ncbi.nlm.nih.gov/pubmed/31993241
http://doi.org/10.1007/s12035-018-1315-2
http://www.ncbi.nlm.nih.gov/pubmed/30128652
http://doi.org/10.1016/j.parkreldis.2019.03.001
http://doi.org/10.14670/HH-21.361
http://doi.org/10.1007/s10038-004-0176-x
http://doi.org/10.1002/ana.10795
http://doi.org/10.1097/nen.0b013e31815f3899
http://doi.org/10.1189/jlb.0309164
http://www.ncbi.nlm.nih.gov/pubmed/19675207


Int. J. Mol. Sci. 2022, 23, 10123 21 of 22

93. Hamm-Alvarez, S.F.; Janga, S.R.; Edman, M.C.; Feigenbaum, D.; Freire, D.; Mack, W.J.; Okamoto, C.T.; Lew, M.F. Levels of
Oligomeric α-Synuclein in Reflex Tears Distinguish Parkinson’s Disease Patients from Healthy Controls. Biomark. Med. 2019, 13,
1447–1457. [CrossRef] [PubMed]

94. Suppiah, S.; Didier, M.-A.; Vinjamuri, S. The Who, When, Why, and How of PET Amyloid Imaging in Management of Alzheimer’s
Disease—Review of Literature and Interesting Images. Diagnostics 2019, 9, 65. [CrossRef] [PubMed]

95. World Alzheimer Report 2021: Journey through the Diagnosis of Dementia. Available online: https://www.alzint.org/u/World-
Alzheimer-Report-2021.pdf (accessed on 26 July 2022).

96. Yiannopoulou, K.G.; Papageorgiou, S.G. Current and Future Treatments in Alzheimer Disease: An Update. J. Cent. Nerv. Syst.
Dis. 2020, 12, 1179573520907397. [CrossRef] [PubMed]

97. Morris, J.K.; Honea, R.A.; Vidoni, E.D.; Swerdlow, R.H.; Burns, J.M. Is Alzheimer’s Disease a Systemic Disease? Biochim. Biophys.
Acta 2014, 1842, 1340–1349. [CrossRef]

98. Romaus-Sanjurjo, D.; Regueiro, U.; López-López, M.; Vázquez-Vázquez, L.; Ouro, A.; Lema, I.; Sobrino, T. Alzheimer’s Disease
Seen through the Eye: Ocular Alterations and Neurodegeneration. Int. J. Mol. Sci. 2022, 23, 2486. [CrossRef]

99. Roda, M.; Ciavarella, C.; Giannaccare, G.; Versura, P. Biomarkers in Tears and Ocular Surface: A Window for Neurodegenerative
Diseases. Eye Contact Lens. 2020, 46 (Suppl. S2), S129–S134. [CrossRef]

100. Ausó, E.; Gómez-Vicente, V.; Esquiva, G. Biomarkers for Alzheimer’s Disease Early Diagnosis. J. Pers. Med. 2020, 10, 114.
[CrossRef]
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