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Abstract/Thesis Overview:

Introduction: Pathological and clinical features of Alzheimer’s disease (AD) are in temporal
discrepancy and currently accepted clinical tests provide the diagnosis decades after the
initial pathophysiological events. In order to reach the goal of early detection of this incurable
disease, research efforts are directed to the identification of non-invasive, widely accessible
biomarkers, which could open the screening possibilities and overcome the main
disadvantages of the current AD biomarkers. The present study offers an innovative and
broader research context in this regard based on the fact that two different diseases, AD and
cancer, have been shown to have inverse incidences. Namely, this recent finding has brought
a different and challenging context to the knowledge about shared biological mechanisms
involved in these diseases, which are mainly opposite in their nature: AD is characterized by
apoptotic cell death and cancer by uncontrolled proliferation. It has been postulated that these
mechanisms might actually represent different sides of the same path: if dysregulation of the
common AD-CAC signaling pathways leads to a higher risk of cancer, the risk of AD will
be reduced in the same individual, or vice versa. However, the precise explanations
underlying this negative epidemiological association between these two diseases remain
unknown. Small, non-coding RNA molecules — microRNAs (miRNAs), which
simultaneously regulate the expression of multiple target genes, are deeply implicated in both

diseases and proposed as having the biological complexity to explain such a challenging



relationship between AD and cancer. Being well documented as the leading regulators of cell
proliferation and differentiation, migration and apoptosis, which are the main pathological
features of cancer and AD, miRNAs may be the key points of the pathophysiological process
of both diseases. Additionally, a series of studies have demonstrated their implication in a
variety of human brain dysfunctions such as innate immunity, neuroinflammation,
dysregulated amyloid metabolism and oxidative stress. In fact, these processes represent the
backbone of the different AD theories. Studying the miRNA roles in this disease has thus
been recognized as a promising research direction and number of the miRNA interactions
with the key genes involved in the pathogenesis of AD has already been identified. The most
dominant theories of AD and CAC are based on two closely interconnected processes —
innate immunity and inflammation, and thus, they have been chosen as the
pathophysiological focus of the present study. Neuroinflammatory signaling pathways and
inflammation-related microRNAs (miRNAs) could possibly have a crucial role in AD
making them promising potential biomarkers. All the miRNAs selected for this study, not
only have a documented role in AD and CAC, but rather, each of them has at least one target
involved in immune-related and/or inflammatory pathways: miR-29a, miR-101, miR-125b,
miR-146a and miR-155. In addition, the possibility to use these molecules as non-invasive
biomarkers contributes to the particular translational value of the whole research context

presented.

Objective: Expression of circulatory miRNAs which are deeply involved in the pathogenesis
of AD and CAC: miR-29a/b, miR-101, miR-125b, miR-146a, and miR-155 were examined
in healthy individuals, those whose cognitive performance on neuropsychological screening
was in mild cognitive impairment (MCI) range, patients with AD and CAC. It was
hypothesized that these miRNA expression levels could correlate with the level of
participants’ cognitive decline leading to the identification of molecular signature of early
AD. Additionally, it was expected that the expression pattern of selected miRNAs could

explain the molecular basis of the inverse incidences between AD and CAC.

Methods: The present study enrolled 54 subjects, out of a total of 75 examined individuals.

During the recruitment, of 34 volunteers who felt physically and mentally healthy, 18



individuals were involved in the control group (CTRL-18). Participants who did not report
subjective cognitive decline (SCD) but were in the MCI range on Montreal Cognitive
Assessment test, formed the low-performance MoCA group (LP-MoCA-9). AD patients
were retrospectively recruited at the Neurology Clinic of the Clinical Center of Montenegro
(CCM) (AD-12). They were previously diagnosed according to the criteria of the National
Institute of Aging and Alzheimer’s Association. AD group included patients in the early
symptomatic disease stage (EAD) — MCI due to AD and mild dementia stage, (MoCA score
> 17) and advanced AD (AAD) — moderate and severe dementia (MoCA score < 17).
Cognitively unimpaired CAC patients with pathohistologicaly confirmed diagnosis were
recruited at the Center for Digestive Surgery — CCM (CAC-15). Standardized questionnaires,
physical and neurological examinations, open-ended type of SCD evaluation,
neuropsychological screening tests, Geriatric Depression Scale (GDS), as well as
biochemical laboratory assessment, were conducted to identify exclusion criteria. Selected
miRNAs were extracted from plasma, quantified by qRT-PCR and expression levels
normalized by miR-361-5p gene. Statistical data analysis was done with the GraphPad Prism

9 software.

Results: As a control group, this study included volunteers without SCD, but interestingly,
neuropsychological screening tests indicated that 33,3% of the apparently healthy subjects
were in the MCI range. Neurological and laboratory findings could not explain their
neuropsychological performance. However, in the LP-MoCA group, the two circulatory
miRNAs, miR-146a and miR-155 were up-regulated compared to the CTRL group (p <0.05).
The expression level of miR-146a was also significantly higher in LP-MoCA compared to
the AD group (p < 0.05). The EAD group also followed this interesting expression pattern
for both, miR-146a and miR-155, the same as the heterogeneous AD group. The difference
in the expression level of miR-146a and miR-155 between EAD and AAD was not
statistically significant. Finally, ROC curve analyses suggested that these miRNAs could

serve as non-invasive biomarkers of early cognitive impairment.

Among five examined miRNAs in the present research, only the expression levels of miR-

101 in study groups were in agreement with the postulate about the inverse relationship



between AD and CAC. The mean expression values of miR-101 for the CAC and AD groups
were on the opposite sides of the range, while the expression level of the CTRL group was
in the middle (AD-1.569, CTRL-1.171 and CAC-0.8340). Furthermore, miR-101 expression
was significantly higher in AD compared to the CAC group (p <0.05). The CTRL group was
not significantly different neither from AD or CAC group. However, the results of ROC
curve analysis indicated that on average, a CAC patient will have lower miR-101 expression
than 64% of controls, and an AD patient will have upregulated miR-101 expression compared
to 63% of people in the general population. This analysis provided the quality score which
describes the performance of this AD-CAC inverse correlation model based on miR-101
expression, as a good one. This model was also tested with respect to the disease stage of the
AD group. Interestingly, miR-101 expression level was significantly higher in EAD
compared to CAC (p < 0.05), however, its expression values decreased with the progression
of AD towards the later stage, approaching the level of expression in the CAC group.
Therefore, no significant difference was observed between AAD and CAC groups, indicating
that patients with AAD do not contribute to the significant difference observed between AD

and CAC groups.

Conclusions: This study accidentally identified that a certain number of patients with
cognitive decline in the Montenegrin population remain undetected. Therefore,
neuropsychological screening instruments should be routinely administered to the elderly in
Montenegro, even if the patient does not complain of cognitive functioning. The up-
regulation of miR-146a and miR-155 could serve as a non-invasive, circulatory biomarkers
for the detection of people with CI who are at risk for AD. Together with neuropsychological
screening, molecular markers identified by this study, could possibly become routine, easily-

accessible tools for screening of the general population for AD.

MiR-101 negatively regulates amyloid precursor protein (4PP) gene and APP metabolism,
therefore, its down-regulation found in AD is understood as a disease-contributing factor.
However, the up-regulating trend of miR-101 in early AD and its decline with disease
progression found in the present study, suggests that miR-101 might act within the negative

feedback mechanism, related to APP metabolism. Given that miR-101 potentially reflects a



progression of amyloid accumulation, it could serve to monitor the effects of amyloid
lowering therapy, indicated in the early AD population. Considering miR-101's
oncosuppressive role, increased miR-101 expression in long-lasting preclinical and early AD
might protect AD patients from cancer. In fact, simultaneous negative regulation of
oncogenes and APP gene, through the up-regulation of miR-101, as the overlapping point of

different signaling pathways, might explain the opposite incidences of AD and CAC.

Keywords: Alzheimer’s disease, mild cognitive impairment, neuroinflammation, miR-146a,

miR-155, cancer, miR-101, negative feedback mechanism.

Scientific field: Neuroscience — Translational Neuroscience — Alzheimer’s disease
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Rezime/lzvod iz teze:

Uvod: Pojava patoloskih obiljezja Alchajmerove bolesti (AB) i njeno klinicko ispoljavanje,
su u vremenskoj diskrepanci. Stoga, klinickim testovima koji se aktuelno koriste, dijagnoza
se postavlja decenijama nakon inicijalnih patofizioloskoh dogadaja. Kako bi se dostigao cilj
ranog otkrivanja ove neizljecive bolesti, istrazivacki napori su usmjereni ka identifikovanju
neinvazivnih, Siroko dostupnih biomarkera, koji bi otvorili moguénosti za skrining i tako
prevazisli nedostatke aktuelnih biomarkera. Sa tim ciljem, ova studija nudi inovativan i Sirok
istrazivacki kontekst, koji se zasniva na Cinjenici da obolijevanje od dviju razli€itih bolesti,
AB 1 karcinoma, karakteriSe inverzna incidenca. Naime, ovo nedavno otkri¢e je donijelo
jedan drugaciji, izazovan kontekst u odnosu na prethodna saznanja o zajednickim bioloskim
mehanizmima ovih bolesti, koji su takode, vecinom, suprotne prirode: AB se karakterise
c¢elijskom smréu apoptozom, a kancer nekontrolisanom celijskom proliferacijom. Stoga,
smatra se da bi ovi mehanizmi zapravo, mogli predstavljati suprotne strane iste patofizioloske
kaskade, objasnjavajuci tako i suprotne incidence AB i CAC: ukoliko disregulacija
zajednickih signalnih puteva ovih dviju bolesti vodi pove¢anom riziku od kancera, rizik od

AB ¢e kod iste osobe biti redukovan, odnosno suprotno. Medutim, precizna objasnjenja koja



se nalaze u osnovi inverzne epidemioloske povezanosti ovih dviju bolesti, jos nijesu poznata.
Male, nekodirajuce RNK molekule — mikroRNK (miRNK), koje ostvaruju negativnu
regulaciju ekspresije gena, simultano na viSestruke targete, duboko su ukljuCene u
patogenezu obiju bolesti i smatra se da posjeduju biolosku kompleksnost koja bi mogla
ponuditi objasnjenje ovako izazovnog odnosa AB i kancera. S obzirom na dobro
dokumentovane uloge miRNK, kao vodecih regulatora procesa celijske prolieracije i
diferencijacije, migracije 1 apoptoze, koji su medu glavnim karakteristikama AB 1 kancera,
smatra se da bi ove molekule mogle objasniti kljucne aspekte patofizioloskih procesa obiju
bolesti. Uz to, serije istrazivanja su pokazale njihov znacaj u mnogim aspektima mozdanih
disfunkcija, a koji su u osnovi razli¢itih teorijja AB: urodeni imunitet, neuroinflamacija,
deregulacija metabolizma amiloida 1 oksidativni stres. Stoga je proucavanje uloga miRNK u
ovoj bolesti, prepoznato kao obeéavajuci pravac istrazivanja. Stavise, jedan broj miRNK
molekula su vec 1 prepoznate kao potencijalni biomarkeri ove bolesti. Dominantne teorije
AB i karcinoma se baziraju na dva medusobno blisko povezana procesa — urodenom
imunitetu i inflamaciji, a neuroinflamatorni signalni putevi i sa inflamacijom povezane
miRNK, mogle bi imati krucijalnu ulogu u AB, €ineci ih potencijalnim biomarkerima. Stoga
su kao patofizioloski fokus ove studije odabrane one miRNK, koje ne samo da imaju
dokumentovane uloge u AB 1 CAC, vec svaka od njih ima najmanje jedan ciljni gen koji je
ukljucen u puteve povezane sa imunoloskim i/ili inflamatornim odgovorom: miR-29a, miR-
101, miR-125b, miR-146a and miR-155. Uz to, mogucnost da se ove molekule koriste kao
neinvazivni biomarkeri, posebno doprinosi translacionoj vrijednosti prezentovanog

istrazivackog konteksta.

Cilj: Ekspresija cirkuliSu¢ih miRNK, kompleksno uklju¢enih u patogenezu AB i
kolorektalnog karcinoma (CAC): miR-29a/b, miR-101, miR-125, miR-146a and miR-155,
ispitivana je kod zdravih pojedinaca, onih kod kojih je Montrealskom skalom za procjenu
kognicije (eng. Montreal cognitive Assessment - MoCA) detektovan skor u opsegu za blagi
kognitivni poremecaj (eng. mild cognitive impairment — MCI), kao 1 kod pacijenata sa
dijagnostikovanim AB 1 CAC. Postavljena je hipoteza da c¢e ekspresija navedenih miRNK

biti u korelaciji sa stepenom kognitivnog deficita ispitanika, sto bi moglo biti od znacaja u



identifikovanju molekularnog potpisa rane AB. Takode, oCekuje se da bi obrazac ekspresije
selektovanith miRNK kod pacijenata sa AB 1 CAC, mogao objasniti molekularnu osnovu

inverzne incidence ovih dviju bolesti.

Metodologija: U ovu studiju su ukljuCena 54 ispitanika, od ukupno 75 regrutovanih
pojedinaca. Od 34 volontera koji su se osjecali fizicki 1 mentalno zdravim, njih 18 je bilo
ukljueno u kontrolnu grupu (CTRL-18). Kod 9 ucesnika koji subjektivno nijesu imali
kognitivni deficit, kognitivne performanse na MoCA testu su bile u rasponu za MCI (eng.
low-performance MoCA (LP-MoCA)-9). Pacijenti kod kojih je dijagnostikovana AB
regrutovani su retrospektivno, u Klinici za neurologiju Klini¢kog centra Crne Gore (KCCG)
(AD-12). Ovim ispitanicima je dijagnoza prethodno postavljena u skladu sa kriterjjumima
Nacionalnog instituta starenja 1 Alchajmerove asocijacije. AD grupa je ukljucivala pacijente
u ranom simptomatskom stadijumu bolesti (early Alzheimer’s disease — EAD) — MCI
uzrokovan AB 1 stadijum blage demencije (MoCA skor > 17) 1 uznapredovaloj AB (advanced
Alzheimer’s disease — AAD) — umjerena i1 teSka demencija (MoCA score < 17). Pacijenti sa
CAC 1 bez kognitivnog oStecenja sa patohistoloski potvrdenom dijagnozom, bili su
regrutovani u Centru za digestivnu hirurgiju KCCG (CAC-15). Standardizovani upitnik,
fizikalni i neuroloski pregledi, neuropsiholoski skrining testovi, gerijatrijska skala depresije,
kao 1 biohemijska laboratorijska procjena, sprovedeni su sa ciljem identifikovanja
iskljuCujucih kriterijjuma. Odabrane miRNK su bile izolovane iz plazme, kvantifikovane
metodom lanCane rekacije polimeraze u relnom vremenu 1 nivoi ekspresije normalizovani

upotrebom miR-361-5p gena.

Rezultati: Ovom studijom su u kontrolnu grupu ukljuceni volonteri bez subjektivnog
kognitivnog deficita, ali interesantno, na osnovu skora na MoCA testu, 33,3% njih, naizgled
zdravih ispitanika, pripadalo je kategoriji MCI. Neuroloski pregled i laboratorijske pretrage
nijesu mogli objasniti ucinak ovih pojedinaca na neuropsiholoskim testovima. Medutim, u
LP-MoCA grupi, nivo ekspresije dviju cirkuliSu¢th miRNK, miR-146a 1 miR-155, bio je
znacajno visi u odnosu na kontrolnu (p < 0.05). Ekspresija miR-146a je bila u zna¢ajnom
porastu u LP-MoCA 1 u odnosu na AD grupu (p < 0.05). U odnosu na EAD grupu, rezultati

su pokazali isti obrazac ekspresije za obje miRNK - miR-146a 1 miR-155, kao 1 u odnosu na



Citavu, heterogenu AD gupu. Razlika u nivou ekspresije ovih miRNK izmedu EAD i AAD
grupa nije bila znacajna. Konac¢no, analiza krivulje operativnih karakteristika (eng. Receiver
operative characteristic curve — ROC curve), upucuje da bi miR-146a i -155 mogle sluziti

kao neinvazivni biomarkeri ranog kognitivnog ostecenja.

Medu pet ispitivanih miRNK, samo je nivo ekspresije miR-101 u studijskim grupama bio u
saglasnosti sa postulatom o inverznom odnosu izmedu AB i CAC. Srednje vrijednosti
ekspresije miR-101 za CAC i AD grupe bile su na suprotnim stranama opsega, dok je nivo
ekspresije CTRL grupe bio u sredini (AD — 1.569, CTRL — 1.171 and CAC — 0.8340). Stavise,
ekspresija miR-101 bila je zna¢ajno vec¢a u AD, u poredenju sa CAC grupom (p <0.05). Nivo
ekspresije ove miRNK u CTRL grupi se nije razlikovao u odnosu na AD i CAC grupe.
Medutim, rezultati analize ROC krive upucuju na to da ¢e u prosjeku CAC pacijent imati
nizu vrijednost ekspresije miR-101 nego 64% zdravih pojedinaca, a AD pacijent bi imao
povisenu regulaciju miR-101, u poredenju sa 63% opste populacije. Ovom analizom je
obezbijeden kvalitativni skor, kojim je performansa ovog AD-CAC modela baziranog na
ekspresiji miR-101, procijenjena kao dobra. Model je takode testiran i u odnosu na stadijum
bolesti AD grupe. Interesantno, ekspresija miR-101 bila je znacajno veca u EAD u poredenju
sa CAC (p <0.05). Vrijednosti su se smanjivale sa progresijom AB, priblizavaju¢i se nivou

ekspresije CAC grupe, stoga nije opservirana znacajna razlika izmedu AAD i1 CAC grupa.

Zakljucci: Ovim istrazivanjem je otkriveno da u crnogorskoj populaciji nije prepoznat
odredeni broj pojedinaca sa kognitivnim deficitom. Stoga bi neuropsiholoske skrining
testove trebalo rutinski primjenjivati kod pojedinaca starije zivotne dobi u Crnoj Gori,
nezavisno od zalbi na kognitivne funkcije. Povecana ekspresija miR-146a and miR-155,
mogla bi predstavljati neinvazivni cirkuliSu¢i biomarker za detekciju pojedinaca sa
kognitivnim deficitom, koji su u riziku za AB. Zajedno sa neuropsiholoskim skriningom, ovi
molekularni markeri bi mogli postati rutinska, neinvazivna sredstva za rano otkrivanje AB u

opstoj populaciji.

MiR-101 negativno reguliSe ekspresiju amiloid prekursor protein (4PP) gena 1 APP
metabolizam, stoga je njena smanjena regulacija koja karakteriSe AB, shvacena kao faktor

koji doprinosi nastanku bolesti. Medutim, trend povecanja nivoa ekspresije miR-101 u EAD,



kao i njeno opadanje sa progresijom bolesti otkriveno u ovoj studiji, sugerise da bi miR-101
mogla djelovati u okviru mehanizma negativne povratne sprege, koji je u vezi sa APP
metabolizmom. Uzimajué¢i u obzir da miR-101 potencijalno reflektuje progresiju
akumulacije amiloida, mogla bi sluziti i u monitoringu efekata amiloid-redukujuce terapije,
indikovane u EAD populaciji. Uzimajuéi u obzir onkosupresivnu ulogu miR-101, njena
potencijalno povecana ekspresija u dugoj pretklini¢koj 1 ranoj fazi AB, mogla bi zastititi AB
pacijente od kancera. Zapravo, simultana negativna regulacija onkogena i APP gena, kroz
povecanu regulaciju miR-101, kao tacke preklapanja razlicitih signalnih puteva, mogla bi

objasniti inverzne incidence AB i CAC.

Kljucne rijeci: Alchajmerova bolest, blagi kognitivni deficit, neuroinflamacija, miR-146a,

miR-155, kancer, miR-101, APP metabolizam, mehanizam negativne povratne sprege.

Naucna oblast: Neuronauke — Translacione neuronauke — Alchajmerova bolest



List of abbreviations:

3'UTR - 3' untranslated region

AAD - advanced AD

Ach — acetylcholine

AD - Alzheimer’s disease

AD-C - clinical manifestations of Alzheimer’s disease
AD-P - pathological characteristics of Alzheimer’s disease
AH - amyloid hypothesis

APOE - e4-apolipoprotein E &4 allele

ABPP — amyloid-f protein precursor

ARIA - amyloid-related imaging abnormalities

ATN - amyloid, tau, neurodegeneration

AP 40/42 — amyloid-f protein consisting of 40-42 amino acids
AB — amyloid-f

BACE - beta-site APP-cleaving enzyme

BDNF - brain derived neurotrophic factor

BMI - body mass index

CAC - colorectal adenocarcinoma

CCM - Clinical Center of Montenegro

CD4 — T-cell surface glycoprotein CD4

CI - cognitive impairment

CNS - central nervous system

COVID-19 — Coronavirus disease 2019

COX-2 — cyclooxygenase-2

CR — cognitive reserve

CSF — cerebrospinal fluid

CSFIR — macrophage colony-stimulating factor 1 receptor;

CTRL - control group
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CU - cognitively unimpaired
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PREFACE TO THE DOCTORAL DISSERTATION

The phenomenon of aging has always been a challenge for man. His strong effort to fully
understand and delay it fosters him to research and succeed in curing the diseases of aging.
However, there are still challenges that have not been overcome. One of them is Alzheimer’s
disease (AD), which impoverishes the personality and takes away the identity and integrity

acquired during life making the biological existence of a man terrible until the fatal outcome.

Global increasing incidence of AD, as well as its seriously negative consequences on the
individual, familial, institutional and socio-economic level, have positioned this disease
among the leading biomedical priorities, in the past few decades. Doubled lifespan
expectancy in the world, since the beginning of the XX century, is the dominant cause of the
growing trend of disease of aging. Together with such demographic trend, an absence of a
causal therapeutic solution for AD and fatal outcome, have strongly fostered the research in
this field.

A significant breakthrough in understanding pathophysiological concept, development of
biomarkers and disease-modifying therapy is evident. However, a unified explanation,
pathophysiological and molecular signature of AD, which would open the possibility for the
development of causative therapy, remains a challenge. In addition, the application of the
knowledge achieved is still not successful. Despite the revolutionary advance of detecting
AD neuropathological changes before clinical manifestations, by the biomarkers, it is clear
that they will not be included in the diagnostic criteria mainly due to invasiveness or
unavailability of methods used for their detection. Additionally, the new, disease-modifying
therapy, intended for patients in the early stages of the disease, requires the availability of
sophisticated imaging for the identification of eligible patients. Therefore, the questions
arise: “How can we expect early diagnosis in asymptomatic AD? Who are the new
therapeutic modalities actually intended for?” Currently, they are intended for the lucky
minority patients who have the opportunity to enter the diagnostic procedure in specialized,
large memory clinics. Thus, the identification of new, widely available, simple and non-

invasive biomarkers which would reflect the pathophysiological process of AD is urgent.



Furthermore, literature evidence implies that the significance of cognitive problems in the
wide population has not been sufficiently recognized and that the stigmatization of the AD
population is still widespread. These aspects cause problems regarding AD detection, even
in the symptomatic stage. Thus, it needs to be emphasized, that continuous education, raising
awareness of the importance of early disease recognition and the fight against stigma must
not be overshadowed by large-scale research tasks of discovering biomarkers and new

treatments.

The global negative context regarding AD seems to be emphasized in the Montenegrin
population. Concerning characteristics of demographic development, indicate that the trend
of demographic aging has been present in Montenegro for about half a century. Moreover, it
is estimated that our country will continue to be exposed to such an impact in the first half of
the 21* century. Additionally, health statistics in the AD field have not been still adequately
implemented. According to the available, limited data of the Institute of Public Health, there
is a serious concern that currently AD in Montenegro is underdiagnosed and that the number
of people with this disease, requiring care, might be much higher. These facts indicate that it

would be necessary to place AD as one of the health and research priorities in Montenegro.

In the inevitability of a fatal outcome - once AD begins, the fight against this disease, for
now, is actually the fight for its early recognition. It is the battle for the dignity of the human
being living with AD. It is the battle to prolong the quality of life and delay the negative
outcome. This scientific research is precisely an attempt to identify biological indicators of
the very beginning of the disease, which will be easily and widely usable, enabling an early
diagnosis of AD. At the same time, they will be potentially the basis for a better
understanding of the pathological context of this disease, and hopefully, the path to its causal

treatment.
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1. INTRODUCTION:

1.1. Current status of knowledge regarding Alzheimer’s disease

Life expectancy has doubled in the world since the beginning of the 20™ century leading to
an increased incidence of Alzheimer’s disease (AD), as a disease of the elderly (1). Currently,
50 million people in the world have been affected by this progressive and ultimately fatal
neurodegenerative disorder. Considering the fact that age is the main risk factor for AD, it is
expected that this number will reach 139 million by the year 2050 (2). Namely, it is estimated
that there will be twice as many people over the age of 65 as children under the age of 5 (3).
Precisely, 10% of those who are 65 years and older are thought to have AD (1). However, it
should be noted that the incidence of AD decreases in people who are 90 years of age or older
(4). At that age, hippocampal sclerosis is even more common but develops as age-related
transactive response DNA binding protein-43 (TDP-43) encephalopathy (LATE), resulting
in a clinical manifestation often misattributed to AD (5,6). Interestingly, a meta-analysis that
explored the incidence of clinical AD in Europe found that it decreases as the age strata
explored increase (7). Literature evidence indicates that besides age, gender is one of the
most important determinants of the current AD epidemiological status (8,9). It has been
reported that an individual’s reproductive history and changes in levels of female hormones
throughout life contribute to the higher risk for AD in women (10). Therefore, more than
65% of people diagnosed with AD of late-onset are females (8). Moreover, the impact of
some of the known AD risk factors, like having apolipoprotein E &4 allele (+4APOE - €4),
seems to be stronger in women than in men (11). Eventually, longer life expectancy of
women should not be ignored as a potential cause. AD is responsible for 60-70% of
dementias, which is the fifth cause of death globally (12,13). The latest figures of this kind
show that the mortality rate from AD in Europe in 2013, was 45.2 per 100,000, which is
doubled compared to 1994 (14). The official data for the United States indicate that AD was
the sixth-leading cause of death in 2019 and the seventh-leading cause of death during the
Coronavirus disease 2019 (COVID-19) pandemic in 2020 and 2021 (1). Not only the
mortality rate is generally high but reported deaths from AD in the American population

increased by more than 145% between 2000 and 2019, in contrast to the deaths from stroke,



heart disease, and HIV — which have decreased (1). This certainly reflects an increasing
problem of AD morbidity and mortality; however, it should be considered that deaths may
be also more documented in the era of increased AD awareness among healthcare
professionals. This global, increasing trend of AD is independent of socio-economic status,
and the financial burden due to AD is in the range of cardiovascular diseases and cancer (15).
Not only the expenses for AD patients are considered prohibitively high (16), but also, due
to the nature of AD, the workload of family members and caregivers becomes a problem.
Negative outcomes regarding the mental and physical health of the burned-out family
members (1,17,18), as well as expenses and the number of hours devoted to AD patients

(1,15), are clearly on the rise.

Despite the growing trends of morbidity, mortality, and burden on health systems due to AD,
the most recent survey conducted in the American population indicated a low level of
awareness of mild cognitive impairment (MCI) (1) - a condition that should be a warning
sign for the potential development of AD, and should represent a clear indication to consult
a medical expert. This implies that one important aspect of the whole problem may be
neglected. Namely, progress in medical research and services of the health systems is
important, but the education of the general population is equally important. Late recognition
of the disease and delayed medical consultation are likely to be the root cause of the problem
that AD represents globally (19). In support of this, dementia incidence in some counties was
found to be in decline in specific age groups, due to the implementation of long—term societal

strategies, regarding access to healthcare and education (20,21).

In Montenegro, health statistics in the AD field have not been still adequately implemented.
Monitoring and studying the status of this part of the Montenegrin population, as well as the
quality of work of health services and health policy planning, are primarily limited by the
fact that there is no official collection of data, that is, the Health Register of AD (22).
However, Statistical Yearbooks as the regular annual publications of the Institute of Public
Health, provide some insight into data on registered diseases in health institutions. The
analysis of the available figures for AD indicates that around 0,05% of the Montenegrin

population was diagnosed with AD each year, from 2016 to 2019 and 0,06% in 2020 (23).



Interestingly, the deeper analysis of the morbidity in the hospitals and outpatient health
services, which are available for the year 2020, shows that all the registered AD diagnoses
for that year are coming from primary health care services (24). This fact calls into question
the process of work related to cognitive pathology at Primary health care institutions, that is,
referring these patients to the expert level for diagnosis. Furthermore, the fact that there are
0.4% of patients registered with dementia as a separate category is confusing considering that
AD is responsible for 60-70% of dementia diagnoses (23). Interestingly, available data on
the use of medicines in Montenegro do not indicate the consumption of drugs intended for
symptomatic treatment of AD, which are currently available (25). Altogether, these data
introduce dilemma into consideration and estimation of the number and accuracy of
diagnosed AD cases and, finally, strongly imply the need for the thorough and careful
systematization of data, that is, the foundation of the Health Register for AD. The analysis
of data on mortality from AD, from 2010 to 2019, clearly points to a growing trend, especially
since 2014 (23). Although we do not have this volume of data on AD morbidity for the same
period, it is noted that the trend of the registered diagnoses was mostly stable and that the
mortality trend is increasing (23). That could be explained by the fact, that in the last 6-7
years, AD awareness has increased so that AD as a cause of death was more documented. In
addition, the clinical application of AD diagnostic criteria, revised in 2011 (for the first time
since 1989), came to life in the following years, so probably, the disease was better
recognized and diagnosed. Nevertheless, all the indicated percentages are much lower
compared to other European countries. Therefore, there is a serious concern that currently,
AD in Montenegro is underdiagnosed and that the number of people with this disease,

requiring care, might be much higher.

On the other hand, national guidelines for good clinical practice, for healthcare professionals
and institutions, do not address the topics of prevention and management of cognitive
problems and dementia (26). Furthermore, there are no national strategies to highlight the
importance of early recognition and timely treatment, while many European countries have
a progressive health policy in this regard and defined strategies of action (27). In addition,

the programs and activities of the Institute of Public Health are very modest in this regard



(28). However, over the last decade, the activities of the non-governmental sector have
started to increase, which has raised the quality of care for patients with dementia through
numerous projects and associations with state institutions and health professionals. They
initiated the opening of a number of counseling centers, and finally, positioned Montenegro
on the European map of official associations, dealing with patients suffering from AD. So,
nevertheless, it can be concluded that Montenegrin society is gradually progressing and

maturing in this sense.

1.2. Pathophysiological context of Alzheimer’s disease

The decryption of the complex neurodegenerative process of AD, and particularly its link
with the emergence of the clinical syndrome, probably represents the most challenging and
the most important aspect of the research in the AD field. It is the key that will enable the
development of biomarkers for the disease, as well as successful therapeutic modalities.
Although progress in understanding the pathophysiology is evident, a unified explanation has
not yet been reached. Several theories bring many useful but often independent arguments,
which are not successfully interconnected. So, not only do we need to identify initial and
substantial events of AD pathogenesis, but maybe, the many answers are already present
among all the valuable pieces of evidence, that need to be put together. Unlike the key causal
processes, pathomorphological features of AD, as well as the dynamics of their occurrence,

have been unambiguously demonstrated (29,30).

The well-known neuropathological substrate of AD, described for the first time at autopsy
studies more than 50 years ago, is represented by extracellular accumulation of amyloid—3
(AP) protein and intracellular deposition of aggregated tubulin associated unit (tau) protein
and phosphorylated tau (p-tau) (29,31,32). It is considered that pathological imbalance of
amyloid production and clearance results in its extracellular aggregation in the form of
plaques, as well as in its toxicity, which induces further pathological changes (33,34).
Pathological phosphorylation and aggregation of tau protein lead to the formation of

neurofibrillary tangles and neuropil threads into the neurons (29,31,32). More importantly,



research has also revealed dynamic aspects of tau pathology, closely related to immune
response and neuroinflammation. Namely, extracellular tau accumulation has been
demonstrated, as well as its active spread from neuron to neuron (35,36). Therefore, one of
the current research ideas in the AD field is targeting extracellular tau, in order to prevent its

subsequent intracellular accumulation (37).

Mutations in genes that regulate the production of amyloid proteins - amyloid precursor
protein (APP), presenilin 1 (PSENI) and presenilin 2 (PSEN2), are first identified in AD
patients with familial, early onset disease form (38,39). Development of the sporadic AD has
been influenced by genetic, but also by environmental factors (39,40,41). Among more than
20 genetic contributors to the increased risk of the late disease form, +APOE - &4 is
considered the strongest risk factor for the development of sporadic AD (39,42). Impairment
of amyloid and tau cascades have been related to the effects of this genotype (43). Although
its presence may account for about half of the patients with sporadic AD, it is assumed that
ultimately, environment is the critical factor that converts the risk into a disease (as it is

discussed in more details in the section 1.4.).

Temporal ordering of the pathological events in AD has been proposed by several research
groups, but many explanations are incomplete. However, genetic discoveries in familial
forms of early-onset AD (EoAD) indicate that the initiating molecular events begin with
disordered AP metabolism (39,44). It has been unequivocally confirmed that amyloid plaques
occur decades before the disease is clinically manifested (44). Research data on tau pathology
also speak for its presence a decade or more before the clinically evident disease (45), but
not as early as amyloid accumulation. Recent works highlight that the later events, like the
regional progression of atrophy, correlate with tau, but not amyloid accumulation (46). While
amyloid theory has been based on EoAD, there are assumptions that tau pathology may be
the cause of the late-onset AD (LoAD) (47). Nevertheless, current research supports the
interconnection of amyloid and tau pathophysiological cascades in AD (48). Eventually,
some of the crucial AD pathophysiological processes identified in genome-wide association
studies (GWAS) are dominantly involved in innate immunity and neuroinflammation,

cellular energetics, and proteolysis, but not in amyloid or tau pathways, at least not directly



(49,50). There is no unified explanation of the precise role of each proposed mechanism or
order of events, and it is only clear that their synergistic action leads to a neuronal injury and
dystrophic neuronal process until its loss (51,52). Atrophy is, thus, the dominant structural
pathological change of the AD brain. It starts temporally due to hippocampal
neurodegeneration, with further progression to the parietal lobe, all resulting in the
impairment of episodic and subsequently of long-term memory, as the dominant clinical AD

features (29-32).

According to the literature data, the amyloid cascade and neuroinflammation, deserve special
attention among all other AD hypotheses, and thus, they will be more discussed below. The
first one represents one of the unambiguously demonstrated, central events in AD —
pathological deposition of amyloid proteins. The second one seems to offer
comprehensiveness and a more successful explanation of early events in AD and disease

dynamics.

1.2.1. Amyloid hypothesis (AH) — decades-long dominance justified

The amyloid cascade hypothesis has dominated for a long time as an explanation for the
pathogenesis of AD, placing the AB accumulation as a crucial pathological event and driver
of the pathophysiological process, finally responsible for the cognitive deterioration of

individuals suffering from AD.

First discovered in patients with cerebrovascular disease (53), disordered amyloid
metabolism was established as the initial pathophysiological cascade in AD, after a series of
genetic and experimental discoveries in the early onset, familial disease forms (EoAD) in the
1980s (38,39). Relationship of the final pathological product - AB, with various mutations,
detected by sequencing - mainly in APP, PSENI and PSEN2 genes (38,54,55) is considered
to be the initiating factor in dysregulated amyloid processing and formation of AP deposits
(31,32,33,55). It has to be emphasized that the molecular findings in EoAD were also
presented as the most probable mechanism in LoAD, since neuropathological and clinical

features in both disease forms were known to be identical (31,32,39).



In short, AH proposes amyloid-f protein precursor (APPP) - widely expressed
transmembrane glycoprotein in the human body, as the starting point of the pathological
cascade, resulting in AP accumulation (29-34). In the central nervous system (CNS), this
protein is normally processed through two different pathways: non - amyloidogenic and
amyloidogenic (56, 57). Both of the pathways represent a two-stage enzymatic lysis cascade,
but the enzyme which cleaves APP in the first step is different in each pathway (57,58).
Amyloidogenic, labeled as a pathogenic pathway, produces several AB types, including the
two most common fragments consisting of 40-42 amino acids (AP 40/42). However, it is also
active in normal conditions, and AP production has been also reported in healthy people
(56,57). However, AP generation and clearance in non-pathological circumstances are
balanced. It is considered that only a small fraction of ABPP has been degraded through the
amyloidogenic pathway, resulting in the production of AP, which remains soluble (55-58).
In the progressive AD course, on the other hand, increased dynamics of amyloidogenic
processing and/or facilitated APP enzymatic lysis, fostered by various mutations in AD-
related genes, results in overproduction of AP, which, in such circumstances, self-aggregates
(52,59,60). The longer the AP fragments, the greater the probability of their assembling, and
so the longest one - AB42, mostly forms oligomers, amyloid fibrils and eventually plaques,
known to represent the neuropathological, amyloid AD substrate (29,31,34,52). It is
interesting to note that in contrast to earlier findings, recent research points to higher toxicity
of AP oligomers, compared to fibrils and plaques, inducing more severe neurodegeneration .
More complex forms seem to induce aggregation of Af monomers, contributing to the
expansion of the neuropathologic area in the brain but do not exert toxicity (61). Interestingly,
other research indicates that not only insoluble but also soluble AP forms are toxic (62). In
general, the hypothesis places the accumulation of AP in the central position, considering
that its toxicity certainly represents the necessary and main cause of all, various downstream
events, finally leading to a synaptic and neuronal injury and death (51,52,55). Namely, it has
been postulated for a long time, that hyperphosphorylation of tau protein, oxidative stress,
neuroinflammation, vascular damage, and finally cognitive decline, are all AB-induced
events (33,34,51,52,63), but precise mechanisms or their temporal ordering, are missing.

Therefore, the research which followed the formulation of AH gave rise to several



mechanistic explanations, many of which are arguing for opposing conclusions. As an
example, the dual hypothesis proposes that tau hyperphosphorylation is not the consequent
but rather the process parallel to AP deposition, induced by the same event, but both are
linked through an additional mechanism (48). The other data have weakened the clinical
significance of the AH, like those coming from the first studies investigating the efficacy of
AP clearance from the AD human brain. Some of them have failed to demonstrate improved
cognitive status after the reduction of amyloid load (64). Hence, it is still questioned which
are the downstream processes of AB accumulation, whether some have mutual influences,
and what actually represents the starting point of AD pathophysiology. Finally, it has become
clear that this single theory cannot explain the complex pathophysiological context of AD.
Instead, several biological pathways have been proposed as the leading or complementary to
AD amyloid theory: transport and metabolism of lipids, intracellular vesicular trafficking,
immuno-inflammatory response, apoptosis, synaptic failure, oxidative stress, calcium

metabolism, iron homeostasis, and mitochondrial dysfunction (29,32,35,65,66).

Eventually, despite the evident ambiguities of AH, the presence of amyloid deposits, as the
pathomorphological substrate of AD, has never been disproved and understandably, the
hypothesis persists. Both, clinical-pathological studies as well as current AD biomarkers
studies, indicate that amyloid accumulation represents a very early event, which probably
occurs even decades before the clinical manifestation of the disease (44). Moreover, the first
biomarkers identified, are those that detect AP pathological change in the brain (30).
Therefore, decades after its formulation, the researchers are still focused on the elucidation
of the amyloid cascade, as well as on the investigation of therapeutic solutions based on it.
This is evidenced by the involvement of almost 50% of agents targeting AP, among 120
treatments for AD, that were either in phase 2 or 3 in clinical trials, in 2021 (67). Furthermore,
after numerous challenges to show the effectiveness of such therapeutic modalities (64), the
clinical use of two amyloid-reducing agents has been finally approved by Food and Drug
Administration (FDA) (68). Therefore, the translational value of AH has been proved,

justifying its long-standing existence. Although this theory is experiencing and will



experience modifications, it now appears that the AH will probably remain the

pathophysiological backbone of AD.

1.2.2. Neuroinflammation - the potential for a holistic explanation of Alzheimer’s disease

Among biological pathways which have been proposed as the leading AD mechanisms,
inflammation has emerged as a substantial driver of AD (66). The importance of
inflammation in the neurodegenerative processes of AD was observed for the first time 30
years ago, in a study that reported the positive effects of chronic anti-inflammatory therapy,
which caused a decrease in the incidence and progression of AD (69). Epidemiological
studies have also shown positive correlations between dementia and data on previous
systemic infections (70). A number of studies that confirmed these initial observations
followed. An interesting experimental study on the primate model has demonstrated that the
injection of AP alone into the brain did not result in amyloid deposition; however, co-
injection of AP and lipopolysaccharide, which primes proinflammatory innate immune
response, led to the pathological accumulation of amyloid proteins (71). Clinical trials have
also provided supportive evidence. Increased levels of inflammatory markers in AD patients
have been reported (72,73), and interestingly, even the association between cognitive
impairment and blood level of C-reactive protein — a routine marker of inflammation, has

been demonstrated in a large, diverse sample of adults (74).

Further research offers more concrete, pathophysiological explanations of the role of
neuroinflammation in AD. The association between the genes that confer increased risk for
AD and innate immune function has been shown (65,75), and this has contributed to a deeper
understanding of the importance of neuroinflammation in AD pathogenesis. Interestingly, an
incidence of LoAD and polymorphisms of genes that encode key proteins of the innate
immune response were found to be in correlation (76,77). It has been further demonstrated
that the activation of the CNS immune system represented by microglia, drives the
neuroinflammation process, playing an important role in AD pathogenesis (78,79). Namely,
as key immune brain cells, microglia recognize amyloid deposits and subsequently respond

through the initiation of inflammation (80,81). This is followed by the activation of pro-



inflammatory cytokines as well as the release of reactive oxygen species (ROS) (82).
Accordingly, studies have shown that proinflammatory cytokines and chemokines
significantly increase in the brain of AD patients (72,73). Moreover, inflammatory mediators
have been highly expressed in these individuals, particularly in the area of AP peptides and
neurofibrillary tangles (83). Even more interesting findings point to essential interconnection
and mutual influence between amyloid cascade and neuroinflammatory process in AD.
Namely, it has been demonstrated that the production of AP peptide as well as its processing,
have been impacted by the specific, activated cytokines — interleukin - 18 (IL - 18), or a
combination of interferon-gamma (IFN - y) and tumor necrosis factor-alpha (TNF - a)
(84,85). Eventually, studies that have explored functional and structural changes in the AD
brain have reached interesting and important conclusions, that help to completely understand
and judge the translational significance of neuroinflammation. One of them has demonstrated
an inverse correlation of microglial activation with hippocampal volume and metabolism of
glucose in AD patients (86,87). The other has found that cognitive performance was
negatively correlated with microglial activation (88,89). Collectively, this evidence clearly
implies that neuropathological brain changes progressed, as the activation of a major carrier

of neuroinflammation increased.

Neuroinflammation theory offers the pathophysiological context of events or individual
aspects of AD that we could not adequately understand and explains the driving mechanism
for the disease. Recent evidence indicates that neuroinflammation may precede or even cause
the generation of amyloid and tau cascades (90,91,92), placing it, not only at the center but
also at the beginning of the AD pathophysiological process. Moreover, neuroinflammatory
events further interfere with amyloid and tau pathways and determine early AD progression
(84,85,91,92,93). Finally, the role of microglia might be highly important in the process of
synaptic dysfunction and loss in AD (94), although precise mechanisms are not clear.
Therefore, immunity and neuroinflammation might be key carriers of both, the increased risk
for AD as well as of its pathogenetic process, from the initial point until neuronal death,

providing a comprehensive and fundamental explanation of AD pathophysiological context.
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1.3. Clinical concept and biomarkers of Alzheimer’s disease
1.3.1. Nature of Alzheimer’s disease

AD represents the most common cause of dementia among the older age population and it is
characterized by insidious onset, leading to progressive memory loss and cognitive
deterioration (29,30,32). Although age is considered a main risk factor for AD
(1,2,3,29,30,995), the disease may also occur earlier in the lifetime, mainly in individuals who
have familial gene mutations. Familial gene mutations are present in 5% of diagnosed cases,
while 95% of AD patients represent sporadic cases (2,29,31,32,39). Nevertheless, in terms
of AD classification, this type of traditional division of the disease into familial and sporadic
cases has been overrated, since sporadic cases partly occur at an earlier age and familial forms
may appear in the elderly. Therefore, the temporal determinant of the disease onset was the
most consistent criterion for the classification of AD, so there are currently two main
categories: EoOAD < 65 years and LoAD > 65 years (29,30,96). In both forms, specific
pathological characteristics of the disease (AD - P) cause the whole spectrum of clinical
manifestations (AD - C), which typically include memory impairment regarding the
consolidation of information, but relatively spared recall, incremental loss of cognitive
functions, involving the language, visuospatial and executive domains (29,31,96).
Neuropsychiatric and sleep changes are often concomitant disorders. Moreover, anxiety,
depression, or aggression also occur, and sometimes may be noticed early in the disease
course (29), leading to diagnostic dilemmas. Furthermore, significant pathophysiological
diversity has been detected in established LoAD cases. Amyloid plaques and tau tangles are
sometimes mixed with deposits of alfa-synuclein or TDP - 43, as well as with alterations of
hippocampus or microvasculature (97,98), causing variable clinical presentations and
uncertainties in clinical diagnostic approach (99). Moreover, it was observed that, the higher
the age in diagnosed AD cases, the greater the overlap with neuropathological changes in
cognitively intact old individuals (100,101). Polygenic nature of both forms — EOAD and
LoAD make the disease even more complex (29,38,39,96,102). Namely, typical clinical

syndrome or AD phenotype can be caused by different genetic alterations, that is, distinct
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mutations or polymorphisms at different positions in the same gene leading to the same
pathophysiological consequences and disease presentation (102). On the other hand, different
mutations within the same gene may also result in different settings of AD clinical
manifestations (103,104). In accordance with such a genetic, pathophysiological and clinical
heterogeneity, the concept of AD detection and evaluation itself, evolved significantly over

time, reflecting the complexity of this disease, too.

Namely, after a long period of the purely clinical approach, when AD diagnosis was
considered only in those who manifested specific cognitive impairment (CI) and its
confirmation was possible only pathohistologically - post mortem, a significant conceptual
shift has happened in the last decade. First of all, it is now clear that AD is a dynamic,
continuous, and progressive process, from asymptomatic disease to dementia (30,105). At
the beginning of the AD continuum, around 30% of individuals are estimated to have some
level of AD - P, sometimes even significant brain changes, but no apparent symptoms (106).
Thus, it does not mean, that once occurred, pathological brain changes due to AD cause
dementia and AD diagnosis is not anymore solely related to the presence of symptoms. In
fact, neurodegeneration evolves gradually over time, and when clinically manifested, the
disease had previously been developing for probably a couple of decades (29,30,44,45). One
of the explanations of such a nature of AD has been based on the growing evidence on the
role of neuroinflammation, as the leading pathophysiological theory of AD, as described
above. Namely, it is well known that an aging organism is susceptible to the development of
low-grade inflammation (inflammaging), which represents a risk factor for both, morbidity
and mortality (107). Therefore, similarly to other diseases, the concepts based on the chronic
development of inflammation associated with aging, such as late-onset cancer, type II
diabetes, and cardiovascular disease, LoAD may be understood as an age-related chronic
disease (107,108,109). That could clarify the gradual accumulation of pathological changes
in the AD brain and the dynamic nature of this disease, with a long preclinical phase.
Certainly, the explanation for the preserved cognition despite the development of AD - P in
some people, could be based on the wide variation in baseline neurocognitive abilities

(among individuals in one population). The better the baseline, the better the ability of the
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individual to compensate pathological context that has occurred. This actually refers to the
concept of the reserve in the AD field and cognitive aging in general, represented by the two
entities defined by Barulli and Stern (110) and Stern et al. (111). Brain reserve supports
cognition in a quantitative manner, that is, relies on individual structural capacity and
integrity of the brain, involving a number of neurons and synapses. On the other hand,
cognitive reserve (CR) is a spectrum that we can build throughout life and increase its
capacity through cognitive and social experiences or physical activity. More precisely, it
includes education level, cognitively stimulating activities, occupational complexity,
quotient of intelligence, as well as bilingualism and socioeconomic status, as the most
important aspects (110-113). It is reported that the equal AD-P level will be later manifested
and clinically diagnosed as AD, in individuals with higher brain and/or CR, compared to low-
-reserve individuals (114,115). Evidence coming from the other studies further demonstrate
the power of individual neurocognitive resources, reporting an increased likelihood of
reversibility of MCI to normal cognition in individuals with higher education and better

global cognition (116,117).

1.3.2. Significance of biomarkers of Alzheimer’s disease

The conceptual change of AD was strongly supported by the biological approach. In other
words, described the discovery of the heterogeneous and dynamic nature of AD was made
possible by the progress of research in the field of biomarkers. With a previous, pure clinical
approach, only the manifested disease could be diagnosed, that is, during the phase which is
currently known to be only a culmination of the long-term pathological process. However,
aided by the biomarkers, we are able to define the presence of AD in an individual, in the
absence of clinical manifestation (30). The biological concept and definition of AD
emphasize that clinical presentation - cognitive impairment, represents only a symptom or
sign of the disease, that is, a reflection of one or more neuropathological constructs, whose
nature may be accurately assessed only biologically - by biomarkers (30). Therefore,

biological markers helped the AD field of research to essentially move forward.
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Current AD biomarkers are most easily divided according to the methodological approach
for their detection: biochemical, cerebrospinal fluid (CSF) — derived, and imaging-derived
biomarkers (118,119). On the other side, considering the pathological processes detected by
biomarkers, they are classified as those that measure the accumulation of A, neurofibrillary
tau deposits, and neuronal injury or neurodegeneration (120). Currently, there are two
biomarkers of extracellular AP accumulation — low CSF AP (121,122,123) and abnormal
tracer retention on amyloid positron emission tomography (PET) imaging (124,125).
Biomarkers of tau pathology are represented with elevated CSF P - tau and tau PET ligand
binding in the cortex (126,127). Neuronal injury or neurodegeneration is manifested as
hypometabolism, detected by fluorodeoxyglucose (FDG) PET or atrophy identified by
magnetic resonance imaging (MRI), in brain regions typical for AD (128), and can also be
measured by total tau (T-tau) level in CSF (129). The validity of these biomarkers as AD
preclinical “biological signature” has been extensively studied, and has been dominantly
focused on the preclinical existence of amyloid type of AD pathology. In presymptomatic
autosomal dominant mutation carriers, and also in those who are asymptomatic at risk for
clinical AD, it has been shown that amyloid pathology detected by altered CSF levels or PET
imaging, occurs up to 20 years prior the clinical AD manifestation (44,130,131). In addition,
amyloid changes identified postmortem in cognitively normal individuals are in agreement
with these findings (132). Although tau pathological changes have been also confirmed to
occur more than 10 years before clinical AD presentation (45), it is currently established that
detection of amyloid AD neuropathological substrate only is necessary to define that brain
pathological change is of Alzheimer's type (30). Actually, in order to adequately define AD
stages and understand the biological importance of the presence of each type of currently
known pathological AD change, or their combination, an ATN system of classification was
established by the National Institute of Aging — Alzheimer's Association (NIA — AA) group
(Table 1). With each of the three letters indicated, this scheme identifies a specific
pathological process — amyloid (,,A"), tau pathology (,,T) and neurodegeneration (,,N*),
detected either by CSF or imaging biomarkers, enabling the creation of specific ATN profile
for each individual (30). According to this official and widely accepted classification, the

positive amyloid biomarker is enough to consider that an individual belongs to the AD
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continuum. Furthermore, tau positivity together with the presence of amyloid AD change
determines that someone has AD. Although non-specific for AD, neurodegeneration is in
strong correlation with symptoms (133), thus, detected together with amyloid change, it
contributes to better prediction of future cognitive decline, but it could also indicate the

possibility of simultaneous, non-AD pathologic change (30).

Although the ATN individual profile biologically determines the AD continuum, it does not
necessarily indicate the clinical severity of the disease. On the other hand, unlike the
neuropathological substrate detected by biomarkers, clinical AD presentation is non—specific
and thus, does not have the capacity to define the disease. Actually, cognitive impairment,
even multidomain amnestic dementia phenotype — considered typical for AD, represents
clinical consequence not only of AD pathology but also of other diseases (5,6,134,135). It
means that it 1s a syndrome, whose etiology should be biologically confirmed. In addition,
visuospatial, executive, or language disorders as non-amnestic presentations, may also be
caused by AD (136,137). Furthermore, in the older age population, AD neuropathologic
changes are often present without signs or symptoms (132). Therefore, current biomarkers
have enabled substantial improvement in understanding AD, from clinical-pathological to
biological construct. They have an invaluable role in increasing diagnostic certainty in the
evaluation of MCI and dementia syndrome (138,139,140), high importance in the evaluation
of those with oligosymptomatic clinical manifestations (141), and a unique capability to
identify individuals with ongoing AD-P, in the absence of manifested cognitive impairment
(142,143). However, despite the objective limitation for neurologists to declare that AD
syndrome is etiologically AD, without biological confirmation, current AD biomarkers are
not widely available for routine clinical practice. That is probably the main reason for the
flexibility of official diagnostic criteria, which do not oblige clinicians to include information
on current biomarkers in the process of diagnostic decisions related to AD (30). The
biological concept of the disease presented above is limited only to research (30), which will
be more discussed below. With the growing knowledge about the complex genetic and
pathophysiological context of AD, as well as other overlapping syndromes and other

neurodegenerative diseases occurring in the population of similar age, a purely clinical
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approach to AD demonstrated modest diagnostic potential (143-154). It has been shown that
25%-30% of patients evaluated at specialized dementia clinics were clinically misdiagnosed
as AD dementia (144,145,146). At the primary healthcare level, even 50% - 70% of
symptomatic AD cases did not receive correct diagnoses or remained unrecognized
(147,148,149,150). Among those who underwent an autopsy, around 10% - 30% of AD
dementia cases clinically diagnosed by experts, did not have AD neuropathologic changes
(149,151). The neurodegeneration found was not associated with amyloid pathology, but
rather with mid-life risk factors, such as obesity, smoking, diabetes, or cardiovascular
diseases (152,153,154). Therefore, although the routine clinical approach is mainly based on
cognitive assessment, there is evidence that cognitive symptoms are not a completely reliable
way to define AD. Finally, it has been reported that clinical evaluation indicated AD
neuropathological alterations with sensitivity and specificity of only 81% and 73%,

respectively (143,144,146).

Table 1. AD biomarker profiles and categories

AT(N) prof‘llés Biomarker category

A-T—(N)- Normal AD biomarkers

A+T-(N)- Alzheimer’s patho_log-ic char{ge

A+T+(N)- Alzheimer’s disease ?

A+T+H(N)+ Alzheimer’s disease g

A+7T-(N); Alzheimer’s and concomitant suspected E
non - Alzheimer’s pathologic change =

A-T+(N)- Non-AD pathologic change

A-T-(N)+ Non-AD pathologic change

A-T+(N)+ Non-AD pathologic change

Every individual can be placed into one of the three general biomarker “categories” based on

biomarker profiles: those with normal AD biomarkers (no color), those with non-AD
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pathologic change (dark grey), and those who are in the Alzheimer’s continuum (light
grey). The term “Alzheimer’s continuum” is an umbrella term that denotes either

Alzheimer’s pathologic change or AD. Source: modified from Jack CR et al., 2018 (30).

1.3.3. Cognitive continuum of Alzheimer’s disease

Even in the cases of confirmed pathology of AD type, the same level of AD - P may be
manifested in each individual at different clinical AD stages, probably due to different
individual neurocognitive reserve, presence of risk factors, or simply heterogeneity of the
genetic and pathophysiological aspects of the disease. Therefore, the cognitive performance
and biological continuum are not necessarily in correlation and in fact, the cognitive
presentation of AD represents the continuum itself, which is assessed by clinical evaluation
and neuropsychological cognitive instruments (30). It is still challenging to clinically
determine each AD stage, especially when it comes to earlier phases in the disease course.
Events of the onset as well as points of the disease transition through stages (138) have not
yet been properly defined and standardized. However, according to the official diagnostic
and research criteria, there are three main categories that indicate cognitive status or severity
of cognitive impairment: cognitively unimpaired (CU), MCI and dementia (30,138-
140,142). Clinical assessment and neuropsychological-cognitive evaluation for CU
individuals are expected to be in the standardized range. However, sometimes it may be
impaired according to the general population norm, but expected a for particular person,
taking into account age and education (138-140). On the other hand, having in mind the
biological AD continuum, CU - labeled cases in the cognitive staging scheme, may actually
belong to the preclinical AD stage, but such a conclusion has to be based only on evidence
of present AD biomarkers (30). It is worth noting that subtle clinical manifestations, prior to
the objective evidence, are also currently recognized as a useful tool for the early
identification of AD. Namely, criteria for identification of subjective cognitive decline
(SCD) due to AD are structured (155), proposed by the Subjective Cognitive Decline
Initiative (SCD - I), and widely accepted. However, self-perceived cognitive decline is

actually one aspect of the SCD structured concept, which also includes additional anamnestic
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and hetero-anamnestic data, as well as evidence on the presence of ApoE €4 genotype and
AD biomarkers, in order to confirm that SCD detected is due to ongoing AD pathology (155).
Therefore, wide, routine application of such a defined concept is limited. In addition, there
are inconsistent and heterogeneous findings regarding the psycho-social and intellectual
aspects of the patient, as well as interpersonal relationships during the assessment, and thus
its clinical utility (156,157). Nevertheless, purely clinical evaluation of subjective cognitive
status through an open - type questions, which is supported by the SCD framework (155),
certainly represents a helpful concept that moved clinical routine toward better early
identification of possible development of AD syndrome.

The earliest AD stage available for objective assessment by currently accepted diagnostic
tools (30,139) is MCI. MCI concept, introduced by Petersen et al. more than 30 years ago
(158), has been often inconsistently used in research and clinical settings, with different
terminology, leading to unusable or confusing data. However, current criteria were
established in 2011 and refined in 2018 for research purposes, are clear and well -
standardized, and thus successfully improved both, clinical and research practice (30,138-
140). MCI syndrome is such a level of cognitive decline, which is generally between
physiological aging and dementia and exists in many forms. According to many reports, as
well as the official guidelines, if AD is probable underlying pathology, MCI syndrome is
predominantly of amnestic type (139). It means that the most prominent clinical observation
and neuropsychological finding is subjective and objective impairment of episodic memory,
that is, the ability to learn and retain new information. General cognitive function is mostly
intact in individuals with MCI, but such cognitive status may mildly impact their complex
daily life activities (30). Although it is widely accepted that people with amnestic MCI
syndrome are more likely to develop AD and progress to dementia (139), it should be
emphasized that other MCI forms, including multiple-domain and single non-memory-
domain types (159), may also be caused by AD. Notably, considered an early phase in the
disease trajectory available for standardized clinical identification, the MCI stage also
represents valuable and suitable ground for the investigation of early AD pathological
processes. More importantly, the available data imply the possibility of effectively slowing

down the disease process precisely at the MCI stage, since MCI could progress to dementia
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due to AD, but also remain stable over time (160). The reversion of MCI to a normal level
of cognition has been reported, too (116,117). On the other hand, unlike MCI patients, those
in asymptomatic stages of the disease are still hardly available for recruitment. Therefore,
many research efforts are currently directed towards the identification of biomarkers of the
MCI stage, which will hopefully identify key early processes in AD and lead to the facilitated
detection of the preclinical stage of the disease.

Successful clinical assessment of progression from MCI to dementia syndrome is based on
continuous or repeated evaluation of the patient’s cognition and abilities to perform
instrumental activities of daily living (140). Generally, the transition point may be established
when new disabilities are detected, in comparison to a previous state of cognition and
functions. Although diagnostic guidelines are established and clear, each patient should be
independently assessed by the skilled clinician, in the context of age, education, general
intellectual capacities and previous clinical state (30,140). Together with the history of
worsening, detected cognitive or behavioral impairment in at least two domains and impaired
task handling, increases level of certainty in AD diagnosis. Multidomain amnestic dementia
is considered a typical clinical presentation of AD, however, this phenotype could be also
caused by other diseases. On the other hand, the underlying cause of non-amnestic
presentations, executive, language or visuospatial, may also be due to AD. Impaired status
of cognition and functions of daily living generally impacts the independence of dementia
patients (30). AD dementia syndrome is subdivided into mild, moderate and severe stages,
and so the level of disability may vary accordingly (140). It is actually very important to keep
in mind such cognitive continuum of dementia syndrome itself, because, detection of its early
phase may be still considered as timely, in the context of therapeutic possibilities. In
agreement with this, the mild dementia stage is often unified with MCI in the early AD
(EAD) in many studies (68,161,162,163,164,165). Namely, this concept is especially used
in the last few years, in light of the criteria for therapy with monoclonal antibody -
aducanumab, which was the first amyloid-reducing therapy approved (68). Unlike the last
two dementia stages, characterized by advanced disabilities, clinically determined EAD
patients are often suitable for this treatment, according to the inclusion criteria (68).

However, the presence of amyloid pathology in these patients has to be confirmed by amyloid
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PET (68). After all, classifications should exactly have a practical purpose, determining

prognostic and therapeutic possibilities for AD patients.

Finally, the presence of Alzheimer’s clinical syndrome, which applies to both, MCI and
dementia patients, does not automatically imply the presence of AD neuropathological
changes and thus, does not confirm the presence of AD itself (5,6,30,134,135). In addition,
the absence of the prototypical AD syndrome does not imply the absence of AD pathology
(30,97,98,99,136,137,159). Although it represents a diagnostic tool that is widely used in
routine clinical practice, it has been shown that the capacity of cognitive staging is actually
limited to a proper definition of the current clinical state and determination of disease

severity.

The evolution of the discovery and knowledge regarding AD has led us to conclude that the
clinical and biological aspects of the disease cannot be equalized, and therefore, it still leaves
us on unsafe clinical ground. In other words, the paradox of the existence of AD biomarkers
is that they cannot be widely used in routine clinical practice and help in solving clinical
dilemmas. Therefore, even at the moment when the diagnosis is biologically already
determined, its confirmation cannot be reached in the absence of evidence on biomarkers.
Only with the further development of clinical presentation, we can slowly raise the level of
certainty that a particular syndrome is etiologically AD. The most unfortunate circumstance
is, that meanwhile, we deprive patients of the possibility of timely diagnosis and application
of available disease-modifying therapeutic methods. Thus, further evolution of the research
and knowledge is expected to enable not only simple biological confirmation of the justified
clinical assumption of AD diagnosis but also to move us a step further — to enable early
diagnosis of clinically unmanifested disease. Therefore, the need for new biomarkers is

undisputable and urgent.
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1.3.4. Potentially new biomarkers of Alzheimer’s disease

It is promising that research is already progressing regarding the development of new
biomarkers. The dominant direction represents the investigation of blood-based biomarkers,
which are expected to have the capacity to overcome the main disadvantages of the current
AD biomarkers. Easily and widely accessible, they could certainly open the screening
possibilities and thus serve to reach the goal of early AD detection. In addition, lumbar
puncture is an invasive procedure, while PET scans are expensive and often not available,
which greatly limits the population-wide applicability of current biomarkers. Collection and
processing of blood-based biomarkers would be minimally invasive and more affordable,
allowing for more frequent sampling, for the clinical as well as for the research - related
follow — up(s). So far, the research has identified several new, potential biomarkers, which
could reflect brain amyloid and tau positivity and neurodegeneration, through the detection
of their blood levels: AB, tau protein, neurofilament light (NFL) and glial fibrillary acidic
protein (GFAP) (166,167,168).

Reduction of blood AB42/AB4o ratio, similarly as in CSF, indicates progressive depositing of
AB4; in brain amyloid plaques. Importantly, such a change in this potential AD biomarker
can be found before the first disease manifestation. Moreover, ABB42/AB4o ratio is altered to
its full extent at that moment of detection (169). These advantages, contribute to such a high
accuracy of the test in CU individuals, as it is observed in those with clinically manifested
AD. In addition, the plasma amyloid status correlates well with the future positivity of the
PET amyloid test (170). However, only small changes have been observed between Al -
positive and control individuals, which is the limiting factor for the application of A342/AB40
blood ratio as an AD biomarker (171,172). Namely, brain amyloid pathology does not affect
extracerebral amyloid production (173), which probably contributes to the smaller change of
plasma AB42/AB4 in AD. This could be at least a part of the reason why the standardization
of cutoff values for plasma Af342/AB40 has not yet been reached worldwide (169). In addition,
although several methods for its detection have been already developed, there is no clear

consensus on which one should be used as a standard (174).
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Plasma p-tau, which has been related not only to the tau tangles but also to the density of A3
(175), demonstrated high specificity for AD. The results from the large clinical studies
indicate a strong capacity of p-tau to identify AD among other neurodegenerative diseases
(175,176). Currently developed assays can determine variants of tau protein, phosphorylated
at the following N-terminal amino acids: 181, 217, and 231 (p-tau 181, p-tau217 and p-
tau231). Increment in the plasma level of these p-tau isoforms is even specific for AD
compared to other tauopathies (177). Moreover, each variant seems to have different
advantages, and all p-tau isoforms may complement each other as AD biomarkers. While the
p-tau231 level has been shown to change earlier than other variants in the disease course, p-
tau217 has demonstrated the best diagnostic performance (178,179). Importantly, changes in
levels of p-tau217 and -181 have been shown to be able to determine the potential for
conversion from MCI to dementia due to AD, in 2-6 years, following the test (175,180,181).
However, fully automated assays for different p-tau variants are still under development
(174).

The same as the previous two biomarkers, NFL has been initially isolated from CSF and used
as an indicator of neuronal injury. It is the most abundant among neurofilament proteins in
neuritic plaques, which are the products of the dystrophic neuronal process caused by
neurodegenerative disease (182). Higher levels of NFL have been detected in AD patients,
however, compared to other neurodegenerative diseases, this increase is rather modest
(183,184). Especially delayed is NFL blood detection in sporadic AD cases - the earliest
known detection was during the MCI stage of AD (185). Additionally, the increase in NFL
level not only reflects neurodegeneration but also strongly correlates with age (183,186),
which implies the lack of specificity. These are the main limiting aspects regarding the
diagnostic performance of blood NFL levels in AD. However, NFL level promptly changes
with the dynamics of neurodegeneration and thus, might usefully complement other
biomarkers, considering that the rate of neurodegeneration is closely related to the
progression of AD clinical manifestations (185). Several other, axonal and synaptic proteins,
have been investigated and proposed to indicate neurodegeneration, but have not

demonstrated clinical usefulness (187).
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GFAP is a glial biomarker strongly expressed in astrocytes (188,189). Considering that the
glial activation is mainly induced by A3 deposition, blood levels of GFAP are considered a
reliable reflection of the AB accumulation process (188), which is the hallmark of AD.
Moreover, GFAP has shown a potential to predict subsequent AD stages in CU and MCI
individuals (189). Although it cannot be considered AD-specific, GFAP plasma levels are
significantly less changed in non-AD neurodegenerative diseases, with the exception of
progranulin mutation-related frontotemporal dementia (190). On the other hand, it has been
reported that traumatic and cerebrovascular brain injury may also cause changes in GFAP
levels (191,192). In general, more research is still needed to examine clinical confounders,
other potential biological impacts on GFAP level, its diagnostic performance in different
clinical contexts, as well as to better understand its relationship with pathological

mechanisms of AD (174).

According to the recommendations of the Alzheimer’s Association, published in 2022, there
is a need for head-to-head, longitudinal and real-world studies in diverse populations, as well
as for adequate laboratory assays and established universal cut-off points, in order to confirm
the applicability of each of these biomarkers and their combination in various clinical

scenarios (174).
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1.4. Current status of therapeutic modalities and preventive strategies for Alzheimer’s

disease

Research dynamics and efforts focused on therapeutic solutions for AD, are in a high
discrepancy with current possibilities to treat this, still incurable disease. Symptomatic
modalities that have been in use since 20-30 years ago, still represent the only available
treatments, in routine clinical practice. The first therapeutic choice showed to improve
cognitive status in early dementia stages represents agents which inhibit the enzyme
acetylcholinesterase: rivastigmine, donepezil, and galantamine (29), leading to the increased
amount of acetylcholine (Ach) in the synaptic cleft (29,193). Namely, it has been shown that
cholinergic transmission is negatively influenced by neuronal injury in AD, and that
hippocampal and cortical processing of information may be partly compromised due to Ach
deficiency (194). Recent findings show that in addition to inhibiting acetylcholinesterase,
rivastigmine can also shift the APP cleavage process towards the protective, non-
amyloidogenic pathway (195). This evidence implies the possible disease-modifying
capacity of rivastigmine and supports data on close interaction between the cholinergic
system and AP (196). N-methyl-D-aspartate (NMDA), a glutamate receptor, represents the
other target of approved anti-AD agents, such as memantine, indicated for moderate to severe
AD (29,193). This NMDA competitive antagonist has been shown to improve cognition, as
well as behavioral and psychological symptoms of dementia, which are often present in AD
patients (29,197). These positive effects are based on the finding that glutamate-mediated
toxicity and the following calcium overload, which lead to mitochondrial dysfunction and
high levels of ROS, finally result in neuronal death in AD brain (198).

After the approval of memantine in 2003, there were no new drugs on the market for 18
years. Meanwhile, hundreds of new medications have entered clinical trials, the majority of
them focused on disease-modifying mechanisms, based on AH and tau biology (67). At the
time the first immunotherapy was approved in 2021 (68), there were around 130 agents for
AD in phases 2 or 3, with the disease-modifying agents in more than 70% of clinical trials
(67). Aducanumab, an immunotherapy agent, is expected to influence disease progression,
and not only alleviate symptoms since it has a mechanism of action based on the reduction

of amyloid (68). This therapy was initially challenged, because it did not demonstrate
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improvement in cognition and functional abilities of patients, after removal of AP peptide
deposits (64). However, these failures lead to conclusion, that this kind of therapy, which
should modify the disease course, had to be tested earlier in the pathophysiological AD
continuum (199). After implementing such a strategy, success is evident. Aducanumab is a
recombinant monoclonal antibody, whose generation has been based on antibody genes from
the circulating lymphocytes of healthy and cognitively normal elderly subjects (200).
Reduction of AP peptide is achieved by acting on its N-terminus (200). The use of this
therapy is indicated in patients with early AD — those with MCI due to AD and those with
mild AD dementia. However, when selecting patients who are eligible for therapy, after the
cognitive staging there are additional, strict and precise criteria. Namely, just like it was done
in the aducanumab trial, the presence of an amyloid target has to be demonstrated by positive
amyloid PET (68). Such an approach is strongly supported by the fact that up to 40% of
patients diagnosed clinically, did not have amyloid pathology when examined by amyloid
imaging (201). Furthermore, mandatory MRI and a whole range of Cclinical,
neuropsychological and laboratory criteria, that must be met for the use of aducanumab,
require skilled, expert clinicians (68). In addition, aducanumab treatment may be
accompanied by a higher incidence of amyloid-related imaging abnormalities (ARIA),
especially the occurrence of brain effusion or hemorrhage. Therefore, the examination by
MRI has been recommended before beginning the therapy, during its titration, or in case of
symptoms that might imply the occurrence of ARIA (68). Application of this type of therapy
requires expert staff and advanced infrastructure, which makes its widespread use difficult to
achieve. Eventually, the entry of aducanumab to the American market was followed by the
approval of the second monoclonal antibody — lecanemab, at the beginning of the year 2023
(202). Compared to aducanumab, it targets more complex AP fragments — protofibrils, which
also seem to promote the assembling of the free monomers and contribute to the expansion
of AP plaques (202,203). For this reason, there are considerations, that lecanemab might
reach more significant clinical usefulness than aducanumab. Both agents are currently
available only in the United States, however, there are indications that this will also happen
soon in Europe. Other treatments targeting amyloid cascade, currently under investigation,

are aimed at the reduction of ABPP generation, inhibition of its cleavage, enhancement of its
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metabolism through non-amyloidogenic pathway, as well as those preventing A aggregation
(204).

Initial challenges in the process of testing amyloid reducing therapy described, have fostered
the development of strategies targeting tau protein. These agents are still in clinical trials
(205), but on the rise, in the last years. They are mainly focused on the prevention of
pathological hyperphosphorylation of tau protein (205). However, recent evidence on
extracellular tau accumulation (35) has encouraged strategies aimed at targeting and

preventing its interneuronal spread (36,37), and finally, tau intracellular deposition.

No doubt that the current status of therapeutic possibilities for AD, which still does not
include causal treatment, is a reflection and/or confirmation, of many unknowns regarding
the pathophysiology of this disease. However, a recent, better understanding of AD biology
and disease course - with a long preclinical phase, has imposed a need to manage early
neuropathological changes, known to compromise normal biological processes, before
cognitive impairment occurs. Although the new, amyloid—reducing therapy is intended for
oligosymptomatic patients, it certainly reflects such attempts. Additionally, slowing of
cognitive decline has been demonstrated to positively correlate with non - pharmacological
treatments, which include improvements in nutrition and physical activity as well as
cognitive training (206). However, there are contradictory findings regarding their
effectiveness in the stages of manifested cognitive impairment (208,209), and no doubt that
these strategies are much more successful when applied as preventive
(206,207,208,209,210). Namely, there is strong evidence that the lower levels of formal
education and intellectual challenges, physical and leisure activities, as well as poor quality
of the social network, are associated with increased risk of cognitive decline and AD
(211,212). An important area of other modifiable risk factors for AD represents treatable
diseases that usually occur in midlife, such as hypertension, obesity, diabetes,
hypercholesterolemia, and dyslipidemia (29,32,213,214). It has been well demonstrated that
hypertension and cardiovascular damage, may directly compromise the complex vascular
support of the brain, contributing to the negative effect of AD-P with aging (142,213,215).

Lipid homeostasis, especially cholesterol, is highly involved in brain functions and its
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imbalance has been strongly related to the occurrence of AD (216), having a role in the
amyloidogenic pathway as well as in the process of tau hyperphosphorylation (213,217,218).
Dyslipidemias are interrelated with obesity and brain insulin resistance in the development
of AD (219). According to the literature, the last one is a particularly important factor in the
molecular processes of deposition of amyloid and neurofibrillary tangles (220). Thus, in
recent works, AD has been even labeled as type III diabetes (220). When investigated in
manifested disease, diabetes was demonstrated to increase the risk of conversion of any type
of MCI to dementia (221). Mental imbalance, including stress, anxiety and depression, has
been clearly linked with an increased risk of AD (222,223). Interestingly, although
neuropsychiatric symptoms present in MCI individuals, predict conversion to dementia of
any cause, the significance of depression in this regard was only demonstrated by
epidemiological, but not clinical studies (221). Unbalanced diet, smoking, hearing loss (142),
and more recently recognized factors: excessive alcohol intake, head trauma, and air
pollution (211,224) contribute to the development of AD, as well. The lifestyle interventions
needed to prevent the development of AD or delay cognitive decline, stem from this
knowledge and evidence of risk factors. Among all indicated, the importance of treating
hypertension, lipid imbalance and obesity has been emphasized, as well as addressing hearing
loss in midlife, to minimize the risk of AD development (142,216-218,221,225). It has been
demonstrated that after the age of 65, encouraging physical activity, social contact and
stopping cigarette consumption is of particular significance in this regard, together with the
treatment of diabetes and depression (209,214,221-223,226,227). Introducing a
Mediterranean type of diet could reduce the risk of conversion from an amnestic type of MCI
to dementia, according to a recent meta-analysis (221,227). In addition, for an individual who
has entered the AD continuum, the time it takes to progress until dementia, also largely
depends on the risk factors (228). Non-carriers of APP/PSEN genetic allele mutations, who
have high cognitive reserve and low-risk lifestyles are considered as having the capacity to
compensate for biological changes caused by AD-P and delay the manifestation of cognitive
impairment (228). In conclusion, timely addressing of modifiable risk factors is very
important, since literature evidence indicates that it leads to the prevention of probably one-

third of dementia cases (206,209). Preventive strategies should be applied in midlife - before
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the biological evidence of AD. This means that a modern person should have a developed
awareness of the incidence and possibility of developing age-related diseases, including AD.
They should lead a life in accordance with the idea of preventing these diseases, already in

their forties. So far, this is the best, potential solution regarding AD.

1.5. The need for answers and the need to act

There was a strong need for scientific progress in the AD field. This has been identified as
one of the leading, global biomedical priorities in the past few decades. A significant
breakthrough in understanding a pathophysiological concept, development of biomarkers and
disease-modifying therapy is evident. However, a unified explanation, pathophysiological
and molecular signature of AD, which would open the possibility for the development of
causative therapy, remains a challenge. In addition, the translational concept of the

knowledge achieved is still not successful.

Considering the overall pathophysiological context of AD that is known so far, it can be
concluded that although many aspects are well-defined and well-argued, the multitude of
these findings mainly represent pieces of the AD puzzle, that has not yet been put together.
Therefore, to reach clear and unified conclusions, there is a need for progress, not only in the
elucidation of new but also in the interconnection of known AD mechanisms. Consequently,

that would lead to new opportunities for the application of this knowledge in clinical practice.

The current difficulty of AD identification in a timely manner lies in the facts that
pathological and clinical features of the disease are in temporal discrepancy and that clinical
tests provide the diagnosis only when the first symptoms appear. The development of
biomarkers represents revolutionary advances in the early detection of the disease because
they can detect AD neuropathological changes before clinical manifestations. They were
initially introduced in clinical guidelines in 2011, but only as an optional, not necessarily
diagnostic tool (138-140), since they are frequently unavailable, obtained invasively or have
no clear cut-oftf values for determination of CSF-derived biomarkers. Revised criteria

published in 2018 emphasize the significance of their clinical application and biological
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confirmation of the disease (30), as described above. At that time, literature data clearly
indicated high heterogeneity and complexity of AD, clinical overlaps with other
neurodegenerative diseases and even with cognitive decline related to physiological aging
(5,6,97-101,132,134-137). Eventually, it was estimated that with purely clinical assessment,
up to 40% of AD cases may be misdiagnosed (144-150). Despite these facts, in 2018, the use
of biomarkers was limited only to research (30). Although critically needed, it is clear that
the present biomarkers will not be included in the diagnostic criteria, mainly due to

invasiveness or the unavailability of sophisticated methods used for their detection.

Therefore, if biomarkers are not available for the population-wide routine clinical
application, the question is, how can we expect to make the early diagnosis of AD? How can
we be absolutely sure about the accuracy of the diagnosis, even in a symptomatic AD patient?
Given that the new disease-modifying therapy may be applied only in the early AD, and
identification of eligible patients further requires the availability of sophisticated imaging,
another question imposes itself: Who are the new therapeutic modalities actually intended
for? Currently, they are intended for the lucky minority patients who have the opportunity to
enter the diagnostic procedure in specialized, large memory clinics. Also, is it realistic to
expect widespread use of this therapy in the future at all? Thus, the identification of new,
widely-available, simple and non-invasive biomarkers which would reflect the
pathophysiological process of AD, is urgent. They would enable screening and early AD
detection, and also, facilitate and popularize the application of available disease-modifying

therapy. Eventually, they could also inspire research into new, causal treatments for AD.

Finally, it is important to point out, that not only is there a need to develop tools for AD
diagnosis in the asymptomatic stage, but also to emphasize the problems regarding AD
detection at an early symptomatic stage. Namely, literature evidence implies that the
significance of cognitive problems in the wide population has not been sufficiently
recognized (1,19). Thus, it seems that there is also a need to raise public awareness of the
manifestations of AD and the importance of its early detection. Moreover, stigmatization of
the AD population is still widespread (229). Significant global initiatives have been launched

in this regard recently, but this must be a continuous task. Summarized, continuous education
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and the fight against stigma in the population must not be overshadowed by large-scale
research tasks, of discovering biomarkers and new treatments. Progress in these aspects will
certainly increase the number of those individuals with cognitive issues, who will seek
medical help and thus, raise the chance to diagnose AD in the earlier stages. Finally, these
are areas where we can already act and expect benefits, while we wait for the progress in
clinical management of patients with AD, through the development of new biomarkers and

causal therapeutics.

1.6. What is the scientific context of this study, as a tool in the search for answers?

In the absence of a therapeutic solution and fatal outcome in each AD patient, one of the
priorities is to find the tool for the early detection of the disease, so that the available, disease-
modifying therapies, may be timely administered. It may also contribute to the discovery of
causal treatment, extension of life expectancy and improvement of life quality of AD patients.
In a multitude of research that has flooded the AD field, with the main task to identify the
biomarker of the early disease stage, through the non-invasive, widely available method,

there is a need for an innovative research approach.

The innovation and advantage of the present study are based on its design. It offers a new
and broader research context, for the identification of the potential AD biomarker. It is based
on the fact that two different diseases, AD and cancer, have been shown to have inverse
incidences, as well as complex molecular relationship. Small, non-coding RNA molecules -
microRNAs (miRNAs), are deeply implicated in both diseases and proposed as having the

biological complexity to explain such a challenging relationship between AD and cancer.

In summary, AD, cancer and miRNAs are unified through the innovative research approach,
which could potentially result in the discovery of a new biomarker for AD. This is the

scientific context that will be discussed in more detail below.
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1.6.1. Inverse relationship between Alzheimer’s disease and cancer

It is well known that the main pathogenic mechanisms of AD and cancer are opposite in their
nature: AD is characterized by apoptotic cell death and cancer by uncontrolled proliferation
(29,230). Therefore, many pathways, regarding cell death, growth suppression, proliferative
signaling, replicative immortality, DNA damage repair, angiogenesis, as well as some
genetic factors, like tumor protein pS3 (7P53), have been suppressed in one but increased in
the other disease (29,31,32,38,51,230,231,232,233). However, some pathophysiological
processes, such as inflammation, have been widely recognized as the driving mechanism of
both diseases (66,71,231,234). Nevertheless, the role of inflammation in these diseases is
complex, thus, at the level of signaling pathways, some have been demonstrated to be
inversely deregulated in these two diseases (235,236,237,238,239). Deregulation of cellular
energetics and immune functions represent the important, common determinants of AD and
cancer, but it has been demonstrated that they might be either increased or decreased in both
diseases (51,77,82,231,232,240,241). This is certainly due to the complexity of these
mechanisms in the pathological context of AD and cancer and might be related to the disease
stage and type of cancer, too (238,242-244). However, literature data are still inconclusive in

this regard.

In the last years, interestingly, the growing scientific evidence indicates that the incidences
of AD and cancer are also in inverse relationship (232,245-248). Namely, epidemiological
studies show that individuals with a history of cancer have a lower risk for the occurrence of
AD, and vice versa. In addition, incidences of both diseases increase exponentially with age
(246). A recent meta-analysis reported that the significantly reduced risk of AD has been
associated with the history of cancer, without detected significance between study
heterogeneity and publication bias, which goes in favor of the data relevance (248). However,
in the analysis of cancer risk, a follow-up period of less than S years, for AD patients, has
appeared as a source of heterogeneity. So, although the lower risk of cancer in AD patients
was significant, the previous data reflect important issue and objective limitation for such
epidemiological studies, regarding the life expectancy of AD patients, which influences the

length of the follow-up period (248). It is interesting that individuals who previously had two
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cancers of different origin, had older mean age at the onset of AD, compared to individuals
who previously had one or no prior cancer (249). This finding increases the strength of the
observed epidemiological relationship between these two diseases, also indicating a kind of
“dose-dependent” effect, regarding this protection against AD. There have been attempts to
identify potential differences among cancer types, in the context of the inverse incidences of
AD and cancer. For example, a large Framingham study has shown that the risk of AD was
lower among survivors of smoking-related cancers, compared to survivors of non-smoking
related cancers (245). A negative association between AD and other cancer types has been
also found for breast, oral cavity, kidney, prostate, colon, and rectum cancers (246,248-251).
Reduced incidence of colorectal adenocarcinoma (CAC), which is the focus of this study,
has been reported for AD patients and vice versa (235,246,252-254). The decision to include
the CAC cancer group in the present study, among those showing an inverse relationship
with AD, was not only guided by the fact that CAC is the third most diagnosed cancer (255),
but also by the inclusion criteria and inherent course of the disease, making it more feasible
for long-term studying. For example, in contrast to lung cancer, a disease often characterized
with faster progression and worse prognosis, in individuals diagnosed with CAC, disease
progresses slowly, prognosis is usually better, and in some early diagnosed cases, does not
even require radio- and chemotherapy, which could influence gene expression. In addition,
there are also findings emphasizing the significance of chemotherapy applied in CAC
patients, on the reduced AD incidence (256). However, the literature data point to

contradictions in this regard (257).

The precise mechanisms underlying this negative epidemiological association between AD
and CAC have been investigated (258), but remain mainly unknown. Transcriptomic meta -
analyses, for example, have revealed opposite regulation of a number of genes shared by AD
on one, and lung, colorectal and prostate cancer on the other side (259). Also, many common
pathways, responsible for the pathogenesis of both diseases, were identified as inversely
dysregulated in AD and in different types of cancer (232,233,235,237,250,252,260-265).
Among the most reported in this regard, are the peptidylprolyl cis/trans isomerase NIMA -
interacting 1 (PIN1) enzyme (262,263) and Wnt cell survival pathway (264,265), both
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overexpressed in cancer, but down-regulated in AD. It should be emphasized, that
inflammation-associated genes and pathways are probably dominant, among those shared by

these two diseases (234-236,238,239,266).

To summarize, the new findings about inverse incidences of AD and CAC have brought a
different and challenging context to the previous knowledge about shared biological
mechanisms involved in these diseases. Being mainly opposite in its nature, it has been
postulated that these mechanisms might actually represent different sides of the same path,
explaining opposite incidences of AD and CAC. In other words, if dysregulation of some of
the common AD — CAC signaling pathways leads to a higher risk of cancer, the risk of AD

will be reduced in the same individual, or vice versa.

1.6.2. MicroRNAs involved in Alzheimer’s disease and colorectal adenocarcinoma, as the

potential biomarkers of AD

In search of a non-invasive and easily available AD biomarker that could become widely
clinically applicable, a significant number of the molecular markers in serum or plasma of

AD patients has been identified, including the miRNAs (166-191,267-269).

MiRNAs are small, endogenous, highly conserved, non-coding RNAs (270,271). Their
important role is to regulate the expression and translation of the protein-coding genes
(270,271). It has been estimated that around 1-4% of the human genome encodes these 19-
25 nucleotide long molecules (272). Their biogenesis starts with primary transcripts in the
nucleus and continues through canonical or non-canonical pathways, with the final transport
in the cytoplasm and cleavage by Dicer RNase enzyme, where a mature miRNA is formed
(275; Figure 1). There, included in the RNA-induced silencing complex, miRNAs exert their
biological role, through binding to the 3' untranslated regions (UTRs) of messenger RNA
(mRNA) targets. Finally, miRNAs negatively impact gene expression through the inhibition
of translation or complete degradation of the mRNAs and this is considered as the canonical
mode of miRNAs action (270-276; Figure 1). Unlike known pathways of biogenesis, recently

described unconventional/non-canonical mechanisms of action of miRNA molecules are still
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not completely understood (275,277,278). However, it is known that their additional
regulatory modes include intranuclear transcriptional regulation (279) contributing to gene
silencing, but also mediating phenomenon of RNA activation (277). Finally, interaction of
free miRNAs with proteins has been described, however, many explanations of how it
impacts their activity are currently missing (279,280). It has been reported that each miRNA
regulates the expression of more than one hundred transcripts (272), thus affecting up to 30%
of the human protein-coding genes (272,273). These facts certainly reflect the complexity of
miRNA roles and the possibility to impact a great number of biological functions (272,276).
In fact, perceived as having the potential to shed light on many biological mechanisms,
miRNAs have attracted the attention of researchers, especially in the last decade. Easy
detection in both, tissues and body fluids (281), represents an additional value of these
molecules and contributes to their translational potential. Moreover, miRNAs in plasma are
stable molecules, which can be identified and quantified using the widely available method
of the polymerase chain reaction (PCR) (281). This has also caused a big interest in studying
their role as the diagnostic, prognostic biomarkers and predictors of drug response (267-
269,274,282-284). The ability of miRNAs to pass the blood-brain barrier (285), was
particularly advantageous for the investigation of their roles in CNS, considering not only
the limitation regarding brain and spinal cord biopsy but also the fact that the lumbar puncture

in order to obtain cerebrospinal fluid, is also invasive procedure.

MiRNAs have been shown to be involved in fundamental cellular processes, such as cell
proliferation, differentiation, migration, and apoptosis (271,273,275,286-288). Biological
pathways mediating pathological changes at the cell level, such as oxidative stress,
mitochondrial dysfunction, inflammation, or telomere shortening, which accelerate cell
aging, seem to be strongly regulated by miRNA molecules (269,272,275,286,288). Related
to that, a series of studies have demonstrated their implication in a variety of human brain
dysfunctions such as innate immunity, neuroinflammation, dysregulated amyloid
metabolism and oxidative stress (285,286,288-290). In fact, these processes represent the
backbone of the different AD theories (29,32-34,51,63,66,73,77,82,90), so the studying of

the miRNA roles in this disease has been recognized as a promising research direction.
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Actually, a number of the miRNA interactions with the key genes involved in the
pathogenesis of AD have already been identified (268,290,291). Moreover, the evidence
showing that some of them have been implicated in more than one pathophysiological
pathway of AD does not surprise, knowing that each miRNA simultaneously acts on many
different targets, often involved in different biological pathways (292,293). Eventually, as is
already emphasized, there is a need to interconnect various proposed mechanisms of AD, in
order to fully explain its pathophysiological cascade. These facts together, explain the
inherent potential of miRNAs to emerge as the key point of AD pathogenesis. Furthermore,
a number of miRNAs have been already recognized as potential AD biomarkers (267-

269,290,291,294).
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Figure 1. MiRNAs - biogenesis and modes of action. In the canonical pathway, pri- miRNAs
are turned into pre-miRNAs by the action of DGCRS8 and Drosha within the nucleus. Intronic
miRNAs can originate from host mRNA transcripts and processed into pre-miRNA by the
spliceosome. Pre-miRNAs are exported into the cytoplasm through an exportin-5/RanGTP-
dependent way, and are processed into mature miRNAs by Dicer with eventually RNA
binding protein cofactors TRBP or PACT. In non-canonical pathways, shRNAs are cleaved
by the DGCR8/Drosha complex and exported into the cytoplasm by exportin-1 before Dicer
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processing. Mature miRNAs bind to AGO proteins forming RISCs, which in turn silence or
cleave mRNAs. Alternatively, miRNA-AGO complexes are exported out of the
cell via vesicles (exosomes or microvesicles) or as vesicle-free complexes. miRNAs binding
to HDLs are actively secreted. AGO-free miRNAs can be exported out of the cell as well.
AGO, Argonaute;, DGCRS, DiGeorge syndrome critical region gene 8; HDL, high density
lipoproteins; miRNA, microRNA; mRNA, messenger RNA; PACT, protein kinase RNA
activator; pre-miRNA, precursor-miRNA; Ran, Ras-related nuclear protein; RISC, RNA
induced silencing complex; shRNA, small hairpin RNA; TRBP, transactivation response

RNA binding protein. Source: Antonakos N et al., 2022 (274).

The impact of miRNAs on the main aspects of the pathogenesis of both, AD and cancer, has
been unambiguously shown (295). The main pathological features of cancer and AD are
uncontrolled cell proliferation and apoptotic cell death, respectively (258). Being well
documented as the leading regulators of cell proliferation and differentiation, migration and
apoptosis, miRNAs may be the key points of the pathophysiological process of both diseases
(271-273,285,286,288,289). Therefore, in order to understand whether the inverse incidence
of AD and CAC is a reflection of the dysregulation of common signaling pathways, the roles
of miRNAs have been investigated (295,296). The literature is rich in evidence on the impact
of different miRNAs in inflammation, oxidative stress, mitochondrial dysfunction,
angiogenesis, and vascular and endothelial dysfunctions in both, AD and cancer (267-
269,290,291,295-298). However, these studies have mainly identified the significance of
miRNAs in particular signaling pathways and molecular pathological changes, independently
- either in AD, or in CAC. At the time the present research was initiated, there were very few
papers investigating these roles in the context of a molecular relationship between AD and

cancer.

It was a challenging task to select miRNAs for the planned investigation, considering the
diversity of their simultaneous roles, as well as the broad context of the present research. In
fact, this implied the need to narrow the choice of miRNAs, on those involved in a very few
AD-CAC overlapping pathological cascades. It was considered that such an approach will

contribute to the in-depth analysis, increase the possibility to detect important molecular
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interactions between AD and CAC and define the molecular signature of this relationship
through the specific expression pattern of selected miRNAs. Hopefully, that will also help to
identify those molecules which have key significance in AD and the potential to become
biomarkers. The most dominant theories of both diseases are based on two closely
interconnected processes - innate immunity and inflammation, and thus, they have been
chosen as the pathophysiological focus of the present study. Pathogenesis, as well as the
progression of AD, are considered particularly determined by neuroinflammation and
immune defense factors (66,71-75,78-89,92-94,108). All the miRNAs selected for the study
have documented roles in immune-related and/or inflammatory pathways: miR-29a, miR-

101, miR-125b, miR-146a and miR-155.

MiR-146a and miR-155 are highly involved in inflammatory biological cascades and often
labeled as inflammation-related miRNAs, which reflects the dominant, among their other
roles. MiR-146a has been among the first identified regulators of an immune system (299).
At the same time, it was probably the first found to be overexpressed in the brain regions
affected by AD and related to the induction of neuroinflammation (300-302). As a mediator
of inflammatory signaling, dysregulation of miR-146a has been demonstrated in CAC and
other cancers (303-305). The data are inconclusive regarding the understanding, of whether
it is a driver of inflammatory process or a protective factor in cancers; however, further
examination of its roles in CAC and AD is considered as potentially highly valuable.
Dysregulation of miR-155, related to physiological aging and cellular senescence, has also
been shown to reflect an “inflammatory environment” related to aging (306-308), especially
in the brain. Long-term inflammation has been shown to precede AD as well as CAC. The
significance of its deregulation has been confirmed in AD (308-310). Inflammation-based
tumorigenic role and up-regulation of this miRNA has been reported for CAC, as well
(311,312). Therefore, reflecting the low-grade prolonged inflammation as increased
susceptibility for the disease, investigation of miR-155 was considered as an interesting
direction and to have promising potential to mark early biological changes in AD.

Apart from the significance in inflammatory cascades, the literature evidence indicates the

oncosupressive role of miR-101 in CAC and other cancers (313,314), as well as its deep
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involvement in the process of amyloid accumulation (315,316), which is known to be the
hallmark of AD pathogenesis (31-34). It should be noted that the molecular context of these
miR-101 roles in carcinogenesis and amyloid plaque formation has been based on
inflammatory cascades (313,317-319) but some other mechanisms have been proposed as
well (313-316,320,321). Considering the persistent, irrefutable significance of the amyloid
hypothesis, together with the recent disease-modifying therapies for AD based on it, the
choice of this miRNA is considered highly relevant, regarding the aim of the present study.
The promotion of inflammation and development of CAC was found to be associated with
the increased expression of miR-29a (322). On the other hand, miR-29 up-regulation was
related to neuroprotection in AD (323-325), where it has been demonstrated to mediate the
process of AP accumulation, through the regulation of beta-site APP-cleaving enzyme
(BACE) expression (323). This perceived opposite action of miR-29a in two diseases, was a
good starting point for the kind of investigation proposed in this study. Interestingly, it has
been also shown that the high miR-29a expression in CAC patients was in correlation with
their longer disease-free survival (326), which might be an interesting aspect, considering the
aim to understand the mechanism for the reduced AD risk in cancer survivors (245-248,251-

254,256).

High expression of miR-125b found in AD patients (327) has been shown to induce
inflammation and oxidative stress, promote apoptosis, and highly contribute to tau
hyperphosphorylation and accumulation (328,329,330), which is the well-known
pathomorphological determinant of AD (31,32,35-37). There is a high level of agreement in
the literature, that its dysregulation contributes to neuronal dysfunction in AD (328-331).
Although there are contradictory findings regarding miR-125 b's role in cancers (332), its
implication in immune and inflammatory cascades has been unambiguously demonstrated
(333). Moreover, miR - 125b has been targeted as the one that strongly reflects the
interconnection between AD and CAC (295,296). Therefore, a comparison of its expression
level between AD and CAC patients in this study, together with the clearer data in AD, might

highlight a more specific direction of conclusions regarding CAC.

38



In summary, the challenge was answered by choosing those miRNAs, which, not only have
a documented role in AD and CAC, but rather, each of the selected miRNAs has at least one
target involved in specific pathophysiological processes, shared by both diseases. Further,
considering that the miRNA roles in cancer have been investigated much longer, the
principles observed, might help to elucidate their mechanisms of action in AD and potentially
identify the biomarker of AD. In addition, the possibility to use these molecules as non-
invasive biomarkers contributes to the particular translational value of the whole research
context presented here. Finally, this is the first research of its kind in Montenegro. Literature
evidence indicates that susceptibility to AD and cancer may differ among different
populations (334-336), and racial and ethnic differences in the expression of miRNAs have
been reported as well (337-339). So, apart from the expected universal scientific significance
of this study, it should not be ignored that it may also be of special importance for the

Montenegrin population.
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2. THE AIM OF THE RESEARCH
The aim of this research was the identification of specific circulatory miRNAs as
potential biomarkers for AD.

Using miRNA for this purpose represents an innovative approach for the stratification of

the population, according to susceptibility for AD.

Hypotheses:

1. The expression level of the circulatory miRNA correlates with the level of cognitive

decline in patients with AD.

2. The selected miRNAs, isolated from the plasma, could identify people suffering from
AD through the specific pattern of expression.

3. The pattern of the selected miRNA expression in patients with cancer will confirm
on the molecular level that there is an inverse correlation of the cell signaling

pathways between AD and cancer.
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3. MATERIALS AND METHODS

This research was a part of the scientific project titled: “New methods for risk stratification
for progression of cancer and Alzheimer’s disease in patients in Montenegro
(DEMONSTRATE)”. The project was coordinated by the Faculty of Medicine of the
University of Montenegro and financed by the Ministry of Science of Montenegro (grant ref.

01-781).

The study protocol was approved by the Ethical Committee of the Clinical Center of
Montenegro (CCM) (No. 03/01-11417/1) and by the Committee for Medical Ethics and
Bioethics of the Faculty of Medicine of the University of Montenegro (No. 3824/4). All the

procedures were conducted in accordance with the Declaration of Helsinki.

The research was conducted at the CCM and the Center for Scientific Research of the Faculty
of Medicine, in cooperation with the Institute of Biomembranes, Bioenergetics, and

Molecular Biotechnologies, National Research Council, Bari, Italy.

This study was translational and multidisciplinary. It was of a retrospective-prospective type,

conducted between September 2019 and December 2021, and included:
1) Recruitment of the patients and group assignment

2) Clinical evaluation

3) Molecular biological research: quantification of miRNA expression

4) Statistical analysis of the data
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3.1. Recruitment of the patients and group assignment

The present study enrolled 54 subjects, out of total 75 examined individuals (Figure 2). They
were divided into four groups: 18 healthy controls (CTRL group), 9 patients whose cognitive
performance was in the MCI range, according to the Montreal Cognitive Assessment —
MoCA test (low-performance MoCA group - LP-MoCA), 12 patients with previously
diagnosed AD (AD group) and 15 patients prospectively diagnosed with CAC (CAC group).
Written informed consent to participate in the study was obtained from all participants or

their legal representatives (Attachment 1).

Excluding criteria were defined before the recruitment procedure. For all participants
excluding criteria were: the presence of neurological disorder (other than AD, for the AD
group), psychiatric, poorly controlled chronic diseases, malignant disease (other than CAC
for the CAC group), history of drug and/or alcohol abuse, and current acute illness. The
geriatric depression scale - 15 (GDS-15) was performed to exclude depressive disorder.
Patients who scored 9 or more points on GDS-15, suggesting major depression disorder, were
excluded from the study. In addition, in healthy control subjects, neuropsychological
screening test results (Mini-Mental State Examination - MMSE and MoCA) below 26 were
considered as excluding criteria. Nine healthy participants who subjectively did not have a
cognitive impairment, but whose MoCA score was lower than 26, formed MCI group, as
previously stated. Therefore, in these participants, cognitive impairment was accidentally
discovered. Exclusion criteria for the CAC patients were preoperative adjuvant therapy,
clinically diagnosed hereditary adenomatous polyposis or hereditary non-polyposis CAC, as
well as a history of malignant disease, as these factors could potentially introduce bias and
influence the objectivity of the results. CAC patients with cognitive decline on
neuropsychological screening tests were also excluded from the study. The recruitment

process in accordance with the mentioned criteria is presented in Figure 2.

Participants from the control and LP-MoCA groups were volunteers, recruited at the Faculty

of Medicine. AD patients were recruited during their regular follow-up appointments, at the
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Neurology Clinic of the CCM. According to the detailed evaluation, including repeated
neuropsychological and neurological assessments at regular follow-ups, the AD group
involved patients at different cognitive stages - from those at the level of MCI to severe
dementia. Therefore, in order to detect the potential significance of the investigated miRNAs
at the earliest disease stage, the AD group was divided into 2 subgroups during the
recruitment process: patients in the early symptomatic disease (EAD), which includes MCI
due to AD as well as mild dementia stage - MoCA score > 17 and advanced AD (AAD), with
MoCA score < 17, which includes moderate and severe dementia cases (68,138-140).
Recruitment of CAC patients was carried out at the Center for Digestive Surgery at the CCM
in the preoperative period for surgical resection of the colon tumor previously diagnosed by
colonoscopy. Pathohistological analysis of the samples taken during the surgery was carried

out and confirmed a final diagnosis of the disease.
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Figure 2. Recruitment process. CTRL = healthy volunteers with normal cognitive function;
LP-MoCA = healthy volunteers with subjectively normal cognitive function, but whose
cognitive performance was lower - in the MCI range, according to MoCA test; AD =
participants diagnosed with AD; CAC = examinees diagnosed with colorectal

adenocarcinoma, *Adenoma (n = 2), Ulcerative colitis (n = 1).
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3.2. Clinical evaluation
3.2.1. Clinical evaluation flowchart

In order to standardize the data collection process during the clinical interview and to obtain
comparable demographic and clinical data, all the participants filled out a questionnaire
designed specifically for this purpose (Attachment 2). Subsequently, appropriate physical
and specialized neurological examination, neuropsychological assessment, and peripheral
blood sampling were performed as outlined in Table 2. These steps were necessary to confirm

the diagnosis for inclusion but also to confirm the absence of exclusion criteria for the study

group.
Table 2. Summary of methods used in the clinical part of the research.
TEST GROUP OF THE EXAMINEES
Standardized questionnaire for medical history AD, CAC, CTRL, LP-MoCA
Physical examination AD, CAC, CTRL, LP-MoCA
Neurological examination AD, CTRL, LP-MoCA
Neuropsychological screening of cognitive AD, CAC, CTRL, LP-MoCA

status and depression
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Peripheral blood sampling for biochemical AD, CAC, CTRL, LP-MoCA

laboratory analyses

3.2.2. Physical examination

The purpose of the physical examination of study subjects was to help in the assessment of
potential exclusion criteria or to detect other diseases. This valuable diagnostic tool included:
inspection of the whole body, rapid assessment of vision and hearing, palpation of lymph
nodes and thyroid examination, heart and lung examinations, abdominal palpation,
succussion of renal lodges, and examination of the extremities. Besides, being done after the
carefully obtained medical history by using a questionnaire designed for the study, the doctor
was able to perform targeted or complaint-driven physical examination, and also to request

additional laboratory analyses if needed.

For patients diagnosed with CAC, a physical examination was conducted by a surgeon at the
Clinic for Digestive surgery of CCM, where the patients were hospitalized for operative

treatment.

For AD patients and control subjects, for whom a neurological examination was mandatory,
a general physical examination was performed by a neurologist, at the Clinic for Neurology

of CCM or at the Faculty of Medicine.
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3.2.3. Neurological examination

An interview according to the defined questionnaire, together with a neurological
examination, was conducted by a neurologist, for AD patients and control subjects, at the

CCM or at the Faculty of Medicine.

Patients with AD were previously diagnosed at CCM, according to the NIA-AA criteria for
routine clinical practice (138-140). At the time of the recruitment, they were neurologically
re-evaluated for the purpose of research and identification of potential comorbidities defined

as exclusion criteria.

All the volunteers for the study, including those who denied neurological disorders during an
interview, underwent detailed neurological examination, in order to thoroughly select
participants for the study and identify exclusion criteria (Figure 3). Participants who did not
report SCD were not qualified for further clinical cognitive evaluation, but, according to the

study protocol, were still referred for neuropsychological screening testing.

3.2.4. Neuropsychological assessment

The neuropsychological examination of all the participants was conducted by a doctor or a
psychologist certified for neuropsychological assessment. It included: a short assessment of
SCD, MMSE, MoCA and GDS-15 tests. In AD patients, depression was previously excluded

as a differential diagnosis, so the GDS-15 was not performed again.

The present study recruited people who felt mentally and physically healthy for the control
group and was not focused on the structured evaluation of SCD (155). However, subjective
cognitive status was briefly assessed by open-ended questions, which is officially supported
as an alternative to structured SCD evaluation (155). There were two mandatory questions:
1. “Do you have any difficulties in remembering (things)?” ; 2. “Have you experienced any
changes in memory?” , usually followed by appropriate subqueries. The purpose of asking
these questions was to estimate the presence of potentially neglected cases of cognitive

impairment and select participants for potential further clinical evaluation of cognitive status
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MMSE and MoCA tests represent valuable, objective neuropsychological screening tools,
that allow the examiner to assess the degree of cognitive impairment. Both of the tests
examine multiple cognitive domains: visuospatial, executive functions, multiple aspects of
attention and language, abstract thinking, memory, and orientation. However, among
subjects with MCI degree of cognitive impairment according to neuropsychological
screening, the MoCA test score was used for their final selection, since literature data
consistently confirm its potential for improved detection of MCI and superiority compared

to MMSE (340). The official form of tests used can be found in Attachment 3.

GDS is a brief, depression case—finding instrument, which is proven to be sensitive and
specific for detecting depression in the general population and especially useful when applied
to the relatively cognitively intact population of the elderly (341) (Attachment 4). In
comparison to other, even more sensitive scales used in everyday neuropsychological and
psychiatric practice, like the Beck Depression Inventory, the setting and length of GDS were
found to be more appropriate for the purpose of the research, which involved volunteers

feeling mentally healthy.

3.2.5. Peripheral blood sampling and laboratory examination

Biochemical laboratory analyses helped to identify conditions that were among excluding
criteria (Figure 2) or to check parameters of special interest for particular chronic diseases of
our study participants, which would exclude them from the study (e.g. HbA1C >10). Also,
the results of the laboratory tests were used to confirm the presence of some of the
participants’ diseases, self-reported by the participant during the recruitment interview
(Table 4).

The following analyses were conducted for each study subject: complete blood cell count,
glycemia, lipid status, liver enzymes, urea and creatinine, electrolyte status, thyroid function,

folate, vitamin B12, and C — reactive protein as an inflammatory marker.
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Until the moment of the blood sampling, the thorough selection of the examinees had been
done, so that they eventually could have been included in the molecular biological part of the

research.

3.3. Molecular biological research: quantification of miRNA expression

Extraction of circulatory miRNA and analysis of its expression profile performed for the

purpose of this study, were conducted for the first time in Montenegro.
3.3.1. Sample processing and miRNA extraction

Ten milliliters of peripheral venous blood were collected from each participant into BD
Vacutainer® Venous Blood Collection Tubes (cat. No. 367525) containing EDTA. The tubes
were kept on ice and processed within 1 hour of the blood collection. Care was taken to
minimize the effect of all pre-analytical variables. Plasma was separated from the whole
blood by centrifugation at 1.900 x g for 10 min at 4 °C, followed by an additional
centrifugation step at 3.000 x g for 15 min at 4 °C, to remove the remaining cellular nucleic
acids attached to cell debris. All samples were aliquoted in RNAse/DNAse - free tubes and
stored immediately at - 80 °C until further analysis. MiRNA was isolated from plasma by
using miRNeasy Serum/Plasma Advanced Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Briefly, cell-free total RNA, primarily miRNA, was extracted
from 200 ml of plasma by guanidine-based lysis of the sample, removal of protein inhibitors
and RNases, and silica-membrane-based purification. MiRNA is eluted in 20 ml of RNase -
free water. The miRNA concentration was determined using Qubit microRNA Assay Kit
(Q32880, Invitrogen, Thermo Fisher Scientific) on a Qubit 3.0 fluorimeter (Q33216,
Invitrogen, Thermo Fisher Scientific, USA).
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3.3.2. Quantification of miRNAs by RT - PCR

Two milliliters miRNA from each sample was reversely transcribed to cDNA using TagMan
Advanced miRNA cDNA Synthesis kit (A28007, Applied Biosystems, USA) and analyzed
with TagMan Advanced microRNA Assays (A25576, Applied Biosystems, USA) for miR -
29a/b, miR - 101, miR - 125b, miR - 146a and miR - 155. In the first step, plasma - purified
miRNA was modified by poly (A) - addition to the 3’ end of the mature transcript, followed
by lengthening the 5’ end by adapter ligation. This way modified miRNA then underwent
reverse transcription, and cDNA amplification (miR - Amp reaction) (Figure 3.), followed
by quantification of miRNA expression with aforementioned TagMan Assays. qRT - PCR
was run on an Applied Biosystems 7300 Real Time PCR system (Applied Biosystems, USA)

with the following conditions:

Table 3. qRT - PCR - conditions

Step Temperature * Time Cycles
Enzyme 95°C 20 seconds 1
activation

Denature 95°C 3 seconds 40
Anneal/Extend 60°C 30 seconds 40

The expression levels of target genes were normalized by using the mean expression levels
of the miR - 361 - 5p gene, selected as the most stable internal control miRNA (among miR
— 186 - 5p, miR - 1255a and miR — 361 - Sp) by the NormFinder algorithm (342). The
expression of every target gene was calculated using the 2"**“* method. Every sample was

retrotranscribed twice and run in triplicate each time.
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3.4. Statistical analysis

All statistical analyses were performed using GraphPad Prism 9.3.1. (GraphPad Software,
San Diego, CA, USA) and the statistical software R. The results were considered statistically
significant when p < 0.05. Continuous variables were first tested for normality of distribution
by D’Agostino-Pearson and Shapiro-Wilk tests and analyzed with the t-test or one-way
ANOVA, whereas categorical variables were analyzed with the ¥ test or Fisher’s exact test.
Associations between miRNA expression and clinical variables were explored using Mann-

Whitney and Kruskal-Wallis tests, as appropriate.

Pearson correlation coefficients were computed to quantify the degree to which two variables
are related or to find out how much one variable tends to change when the other one does.
Linear regression models were used to test whether a measurable variable was influenced by
other variables. For the assessment of a single variable independently, a simple linear

regression model was performed.

The statistical test of special interest for the purpose of this study was receiver operating
characteristic (ROC) curve analysis, which allows for a more precise insight into the
sensitivity and specificity of selected miRNAs in the discrimination of healthy and diseased
individuals and assesses their potential to serve as a diagnostic test and potential prognostic
biomarkers. Sensitivity refers to the fraction of people with the disease that the test correctly
identifies as positive and specificity refers to those who do not have the disease and are
correctly identified with a negative test. A ROC curve helps to visualize and understand the
tradeoff between high sensitivity and high specificity when discriminating between clinically
normal and clinically abnormal laboratory values. It actually quantifies the overall ability of
the test to discriminate between those individuals with the disease and those without the

disease.
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4. RESULTS:

4.1. Demographic, clinical characteristics and expression level of miRNAs in the

examinees of different cognitive status

4.1.1. Demographic and clinical features of the examinees

A summary of the demographic and clinical characteristics of the study participants is given
in Table 4. There was no significant difference in age among CTRL, LP-MoCA and AD
groups. Male and female examinees were almost equally represented in the groups.

Participants of the examined groups had on average similar levels of education.

As expected, MoCA scores among the study participants were significantly different, with
lower values in AD and LP-MoCA groups, compared to subjects in the control group (p <

0.0001, Figure 4).

Hypertension, hyperlipidemia and diabetes mellitus were the most common diseases among
the study participants, but their prevalence was not significantly different among the groups.
Also, the average value of BMI did not significantly differ among examinees of each group.
The frequency of habits, like smoking, coffee consumption, regular physical activity and

hobbies related to music, was similar among the groups.
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Table 4. Demographic and clinical features of the examinees

Variables CTRL (n=18) LP-MoCA (n=9) AD (n=12) p-value
Age

65.44 +8.12 70.33 £8.46 70.92 £7.34 0.139
(mean £ SD)
Median 65.0 71.0 70.0
(range) (55.0-177.0) (55.0-82.0) (59.0- 85.0)
Gender 0.679
Male 11 (61.1%) 4 (44.4%) 6 (50%)
Female 7 (38.9%) 5 (55.6%) 6 (50%)
Years of education

13.72+2.52 11.44 +3.97 11.2543.05 0.079
(mean £ SD)
MoCA score

27.67+1.19° 21.67 +3.87° 1531 £ 7.9 <0.0001%**
(mean £ SD)
Body mass index

2721 +3.88 2423 +3.15 2588 £2.26 0.176
(BMI)
Hypertension 8 (44.5%) 5 (55.5%) 8 (66.7%) 0.486
Hyperlipidemia 7 (38.9%) 1(11.1%) 5(41.7%) 0.269
Diabetes mellitus 3 (16.7%) 1(11.1%) 5(41.7%) 0.176
Physical activity 12 (66.7%) 4 (44.5%) 7 (58.3%) 0.541
History of smoking 8 (44.5%) 6 (66.7%) 4 (33.3%) 0.310
Coffee consumption 12 (66.7%) 5 (55.6%) 3 (25%) 0.078
Played music 3 (16.7%) 1(11.1%) 2 (16.7%) 0.921
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SD - standard deviation; Physical activity = walking > 30 min at least 5 days per week;
History of smoking = current or former smokers; Coffee consumption = consumption of 3 or
more cups daily; played music = practicing of any kind of music (playing an instrument,

singing, dancing), currently or previously in life; * Statistically significant difference.
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Figure 4. Comparison of the MoCA score between the study groups. CTRL, control group;
LP-MoCA, participants whose performance on MoCA test was lower — in mild cognitive

impairment range; AD, patients with Alzheimer’s disease. * p <0.05, ** p <0.01.

In addition, as a part of clinical evaluation, patients filled out a standardized questionnaire
that included questions particularly focused on the AD population, which explored the wider
context of the diagnostic process (Attachment 1). The average time from the first disease
manifestation until the diagnosis was 13.4 months and this was found to be in strong
correlation with the educational status of patients. Unexpectedly, the higher the level of the
patient’s education, the longer it took to diagnose AD (r = 0.6060, p = 0.036; Figure 5). There

was no correlation between the age of AD patients and the time to diagnosis (data not shown).
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Figure S. Relationship between years of education and time to diagnosis of AD patients.

4.1.2. In subjects without subjective cognitive decline, the neuropsychological screening
score was in the mild cognitive impairment range

None of the healthy volunteers in the study reported SCD (Table 5). The percentages of the
volunteers with normal cognitive performance and those who scored under 26 on
neuropsychological screening tests are given in Table 5. MoCA and MMSE results were in
correlation (» = 0.725; p <0.01), but MoCA proved to be more sensitive since CI would not
be discovered in 22.2 % of examinees if they were evaluated by MMSE only (Figure 6).
When compared, LP-MoCA and control groups were not significantly different regarding the

prevalence of depression (GDS scores > 9, p = 0.367, data not shown).
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Table S. Cognitive performance of the healthy volunteers

Evaluated category Percentage of the examinees
Subjective cognitive decline 0%
(SCD)
MMSE score
26-30 88.9%
<26 11.1%
MoCA score
26-30 66.7%
<26 33.3%
304 o ®
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Figure 6: Correlation of Montreal Cognitive Assessment (MoCA) and Mini-Mental State

Examination (MMSE) scores of the healthy volunteers.

Interestingly, our results showed that the number of years of education of the healthy

volunteers was in a positive correlation with the MoCA score (r =0.491, p <0.05; Figure 7).
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Figure 7: Correlation of education and MoCA score of the healthy volunteers.

Neurological examination of the control and LP-MoCA groups did not indicate the presence
of central nervous system disease. The participants denied a history of cerebrovascular or
other neurological disease that could cause cognitive decline in the LP-MoCA group. Also,
biochemical analyses of blood samples showed that none of the volunteers included in the
study had thyroid dysfunction, vitamin B12 deficiency, severe anemia, or acute or poorly

controlled chronic conditions that could explain this apparent cognitive decline.

4.1.3. miR-146a and miR-155 are up-regulated in subjects of the LP-MoCA group

Next, using the QRT-PCR, the expression level of the following circulatory miRNAs was
determined: miR-29a, miR-101, miR-125b, miR-146a and miR-155 in the CTRL, LP-MoCA
and AD groups. All 5 miRNAs are known to be deeply involved in the pathogenesis of both
diseases. Statistical analysis did not show any significant difference in the expression level
of miR-29a, miR-101 and miR-125b among the examined groups (p = 0.151, p =0.437,p =

0.302 respectively, data not shown).
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Circulatory miRNA-146a expression levels were found to be up-regulated in the LP-MoCA
group, compared to both, the CTRL (p = 0.012) and AD group (p = 0.009). The expression
level of miR-146a in the control subjects, however, was not significantly different from those
with AD (p > 0.999) (Figure 8A).

A similar pattern of expression among the groups was found for miR-155. Its expression
level was significantly higher in LP-MoCA participants, compared to the CTRL (p = 0.019)
(Figure 8B), but there was no difference in miR-155 levels between control and AD groups
(»p=0.224).
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Figure 8: A. Comparison of the circulatory miR-146a expression levels B. Comparison of
the circulatory miR-155 expression levels. CTRL, control group, LP-MoCA, participants
whose performance on MoCA test was lower - in mild cognitive impairment range; AD,

patients with Alzheimer’s disease. * p <0.05, ** p <0.01.

In order to have more precise insight into the sensitivity and specificity of these miRNAs in
the discrimination of healthy and those with cognitive problems and assess these miRNAs’

diagnostic potential, ROC curve analysis was performed (Figure 9A - C). For the miR-146a
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expression values of control and LP-MoCA groups, AUC was 0.864 (95% CI, 0.685 — 1.0),
with 77.8% sensitivity and 94.4% specificity for the cut-off value of > 1.485 (Figure 9A),
whereas for the data on miR-146a expression in participants with LP-MoCA and AD, AUC
was 0.852 (95% CI, 0.668 - 1.000) with 88.89% sensitivity and 83.33% specificity for the
cut-off value of > 1.121 (Figure 9B). When miR-155 expression level in the LP-MoCA and
control groups was analyzed, AUC was 0.765 (95% CI, 0.547 to 0.983), with 66.7%
sensitivity and 88.9% specificity for the cut-off value of > 1.444 (Figure 9C). Therefore,
ROC curve analyses showed that both, miR-146a and miR-155, had significant diagnostic
values (AUC > 0.75) and could differentiate the LP-MoCA group from healthy individuals
in the control group, and miR-146a could differentiate LP-MoCA from AD patients as well.
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Figure 9. Receiver operating characteristic (ROC) curve analysis of altered miRNAs. A.
ROC for miR-146a in control and LP-MoCA groups; B. ROC for miR-146a in LP-MoCA
and AD groups; C. ROC for miR-155 in control and LP-MoCA groups. CTRL, control group;
LP-MoCA, participants whose performance on MoCA test was lower - in mild cognitive

impairment range; AD, patients with Alzheimer’s disease.

4.1.4. miR-146a and miR-155 expression levels are unchanged between early symptomatic

and advanced stages of AD

MiR-146a and miR-155 demonstrated the potential for detection of early cognitive
impairment in this study (Figures 8 and 9). Next, we wanted to test whether these miRNAs
have equal potential with respect to the early symptomatic AD phase only, given that in the
present research, the AD group involved patients in the early, as well as those in advanced
AD symptomatic stage. To that aim, expression values of miR-146a and miR-155 were
compared among CTRL, LP-MoCA and EAD subgroups of AD patients (Figure 10), as well
as between those in the early and advanced stage, within the AD group. Results demonstrated
the same expression patterns for both, miR-146a and miR-155 as in respect to the whole

heterogeneous AD group (p = 0.003, p = 0.022 respectively, Figure 10). The difference in
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the expression level of miR-146a and miR-155 between EAD and AAD was not statistically
significant (p = 0.367, p = 0.688, respectively, data not shown).

It is important to note that EAD and AAD subgroups were homogeneous regarding

demographic and clinical variables (data not shown).
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Figure 10. A. Comparison of the circulatory miR-146a expression levels B. Comparison of
the circulatory miR - 155 expression levels. CTRL, control group; LP-MoCA, participants
whose cognitive performance on MoCA test was lower - in mild cognitive impairment range;

EAD, patients in the early symptomatic Alzheimer’s disease. * p < 0.05, ** p <0.01.

Moreover, although the expression of miR-155 was not different between LP-MoCA and AD
groups, the expression levels of miR-146a and miR-155 plotted together on a two-
dimensional scatter plot illustrate a unique expression pattern of these selected inflamma-
miRs, that differentiates LP-MoCA group from healthy individuals and from patients with
AD (Figure 11).
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Figure 11. The joint expression pattern of the selected inflammatory miRNAs differentiates
the LP-MoCA group from the other two groups of participants. The graph represents a two-
dimensional scatter plot of miRNA-146a and -155 expression levels. Each data point shows
expression levels of miRNA-146a and -155 in the plasma sample of one study participant,
and it is labeled according to the associated diagnosis (CTRL - control, LP-MoCA - patients
whose cognitive performance on MoCA test was lower — in mild cognitive impairment range,
AD - Alzheimer’s disease). The data clustering is illustrated by the superimposed star plot
showing the mean value for a group in the center of each cluster, which is surrounded by the

95% confidence area in the shape of the ellipse.
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4.1.5. Potential impact of demographic and clinical variables on the miRNA expression

level

In order to further examine the potential additional impact of demographic characteristics
and comorbidities of the participants on the regulation of miRs-146a and -155, a multiple
linear regression statistical model was used. In this statistical model, the influence of the
following covariates was examined: age, gender, years of education, BMI, hypertension,
hyperlipidemia, diabetes mellitus, physical activity, history of smoking, coffee consumption,
and playing music. The results showed that there was no correlation between any of these

variables and expression levels of miR-146a, or miR-155 (data not shown).

4.2. The analysis of miR-146a and miR-155 target genes

In order to identify the target genes of miR-146a and miR-155, a detailed analysis of the
information available in the Search Tool for the Retrieval of Interacting Genes database
(STRING) was performed. Only the genes determined by the Reporter gene assay, Western
blot or qRT-PCR analysis, that is, supported by the strong evidence, were included in the
analysis (Attachments 6 and 7). The available data were considered in the context of the
present research, therefore, the relationship with Alzheimer’s disease, the immune and
inflammatory response of the identified target genes, was analyzed (Tables 6 and 7). Finally,
to investigate the overlapping modes of miR-146a and miR-155 action, their common target

genes have been identified as well (Table 8).
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Table 6. Selected target genes of miR - 146a

"CASP7 *- Caspase - 7 '

NOS1 ? - Nitric oxide synthase 1

RTN4 ? - Reticulon 4

IL6 »" - Interleukin — 6

NFKBI1 *" - Nuclear factor NF-kappa-B p105 subunit

PTGS2 " - Prostaglandin endoperoxide—synthase 2

TNF »" - Tumor-necrosis factor

FADD "¢ - FAS-associated via death domain

2 genes involved in the pathogenesis of Alzheimer’s disease; ° AD-related genes with the role
in immune and inflammatory response; ¢ common target genes of miR-146a and miR-155;

The indicated groups are additionally denoted with the different shades of gray.
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Table 7. Selected target genes of miR - 155

BDNF ? - Brain-derived neurotrophic factor

PALDI1 * - Phosphatase domain containing, paladin 1

PICALM * - Phosphatidylinositol-binding clathrin assembly protein

SLC33A1 ?® - MFS transporter, pat family, solute carrier family 33 (Acetyl-CoA
transporter), member 1

YWHAZ * - 14-3-3 protein zeta/delta

CD4 »® - T-cell surface glycoprotein CD4

CSFIR " - Macrophage colony-stimulating factor 1 receptor

IL1B *® - Interleukin 1B

FADD ®b¢ - FAS associated via death domain

* genes with the documented role in AD; ® AD-related genes involved in immune and
inflammatory response; © common genes of miR-146a and miR-155; The indicated groups

are additionally denoted with different shades of gray.
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Table 8. Common target genes of miR-146a and miR-155

"CFH - C&}ifem}nmctor H

CRP - C-reactive protein

EGFR - Epidermal growth factor receptor

FADD " - FAS-associated via death domain

ICAML1 - Intercellular adhesion molecule 1

ILS8 - Interleukin - 8

IRAK?2 - Interleukin - 1 receptor-associated kinase 2

MYD88 - Myeloid differentiation primary response protein MyD88

PTEN - Phosphatase and tensin homolog

PTGES?2 - Prostaglandin E synthase 2

RAC1 - RAS-related C3 botulinum toxin substrate

SMAD4 - Mothers against decapentaplegic homolog 4

2 genes involved in the pathogenesis of Alzheimer’s disease; ® AD-related genes with the role
in immune and inflammatory response; Common miR-146a and miR-155 genes involved in

AD and in the immune and inflammatory response are denoted with gray color.
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4.3. Demographic, clinical characteristics and expression level of miRNAs among the
healthy examinees, patients with colorectal adenocarcinoma and those with

Alzheimer’s disease

4.3.1. Demographic and clinical features of the examinees

A summary of the demographic and clinical characteristics of the participants of CTRL, AD
and CAC groups is given in Table 9. There was no significant difference in age and gender
structure among examined groups. Also, the groups did not significantly differ regarding the
number of years of education.

As expected, MoCA scores among the groups were significantly different, with lower values
in patients with AD compared to subjects in the control and CAC groups (p < 0.0001, Figure
12).

Participants of each group had on average similar BMI, which falls within the overweight
range. Hypertension was the dominant comorbidity, without a significant difference in its
prevalence among the groups. Diabetes was the second most frequent comorbidity without
significantly different representation in CTRL, AD and CAC groups. None of the patients
with CAC included in this study had hyperlipidemia, thus, this disorder was significantly
more present in both, the control and the AD group, compared to CAC (Figure 13).
Interestingly, regular physical activity was significantly higher in CAC patients compared to
AD patients, but also compared to the healthy individuals (p = 0.023, Figure 14); coffee
consumption was significantly lower in the CAC group compared to the other two groups (p
< 0.01, Figure 15). It is important to note that study groups were not different regarding the
history of smoking.
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Table 9. Demographic and clinical features of the CTRL, AD and CAC groups

Variables CTRL (n=18) AD (n=12) CAC (n=15) p-value
Age
6544+ 8.12 70.92 +7.34 64.07+ 7.43 0.079
(mean £ SD)
Median 65.0 70.0 65.0
(range) (55.0-77.0) (59.0 - 85.0) (55-75)
Gender 0.815
Male 11 (61.1%) 6 (50%) 9 (60%)
Female 7 (38.9%) 6 (50%) 6 (40%)
Years of education
13.72+2.52 11.25+3.05 12.80+1.65 0.052
(mean £ SD)
MoCA score
27.67+1.192 1531+ 7.9b 28.47+1.59a <0.0001*
(mean £ SD)
BMI
2721 +3.88 2588 £2.26 26.85+3.33 0.693
(mean £ SD)
Hypertension 8 (44.5%) 8 (66.7%) 7 (46,7%) 0.449
Hyperlipidemia 7 (41.7%)2 5(38.9%)a 0 (0%)b 0.016*
Diabetes mellitus 3 (16.7%) 5(41.7%) 1 (6.7%) 0.070
Physical activity 12 (66.7%)2 7 (58.3%)a 15 (100%)b 0.023*
History of
8 (44.5%) 4 (33.3%) 9 (60%) 0.374
smoking
Coffee
) 12 (66.7%)2 3 (25%)a 0 (0%)b 0.0002*
consumption
Played music 3 (16.7%) 2 (16.7%) 0 (0%) 0.2451
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SD - standard deviation; Physical activity = walking > 30 min at least 5 days per week;
History of smoking = current or former smokers; Coffee consumption = consumption of 3 or
more cups daily; Played music = practicing of any kind of music (playing an instrument,
singing, dancing), currently or previously in life; * Statistically significant difference.

Superscript letters denote which group is significantly different.
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Figure 12. Comparison of the MoCA score among the examined groups. CTRL, control
group; AD, patients with Alzheimer’s disease. CAC, patients with colorectal

adenocarcinoma, * p <0.05, ** p <0.01.
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Figure 13. Comparison of the presence of hyperlipidemia among the examined groups.
CTRL, control group; AD, patients with Alzheimer’s disease. CAC, patients with colorectal
adenocarcinoma; Overall p = 0.016; Statistically significant difference was found between
CTRL and CAC patients, (p = 0.009), as well as between CAC and AD patients (p = 0.009).

There was no statistical significance between CTRL and AD patients.
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Figure 14. Comparison of the frequency of regular physical activity among the examined
groups. CTRL, control group; AD, patients with Alzheimer’s disease. CAC, patients with
colorectal adenocarcinoma; Overall p = 0.023; Statistically significant difference was found
between CTRL and CAC patients (p = 0.021), as well as between CAC and AD patients (p
= 0.009). Significance in the frequency of regular physical activity was not found between

CTRL and AD patients.
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154

Coffee consumption

CTRL AD CAC

Figure 15. Comparison of coffee consumption among the examined groups. CTRL, control
group, AD, patients with Alzheimer’s disease. CAC, patients with colorectal
adenocarcinoma; Overall p = 0.0002; Statistically significant difference was found between
CTRL and CAC patients, (p < 0.0001). The difference in the amount of coffee consumed,
was not significant between patients with AD and control subjects, as well as between AD

and CAC groups.
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4.3.2. Inverse expression level of miR-101 between AD and CAC patients

In order to test the hypothesis of inverse correlation of selected miRNAs in cancer and AD,
the expression levels of specific circulatory miRNAs involved in the pathogenesis of both
diseases have been determined in the CTRL, AD and CAC groups by using qRT-PCR.
Statistical analysis did not show a difference in the expression of miR-29a, miR-125b, miR-
146a and miR-155 among the examined groups (p = 0.116, p = 0.336, p = 0.237, p = 0.152

respectively, data not shown).

However, the expression level of miR-101 was significantly different among the groups. The
mean expression values of this miRNA for each group showed the expected trend -
expression values for the CAC and AD groups were on the opposite sides of the range, while
the expression level of the CTRL group was in the middle of the range. Furthermore, miR-
101 expression level was significantly higher in AD compared to CAC group (CTRL vs. AD
vs. CAC (mean+ SD)=1.17+0.74 vs.1.57 £ 0.89 vs. 0.83 + 0.48, p = 0.032. However, the
CTRL group was not significantly different neither from AD or CAC group (Figure 16).
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Figure 16. Comparison of the circulatory miR-101 expression levels among CTRL, AD and
CAC groups. CTRL, healthy control group; AD, patients with Alzheimer’s disease; CAC,

participants with colorectal adenocarcinoma; * p < 0.05.
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To further illustrate the molecular relationship of AD and CAC groups with respect to the
general population, that is, to show inverse trends of miR-101 expression between AD and
CAC, ROC curve analysis was performed (Figure 17 A and B). For the miR-101 expression
values of CTRL and CAC groups, AUC was 0.637 (95% CTRL, 0.445 to 0.828), with
66.67% sensitivity and 61.11% specificity, therefore, ROC curve analysis showed that on
average, a CAC patient will have lower expression value of miR-101 than 64% of the
controls. For the data on miR-101 expression in participants with CTRL and AD, AUC was
0.629 (95% AD, 0.422 to 0.836), with 66.67% sensitivity and 66.67% specificity, indicating
that an AD patient will have upregulated miR-101 compared to 63% of people in the general
population. In the absence of significant differences of AD and CAC with respect to CTRL,
the results of ROC curve analysis certainly do not demonstrate its diagnostic potential.
Nevertheless, they provide the quality score which describes the performance of this AD -
CAC inverse correlation model based on miR-101 expression, as a good one. Eventually, the
results of ROC curve analysis suggest that the potential of this model to improve the
understanding of the inverse relationship between AD and CAC would be even more

highlighted if explored on a larger sample size.
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Figure 17. Receiver operating characteristic (ROC) curve analysis for miR-101. A. ROC for
miR-101 in CAC and CTRL groups; B. ROC for miR-101 in CTRL and AD groups; CTRL,
healthy control patients; CAC, patients with colorectal adenocarcinoma; AD, patients with

Alzheimer’s disease.

Taking into account the heterogeneity of the AD group, the inverse relationship with CAC
was examined with respect to EAD and AAD subgroups. It was found that the miR-101 has
decreasing trend of expression, with the progression of AD towards the later stage (EAD vs.
AAD, mean+ SD =1.722+0.945 vs. 1.354+ 0,705). Consequently, compared among CTRL,
EAD and CAC groups, miR-101 expression level showed significantly higher values in EAD
compared to CAC (CTRL vs. EAD vs. CAC, mean+ SD=1.17+0.739 vs. 1.72 £ 0.945 vs.
0.83 + 0.479, p = 0.028;). Eventually, this finding demonstrates that patients with AAD do
not contribute to the significant difference observed between AD and CAC groups (Figures

18 and 19).
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Figure 18. Comparison of the circulatory miR-101 expression levels among each AD
subgroup, CTRL, CAC groups. A. MiR-101 expression level was significantly different
between EAD and CAC groups; B. MiR-101 expression level was not significantly different
among AAD, CTRL and CAC groups;
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Figure 19. MiR-101 expression level as a function of MoCA score presented in EAD, AAD
and CAC as a 3D scatter plot. With the progression of AD towards lower MoCA scores, there
is a decrease in miR-101 expression level, based on miR-101 expression, an inverse
correlation is detected between EAD and CAC. EAD, patients in the early phase of AD;
AAD, patients in the advanced AD; CAC, patients with colorectal adenocarcinoma; * p <

0.05.
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4.3.3. Potential impact of demographic and clinical variables on miRNA expression level

in the examined groups

In order to assess the impact of demographic and clinical characteristics of the examinees on
the expression level of miR-101, multiple linear regression analysis was performed on the
results from all the study participants, grouped together. The following covariates were
examined in that model: age, gender, years of education, BMI, hypertension, hyperlipidemia,

diabetes mellitus, physical activity, history of smoking, coffee consumption, playing music.

It is important to state, that although variables such as coffee consumption, physical activity
and hyperlipidemia were not uniformly distributed among the groups (Table 9), multiple
linear regression analysis showed that they did not contribute significantly to the change in
the expression of miR-101. The same was true for other variables that were examined in this

model, with the exception of the history of smoking.

The results of Pearson’s correlation showed that the history of smoking is negatively

correlated with the expression of miR-101 (p = 0.006).

When the expression levels of miR-101 from all 3 groups, were analyzed together with
simple linear regression, it showed that each variable - smoking, presence of AD or presence

of CAC, correlates with the expression of miR-101 (Figure 20A - C).
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Figure 20. Simple linear regression analysis of the influence of three significant variables on
miR-101 expression level. A. Influence of AD on the expression level of miR-101, p = 0.025,
slope = 0.5513, 95% CI = 0.07412 to 1.028; B. Influence of CAC on miR-101 expression, p
= 0.031, slope = - 0.4958, 95% CI = -0.9457 to — 0.04595; C. Influence of smoking, p =
0.014, slope = -0.5298, 95% CI =-0.9471 to — 0.1125.

The last analysis and figure confirm the significance and demonstrate the way these three
variables influence miR-101 expression, suggesting that smoking might bolster the decrease

of miR-101 in patients with CAC.

Therefore, it was needed to determine if smoking habits contribute to the variability of miR-
101 expression in each study group separately, in order to understand if it significantly
influences the expression level of miR-101 in AD and CAC patients. Therefore, the impact
of smoking on each study group was assessed through a simple linear regression model

(Figure 21).
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Figure 21. Influence of smoking habits on miR-101 expression level in each study group.

A. CTRL group; B. AD group; C. CAC group; p = 0.487

According to the overall results, the possibility of synergistic CAC and tobacco effect on the

downregulation of miR-101 should not be ignored. Together with the well-known fact that
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cigarette consumption represents one of the major risk factors for CAC, it certainly deserves
further attention and consideration of its possible significant effect on miR-101 regulation in
the general population. However, when each study group was specifically considered in the
context of that influence, no significance was found (Figure 21). This observation is even
more important in light of the fact that there were no differences among CTRL, AD and CAC
groups regarding smoking habits (Table 9). Thus, we understand that smoking did not
significantly affect the observed difference in the miR-101 expression level between AD and

CAC patients.

5. DISCUSSION

The main findings of the presented research were twofold. The first part of the results presents
the examination of the first two hypotheses, regarding the potential significance of studied
miRNAs in AD. It showed that in participants whose performance on the MoCA test
indicated they might have MCI, expression levels of miR-146a and miR-155 are significantly
increased, compared to the healthy individuals and AD patients. The second part of the
research examined the third hypothesis, regarding AD-CAC inverse relationship. This part
of the results showed an inverse expression level of miR-101 between AD and CAC patients.
The significance of these findings in light of current knowledge on this subject will be
discussed in more detail in two separate sections below. The first part of the results is
discussed in sections 5.1. and 5.2., while sections 5.3. and 5.4. discuss the second part of the

results.

5.1. Significance of changes in the expression level of miRNAs in the examinees of dif-

ferent cognitive status

Descriptive statistical analysis of demographic and clinical factors showed that AD, LP-
MoCA and CTRL groups were homogeneous (Table 4). In addition, multiple linear
regression tests did not detect any impact of demographic and clinical factors on the

expression level of miRNAs. (data not shown). These facts increased our confidence in the
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credibility of the results of the molecular part of the investigation, which was the essence of
this research. On the other hand, the presented study showed that the AD group of patients
did not have a higher prevalence of variables that represent risk factors for AD (Table 4). The
main potential reason for this could be the relatively small size of the study sample.
Unexpectedly, current research indicated that the higher the level of the patient’s
education, the longer it took to diagnose AD (» = 0.6060, p = 0.036; Figure 5). According
to the literature, a higher level of education is associated with better CR (110-113). This led
us to conclude, that better CR might imply a higher level of tolerance of CI manifestations.
In other words, it might be that these individuals, who should have better performance
regarding a variety of tasks, did not have a significant disruption in life activities for a longer
period of time, and therefore, they were not compelled to visit a doctor. However, although
better CR has been shown to reduce the risk of AD and delay the onset of CI (114,115), it
could not explain the longer time to diagnosis. Namely, such patients, once they manifest CI,
often demonstrate faster further cognitive decline (343,344). Therefore, it is probable that
more educated people are aware of the potential diagnosis, but delay medical consultation,
due to a fear of stigmatization. Similar evidence emerges from the recent study, which has
shown reluctance among Americans to come for a medical consultation, after noticing
symptoms of CI (1). In addition, the growing body of evidence shows that people with
dementia experience significant stigmatization (229,345), across a range of layman and
professional populations (345). Therefore, this negative behavioral model and ignoring the
signs of cognitive decline may stem from the fear of stigmatization and could represent the
explanation of the presented result.

As a control group, this study included volunteers who did not report SCD, but interestingly,
based on MoCA scores, 33.3% of the apparently healthy subjects had lower cognitive
performance and belonged to the MCI category (Table 5). Neurological and laboratory
findings could not explain their neuropsychological performance. However, in this LP-
MoCA group of patients, the two circulatory miRNAs, miR-146a and miR-155§, were
upregulated compared to the control group of patients. The expression level of miR-146a
was also significantly higher in LP-MoCA compared to the AD group (Figure 8A and B).
After we divided the AD group into early and advanced AD, the results indicated that the
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EAD group also followed this interesting expression pattern for both, miR-146a and miR-
155, the same as the heterogeneous AD group. (Figure 10A and B). However, the difference
in the expression level of miR-146a and miR-155 between EAD and AAD was not
statistically significant. Finally, ROC curve analyses suggested that these miRNAs could
serve as non-invasive biomarkers in screening for early cognitive impairment (Figure 9).

SCD is known as a phenomenon of self-experienced cognitive decline that may represent the
first manifestation of AD when objective impairment in cognition is still not present
(155,156). MCI according to the neuropsychological screening, in healthy subjects who did
not report SCD, has not been clinically recognized so far, to the best of our knowledge. Many
studies showed the importance of SCD for early prediction of the development of clinically
manifested AD (30,155,156,346,347). Moreover, neuroimaging techniques revealed distinct
brain alterations related to the symptoms of SCD (347,348). However, there are some critical
points in the process of SCD evaluation that might be too subjective, affected by the
individual cultural background and susceptible to the influence of various social factors and
interpersonal relations at the moment of evaluation (156,157). Our decision to use simple,
open-type questions for SCD evaluation instead of structured questionnaires was in part
driven by these facts. Results of neuropsychological screening tests used, MoCA and MMSE,
were in correlation (» = 0.725; p < 0.01, Figure 6), but MoCA proved to be more sensitive,
which is consistent with previously published data (340). Lower cognitive performance
would not have been discovered in 22.2% of the examinees, had they been evaluated by
MMSE only (Table 5). Moreover, if the evaluation of SCD was not followed by an objective
assessment, none of the participants with mild cognitive impairment would have been
identified. Thus, our results certainly raise a question of the reliability of subjective
comprehension of cognitive functioning and emphasize the significance of objective
neuropsychological assessment. The absence of cognitive complaints in the examinees with
the worse neuropsychological performance might be explained by our results. Namely, the
MoCA score of the volunteers within the MCI range is positively correlated with the years
of their education (r = 0.491; p < 0.05, Figure 7). This suggests that lower education might
be the underlying cause of inadequate comprehension of the importance of changes in

cognition, which might be a critical sign of impaired health.
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In the further search for the causes of detected MoCA performance in MCI range and in order
to rule out other causes of cognitive decline, it was first noted that there was no significant
difference in age among the groups (Table 4). History of other diseases, brain injury, and the
list of medications were reviewed. The participants were also checked for vitamin B12
deficiency, thyroid dysfunction, anemia, and other acute or chronic conditions that could
cause MCI (349,350). Finally, no pathological findings were observed either during the
neurological examination or the geriatric depression scale test. However, it is worth noting
that the extent of neurological evaluation in the presented study was limited to non-invasive
and inexpensive tests and also determined by the fact that AD patients have been
retrospectively recruited.

Interestingly, the LP-MoCA group had significantly higher levels of miR-146a and miR-155
expression, in comparison to the healthy control subjects (Fig 8A and B). Various studies
conducted in human or animal models and cell cultures over the last ten years unambiguously
demonstrated the involvement and significance of miR-146a and miR-155 in the
pathogenesis of AD (300-302,308-310,351). MiRNA-146a was among the first miRNAs
found to be highly expressed in the AD brain, specifically in anatomical regions affected by
the disease but not in the control regions of the same brain (299). Authors of the recent
bioinformatics study, who reviewed and extracted data from miR-TarBase on the currently
known AD-associated miRNAs, and who formed the miRNA-target network, identified miR-
146a as one of the central molecules in the pathogenesis of AD with a biomarker potential
(352). As for miR-155, its expression was found to be increased in AD rats, and its inhibition
improved impaired memory in this animal model (308).

When considering the continuum of clinical presentation of AD, it is of special interest to
identify miRNA signature patterns of the MCI stage, since it is estimated that up to 22% of
individuals clinically defined as MCI, progress to AD within one year (353). More
importantly, in this phase, there is a possibility to apply disease-modifying therapy and
postpone the onset of dementia (68,165). Circulatory miR-146a is known to be significantly
up-regulated in patients with MCI who later develop AD, compared to those who do not
convert to AD (351). Also, a higher miR-146 expression level was found in +4POE - €4

carriers, and this finding correlated with neuroimaging hallmarks of AD, as well as increased
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CSF Ap42 concentration (351). An interaction among MCl-associated genes and miR-155
was emphasized in the study by Strafella et al, which also found that miR-146 and miR-155
signaling pathways significantly interact in a pathophysiological cascade of AD and other
neurodegenerative diseases (354). Taken together, these findings suggest that AD could be
an underlying cause of the accidentally discovered low MoCA performance in the MCI range
in volunteers in our study, who had increased expression of miR-146a and miR-155,
compared to the control group.

A closer understanding of miR-146a and -155 involvement in particular pathophysiological
pathways of AD further explains the significance of their increased expression level in the
LP-MoCA group. MiR-146a is known for its importance in modulating the innate immune
response and inflammatory events in brain cells (300-302). It has been recently proposed as
highly significant in the neuroinflammatory mechanisms of AD (351,354-356). For example,
in primary human neuronal-glial cell co-cultures, miR-146a transcription was found to be
induced by certain stress factors, such as the pro-inflammatory cytokine interleukin 1 (IL-1),
known to be elevated in AD brain (358). More recent research on inflammatory processes in
AD also revealed the significance of miR-155 in these pathways (308-310,354,355). This
miRNA was shown to be early and strongly up-regulated in a 12-month triple transgenic
mouse AD model (309), but also in AB-activated microglia and astrocytes, contributing to
the production of inflammatory mediators such as IL-6 and IFN-b, inducing the decrease of
activity of cytokine signaling suppressor (358,359). Moreover, these studies revealed not
only the involvement of miR-146a and miR-155 in neuroinflammatory AD pathways but also
their interactive points in that cascade (354). On the other hand, it is well established that
neuroinflammation contributes to AD pathogenesis (69-85,88-94), and there is evidence that
strongly suggests that it is an initial and vital component in the AD pathophysiological
cascade (66,92,360,361). In an animal model, activation of microglia, which are key
mediators of neuroinflammation among the innate immune cells, has been observed at the
pre-plaque stage of AD (360). Also, increased microglial activation has been detected in
people with MCI, in the absence of amyloid tracer uptake (92,361). All these data go in favor

of the hypothesis that an increase in expression levels of inflamma — miR-146a and -miR-
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155 in LP-MoCA subjects could be explained by their involvement in inflammatory
pathways, characteristic of the early phase of AD pathophysiological events.

The presented results also showed that the expression levels of miR-146a and miR-155 were
not statistically different between control and AD subjects and interestingly, miR-146a was
still up-regulated in LP-MoCA compared to the AD group. More thorough insight into
neuroinflammatory AD events and engagement of miR-146a and miR-155 in those pathways,
could offer an explanation for such a result. Although essentially defensive, the immune
response can cause harmful consequences if it is induced too strongly or for too long
(362,363). Thus, at some point in time, there is an activation of homeostatic mechanisms to
limit destructive inflammatory events in AD (364,365). Published data clearly indicate that
miR-146a also has a role in the suppression of pathological neuroinflammatory response in
AD. Primarily induced by pro-inflammatory cytokines (357,366,367), miR-146a in turn
down-regulates proteins in overactive neuroinflammatory signaling pathways, contributing
to their limitation (355). Consequently, it is possible that this negative regulatory feedback
mechanism ultimately ends with decreased expression of miR-146a. This consideration is
supported by the research on primary neuronal cultures or neuroblastoma cell lines bearing
Swedish mutation as AD cell models, which showed that miR-155 and miR-146a were highly
expressed in microglia, responding to AP as a stress-related factor, with a more prominent
role of miR-155, which is found to be responsible for microglia polarization to pro-
inflammatory M1 phenotype. Moreover, a subsequent increase in inflammatory cytokines
was followed by a reduction of miR-146a expression, while miR-155 upregulation persisted
(368). Another study by the same authors (369) showed that the presence of AP in different
assembly states interacts with microglia leading to an inflammation cascade in young cells.
This response was lost in aged cells, suggesting a differential response along the progression
of AD. A temporal discrepancy of miR-146 and miR-155 expression during an inflammatory
response was confirmed in animal models as well (370). Increased expression of miR-155
induced overactive acute, but also chronic inflammation, even in miR-146a-deficient mice
(370). These results are in line with our findings of miR-146a and miR-155 expression levels
in a clinical context. Significant miR-146a upregulation in LP-MoCA compared to the

control group corresponds with its dominant role early in the disease process, through the
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initiation of inflammatory cascade and interaction with mediators of inflammation.
Normalization back to control levels in the AD group probably reflects suppression of miR-
146a by homeostatic, anti-inflammatory mechanisms, characteristic of the chronic stage. On
the other hand, miR-155 expression implicates its persistent activity, as a reflection of
continuous, chronic, although self-limiting inflammation and continuous microglial
engagement in that process.

However, other studies showed that disease progression in AD mouse models was followed
by increased miR-146a expression in brain tissue (356), and it was observed in the same
model ex vivo, that the density of plaques and synaptic pathology were in correlation with
miR-146a expression. This contrary observation could be caused by the different
methodological approach, that is, potentially different timelines of the expression measured
in the brain tissue, compared to the levels of circulatory miRNAs. Similarly, Lukiw et al.
found that miR-146a levels measured in the neocortex and limbic system increased, as the
severity of AD advanced (357).

Our results also show that when analyzed together, the specific expression patterns of miR-
146a and miR-155 were able to differentiate the LP-MoCA group from the control as
well as from the AD group of participants (Figure 11). AUC value of 0.8642 for miR-146a,
with 77.8% sensitivity and 94.4% specificity (Figure 9A), and AUC value of 0.7654 for miR-
155, with 66.7% sensitivity and 88.9% specificity (Figure 9C), clearly suggests their potential
diagnostic significance in screening for MCI. More research is needed to determine if these
miRNAs could be used for screening the general population on early AD, stratifying those
for further procedures and potential confirmation of diagnosis.

Finally, our results on miRNA expression levels among CTRL, LP-MoCA and EAD
groups, additionally support their significance in screening for very early cognitive
impairment (Figures 10A and B). Apart from the potential of these miRNAs to distinguish
people with cognitive impairment, but still feel subjectively healthy, from healthy population,
they indicate that miR-146a could differentiate very early cognitive impairment from
heterogeneous AD population, including the early stage of established AD. This highlights
the potential of miR-146 to be used as a screening test for individuals with early cognitive

impairment who are at risk of developing clinical manifestations of AD. More importantly,
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this part of the population would thus be non-invasively selected for further diagnostic
evaluation, in order to potentially establish biological confirmation of AD very early, and
therefore, be suitable for disease-modifying therapy. In addition, there was no significant
difference in the expression levels of miR-146a and miR-155 between the EAD and AAD
groups, which implies a stable expression level of these miRNAs throughout the different
cognitive stages of established AD. This fact also supports the interpretation of miR-146a
potential to be used as a screening instrument for detection of individuals with cognitive
decline who are at risk for AD, but still do not fulfill clinical criteria for AD diagnosis.

The overall, presented first part of the results, does not support the first hypothesis. The
expression levels of the examined miRNAs did not correlate with the level of cognitive
decline in AD patients. Moreover, the same can be concluded when considering the LP-
MoCA group, which was unexpectedly formed during the research process. However,
precisely the specific expression pattern of the investigated miRNAs that was detected among
the study groups and did not correlate with the level of cognitive impairment, confirms the
second hypothesis. As previously discussed, miR-146a and miR-155 isolated from the
plasma, could identify people with cognitive decline who are at risk for AD, thus serving as

screening tools for the general population.

5.2. The analysis of the miR-146a and miR-155 target genes supports the results of the

present research

A systematic analysis of miR-146a and miR-155 target genes through the STRING database
(371) offered additional confirmation and valuable source of information, on their roles in
the pathogenesis of Alzheimer's disease. Namely, detailed functional annotation and
visualization of the selected genes gives invaluable insight into the complexity of miR-146a

and miR-155 domains of action.

One hundred miR-146a target genes were selected by this systemic analysis approach. This
selection was supported by strong evidence determined by Reporter gene assay, Western blot,
or qRT-PCR (Attachment 6). Among them, using the Kyoto Encyclopedia of Genes and

Genomes (KEGG) enrichment analysis, 9 genes that mediate known AD signaling pathways
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were identified (Table 6). Considering the dominance of AD neuroinflammatory theory,
involvement of miR-146a in inflammatory cascades, as well as in the context of the results
of the present research, an additional analysis of AD-related genes was done, aimed at the
selection of genes involved in immune and inflammatory biological processes. In total, as
many as 7 out of 9 genes involved in AD pathogenesis were detected as mediators of immune
and inflammatory response (Table 6). This finding supports the results of the presented
research, therefore, an in-depth analysis of the functional context of those 7 genes was
conducted. The results indicate, that 4 genes: tumor necrosis factor (TNF), interleukin-6 (IL-
6), prostaglandin-endoperoxide synthase 2 (PTGS2) and FAS-associated via death domain
(FADD) encode proteins responsible for the early immune and inflammatory response (371).
One more gene-nuclear factor NF-kappa-B p105 subunit (NFKB1), was identified as the
mediator of the cell response to the endogenous stimulus, which also implies an early reaction
to the pathological environment (371). These database search results further reinforce our
conclusions. Namely, the up-regulation of miR-146a, detected in the LP-MoCA group
(Figure 9A), was attributed to its role in the initiation of the inflammatory cascade in AD,
which was confirmed by the systematic investigation of its target genes (Table 6).
Furthermore, we hypothesized that by the negative regulation of mediators of the destructive
initial acute inflammatory response, miR-146a upregulation is a self-limiting process.
Consequently, as their activity decreases, miR-146a downregulation probably occurs through
a negative feedback mechanism, which explains the normalization of the miR-146a
expression level in the AD group (Figure 8A). The analysis of the involvement of miR-146a
targets in a chronic inflammatory response has detected only one gene (371), which further
supports the hypothesis related to the miR-146a expression level fluctuation in LP-MoCA
and AD groups that emerged from the present study.

After the selection of 260 miR-155 target genes, supported by the strong evidence
(Attachment 7), further analysis through the STRING database initially did not identify AD-
related genes, as for the miR-146a. However, 32 genes related to the CNS diseases were
initially detected and subsequently out of those 32 genes, 10 target genes responsible for the
neurodegenerative diseases were identified (Attachment 7). Evidence of an association with

AD was found in published papers for 8 out of 10 genes related to neurodegenerative
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diseases: macrophage colony-stimulating factor 1 receptor (CSFIR), T-cell surface
glycoprotein CD4 (CD4), interleukin 1B (IL1B), FADD, phosphatase domain containing,
paladin 1 (PALDI), phosphatidylinositol-binding clathrin assembly protein (PICALM),
brain-derived neurotrophic factor (BDNF) and 14-3-3 protein zeta/delta (YWHAZ) (Table 7)
(372-382). In accordance with the context of the present research, the involvement of the
selected genes in immune and inflammatory biological processes was further analyzed and
identified through the STRING database. Three genes — FADD, CSF1R, and CD4, are
denoted as significant in the activation of immune response and IL1B as the proinflammatory
gene (371). The published research confirms that all of them are strongly related to the
changes in the immunological microenvironment, microglial dysregulation and
neurodegeneration—specific microglial profiles (373-377). The other 5 genes were found to
be involved in the regulation or modification of APP and tau processing (378), maintenance
of synaptic plasticity (379), crosstalk for AD-PD pathogenesis (380) or they were simply
detected as differentially expressed in AD but the precise mechanisms of their contribution
in this pathology are still not elucidated (381,382). Finally, the implications of the analyses
of miR-155 target genes and the context of the present research, seem to be in agreement.
Significant up-regulation of miR-155 was detected in the LP-MoCA group compared to the
CTRL, however, its expression level did not differ between the LP-MoCA and AD groups
(Figure 8B). Namely, miR-155 up-regulation in the LP-MoCA group might be explained by
the involvement of its target genes in the activation of microglia and the creation of a specific
immunological microenvironment. However, it has been demonstrated that microglial
engagement persists during the chronic stage of the disease, supporting the result of the stable

miR-155 expression level with the progression of cognitive pathology.

Next, in order to investigate miR-146a and miR-155 overlapping roles in AD, a number of
target genes shared by these two miRNAs were selected (Table 7). Only one common target
related to AD pathology was identified — FADD gene, which encodes a protein involved in
immune response and which has been already discussed. Therefore, these two miRNAs are
involved in pathophysiological cascades of AD, mainly targeting different genes. However,
the immune and inflammatory signaling pathways represent the common framework of their

regulatory actions, which are mostly of different types and dynamics. This aligns with the
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discrepancy of their expression pattern in the present research, as previously discussed. In
addition, a significant number of miR-155 target genes are involved in the hallmark AD
pathophysiological cascades, such as the regulation of APP and tau accumulation or
preservation of synaptic plasticity (378,379), which further supports stable miR-155

expression level, once it was upregulated early in the pathological process.

5.3. Relationship between CTRL, AD and CAC groups and the role of clinical varia-
bles

In the second part of the research, we compared CTRL, AD and CAC groups. Although the
groups were balanced regarding the demographic factors (Table 9), an unequal distribution
of clinical variables with potentially important implications was detected, and this is

discussed in the text below.

5.3.1. Hyperlipidemia

Hyperlipidemia has been identified as a significant risk factor for CAC (383). It has been
demonstrated that increased levels of low-density lipoprotein cholesterol and triglycerides
contribute to the activation of the oncogenic intracellular signaling cascades (384,385). The
latest meta-analysis which explored the significance of non-genetic risk factors for early-
onset colorectal cancer, indicated a significant association between hyperlipidemia and an
increased risk of developing CAC in adults under 50 years of age (386). Moreover, the results
of this study suggested that this comorbidity could be an even stronger risk factor for early-
onset colorectal cancer than CAC in general (386). However, in our study none of the CAC
patients had hyperlipidemia, so this comorbidity was significantly more prevalent in patients
with AD as well as in healthy individuals, compared to the CAC group (Figure 13). The
reason for this observation might be related to the disease itself - decreased appetite and
significant weight loss are one of the early and most common manifestations of many types
of cancer. There is a vast amount of data on the significance of hyperlipidemia and metabolic
syndrome for the occurrence of AD (216-220). However, higher blood lipid levels were not

more prevalent among AD patients compared to the healthy control group (Figure 13). Thus,
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although the literature data suggest the importance of lipid disorder in AD pathogenesis, it
cannot be confirmed that it significantly contributed to the disease occurrence, at least not in

the sample size presented here.

5.3.2. Coffee consumption

Our data further show that coffee consumption was significantly lower in the CAC group
compared to the other two groups (p < 0.01, Figure 15). Numerous data from the literature
indicate that regular daily intake of moderate amounts of cafteine, may decrease the risk of
AD and CAC (387-393). European Food Safety Authority recommends that caffeine intake
should be a maximum of 400mg per day (394). However, some of the more recent research
has demonstrated that a dose of 500mg of caffeine per day would be more beneficial in the
prevention of cancer and AD (395,396). Coffee drinking habits in Montenegro, include by
far the most common consumption of Turkish coffee, which has over 100 mg of caffeine per
cup (397). Considering these data as well as coffee drinking habits in Montenegro, 3 or more
cups of coffee were considered as potentially significant preventive factors as described in
the Results section in more detail (Tables 4 and 9; Figure 15).

It has been shown that as the amount of coffee consumed increases, the risk of CAC decreases
(387). Many coffee ingredients, in addition to caffeine, support colon health (398,399), as
decaffeinated coffee was also related to lower CAC risk (387,400). The preventive potential
of coffee has been attributed to its potential to modulate the gut microbiome, improve bowel
function and reduce the synthesis of bile acids through its lipid compounds (398,401,402).
More importantly, coffee contains powerful anti-oxidants and anti-mutagens which oppose
the process of carcinogenesis (402-404). Numerous literature data have also shown an
association between regular intake of moderate amounts of caffeine with better cognitive
function and lower AD risk (390-393). Results of the experimental studies on animal models
or cell cultures are even more conclusive in this regard. For example, the treatment of mice
with moderate doses of caffeine improved their memory (405,406). It has been demonstrated
that the treatment of mice with caffeine in a dosage equivalent to human 500mg/d,
significantly reduced AP deposition (395,396). Cultured neurons exposed to AP

accumulation were protected from toxic effects by a reduction of intracellular ROS
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accumulation and an increase in activity of antioxidant enzymes, which confirmed that
caffeine has antioxidant properties, that might also be beneficial in AD (407). Moderate and
regular intake of coffee is considered not only useful in delaying or preventing AD but,
considering convincing literature data, it is believed that its effects might also have
therapeutic significance (393,396).

All of the CAC patients and 75% of AD patients consumed maximum 1-2 cups of coffee, and
some did not consume it at all (Figure 13). These results are in line with the reported inverse
association of AD and CAC and caffeine intake (387-393,395,396,402,408,409). Over 65%
of healthy individuals regularly consumed significant daily amounts of coffee, which further

agrees with the reported health benefits of caffeine.

5.3.3. Physical activity

In contrast to the results on coffee consumption, 100% of CAC patients included in this study,
reported that they had regular physical activity previously in life. Physical activity of older
adults has been particularly defined in the literature: it is moderate, if aerobic physical activity
lasts for at least 20 minutes 3 days per week, or more intensive, if aerobic activity is practiced
for 30 min daily S days a week (410). Patients diagnosed with CAC were significantly more
physically active compared to the CTRL and AD examinees (Figure 14). The association
between physical activity and CAC has been investigated in over 50 studies (411,412),
offering unambiguous and convincing results, that physical activity contributes to the
reduction of risk for CAC by about 25% (411-414). Moreover, a larger reduction in CAC risk
is likely to be associated with higher doses of physical activity, especially if it is of greater
intensity (411,415). Furthermore, this dose-response effect was objectified in one study,
estimating that individuals with the highest level of physical activity had a 19% lower risk of
CAC compared to those with the lowest physical activity (416). Potential mechanisms of
protective effects of physical activity imply its positive influence on the gut microbiome
(414,417,418), whose imbalance is considered one of the critical factors for the development
of CAC (419). Other identified benefits are related to increased immune response and
changes in inflammatory, as well as in insulin-related pathophysiological cascades, which

counteract cancer development (414,420). It can be concluded that the results of the present
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study do not confirm the preventive potential of regular physical activity on the occurrence
of CAC. Considering the data about the stronger influence of higher levels of physical
activity on the reduction of CAC risk, one of the possible explanations of such a result may
lie in the type of activity reported by the study examinees. Namely, they have indicated
walking as a predominant physical activity, therefore it could be associated with a smaller
potential for reduction of CAC risk, which cannot counteract the contributing factors. In
addition, the relatively small size of the sample examined, as well as the subjective estimation
of the level of physical activity, might limit the conclusions that emerge from this study.
Eventually, such contradictory data confirm that there are many possible contributing and
preventive factors in complex diseases like cancer, which in a unique combination and
circumstances in a particular individual may or may not lead to the disease.

Similarly, regular physical activity has been shown to be protective against dementia
(421,422). The inverse relationship between the risk of cognitive impairment and a lifestyle
involving regular physical activity has been well documented (423). Regular physical activity
has been shown to reduce the risk of developing AD by about 45% (424), and those having
a low level of physical activity had a 53% higher chance to be diagnosed with AD than the
more active individuals (425). One of the first studies that pointed out the importance of
physical activity for brain health, found that one year of moderate-intensity exercise,
increased the size of the hippocampus as well as spatial memory performances, in healthy
elderly populations (426) The latest very interesting study in this field reached the conclusion
that six minutes of high-intensity exercise might delay the onset of AD as well as other
neurodegenerative diseases (427). The critical beneficial point is the fact, that short intervals
of high-intensity training increase 4 to 5 times more circulating BDNF, which promotes
neuroplasticity, compared to prolonged light exercise (427). In experimental animal models,
exercise was among the environmental factors that reduced AP in the brain of the mice (428),
through stimulation of angiogenesis, neurogenesis, synaptogenesis, and production of
neurotrophic factors (428-431). In the present study, more than half of the patients diagnosed
with AD reported being regularly physically active earlier in life, which was not different
from the CTRL group (Figure 14). Therefore, this result is not in agreement with the indicated

evidence from the literature. However, it has been also documented that improvement of
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cognitive function due to aerobic exercise is not always achieved in elderly aged between 60
and 80 years (432), which is exactly the population represented in this study. Nevertheless,
in contrast to the CAC group, 42% of AD patients reported having a low level of physical
activity previously in life, which could have contributed to the onset of the disease in that
part of the AD group. Finally, the small study sample as well as the subjective assessment of

the level of physical activity, certainly limit conclusions in that regard.

5.4. Alterations of miRNA levels among CTRL, AD and CAC groups

Among five examined miRNAs in the present study, only the expression levels of miR-101
in examined groups were in agreement with the hypothesis on the inverse relationship of
pathogenetic processes between AD and CAC. The mean expression values of miR-101 for
the CAC and AD groups were on the opposite sides of the range, while the expression level
of the CTRL group was in the middle of this spectrum. Furthermore, miR-101 expression
was significantly higher in AD compared to the CAC group (Figure 16). The CTRL group
was not significantly different neither from AD or CAC group. However, results of ROC
curve analysis indicated that on average a CAC patient will have lower miR-101 expression
than 64% of controls, and an AD patient will have upregulated miR-101 expression compared
to 63% of people in a healthy general population (Figure 17A and B). This analysis provided
the quality score which describes the performance of this AD-CAC inverse correlation model
based on miR-101 expression, as a good one. This model was also tested with respect to the
disease stage of the AD group. Interestingly, the miR-101 expression level was significantly
higher in EAD compared to CAC (Figure 18). However, its expression values decreased with
the progression of AD toward the later stage, approaching the level of expression in the CAC
group (Figures 18 and 19). Therefore, no significant difference was observed between AAD
and CAC groups, indicating that patients with AAD do not contribute to the significant
difference observed between AD and CAC groups (Figures 18 and 19). Regarding these
results, there are several aspects that need to be understood. In the first place, their

significance in the context of AD, and then CAC, so that in the end, we could comprehend
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whether the miR-101 opposite expression values in AD and CAC groups in this study reflect

an inverse relationship between these diseases.

5.4.1. The role of miR-101 in the pathogenesis of AD

The most important miR-101 physiological role that has been studied the most in the context
of AD, is regulation of APP gene expression (315,433). It is assumed, that based on that
role, miR-101 directly mediates the pathogenetic process of AD (315,316,433). APP is one
of the few dominant autosomal genes, whose alterations are unambiguously associated with
AD (29,38,39,52,55,59,102). More than 30 mutations in 18, out of 770 nucleotides of the
APP gene, as well as its duplication, are responsible for the familial form of the disease
(38,39,434-436.). The sporadic disease form, although a multifactorial disorder, is also found
to be related to APP mutations, particularly when the disease has early onset (434). More
recently, mutations of the 4APP regulatory sequence have also been demonstrated, and they
probably contribute even more than dominant mutations to the increased risk of developing
AD (437,438). A common feature in these alterations is that they all ultimately cause
increased expression of APP in AD (66,439,440,441,442). In addition, even when the disease
is not characterized by APP gene alterations, like in the LoAD, APP overexpression is found
to be induced by other factors. In the neuroinflammatory process, which is probably the
substantial driver of AD, excessively released mediators, such as IL-1, TNF-a and IFN-y,
promote APP expression, leading to its up-regulation through the joint action
(66,91,93,300,439,440). Mitochondrial dysfunction, as one of the pathophysiological aspects
involved in AD, was also found to influence APP expression and related downstream
pathological processes (300,441,442). Therefore, APP overexpression seems to be an
inevitable part of AD pathogenic mechanisms. The mechanisms of 4APP up-regulation and
even the resulting cascades of events related to specific mechanisms are different, but with
an unambiguous consequence - they result in increased production of APP, together with
pathological modifications and dynamics of its metabolism (29-34,52,55,443). APP is a
transmembrane glycoprotein, widely represented in many organ systems and abundant in
neurons. It breaks down into different fragments, among which, the A cleavage product with

42 amino acids is the most hydrophobic. Af has a tendency to aggregate and form
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extracellular amyloid plaques, characteristic of AD. Physiologically, APP is degraded
subsequently by B and y secretases, with a subtle representation of the AP fraction (56-59).
However, in AD, A pathogenic pathway is triggered, mainly due to altered APP metabolism,
caused by variations of APP or genes that encode key enzymes of this process (29-
34,52,59,60). Neuroinflammatory mediators may also directly affect the activity of enzymes
responsible for APP metabolism (440). In summary, multiple and often simultaneous signals
and mechanisms are involved in the pathogenic APP metabolism, with the APP gene
overexpression as the most prominent cause, and the consequent increase in Ap production,
up to toxic concentrations. Highlighting the importance of this phenomenon of APP up-
regulation in AD, the APP gene dose hypothesis was established, with APP gene inhibition
as a central idea in the development of new therapeutic modalities (444). MiR-101
negatively regulates the expression of the APP gene (315,433,445-447). It interacts with
the 3' UTR of a target mRNA transcript, causing mRNA destabilization and/or translational
inhibition (271,272,285-287,313). In accordance with this physiological action of miR-101,
other studies demonstrated that blocking of its interaction with APP gene leads to up-
regulation of APP expression (445). Also, it has been shown that inhibition of miR-101 action
in the culture of hippocampal neurons resulted in the enhanced pathogenic-amyloidogenic
processing of APP (433,446,447). Similarly, HeLa cell transfection with the miR-101
inhibitor resulted in the enhancement of APP gene expression, which was previously
significantly reduced, by transfection of miR-101 mimic (445). Thus, the reversibility of the
miR-101 effect, which has been shown in this study, offers strong evidence and insight into
its regulatory potential on APP gene expression. Also, it is interesting to mention, that one
study shows even a direct effect of miR-101 on APP production, without mediation of
mRNA, as the expected mode of miRNA action (315).

Many studies, with diverse methodological settings, are conducted with the aim to explore
miR-101 role in AD - in AD patients, animal models or cell cultures (316,319,448 449).
They are mostly in agreement and indicate that the expression level of this miRNA is reduced
in AD (316,448,449). Since this disease is characterized by APP gene overexpression, miR-
101 down-regulation associated with AD is mainly interpreted as the contributing factor.

Namely, it is assumed that lack of its natural, inhibitory influence on APP gene, results in its
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pathological overexpression in AD with a consequent modification of APP metabolism in the
upstream manner, finally leading to the increased AP production and its accumulation to the
toxic levels. A study showing that miR-101 down-regulation is associated not only with the
APP gene up-regulation and increased APP metabolism but also with cognitive impairment
is considered strong evidence for the significant contributing role of this miRNA in AD.
Assessment of the cognitive status of adult mice in this study indicated cognitive decline after
the intrahippocampal injection of miR-101 inhibitor (446,447).

In contrast to this literature evidence, in our study, there is an up-regulatory trend of miR-
101 expression level in AD patients, with respect to the general population and significantly
increased miR-101 expression, compared to the CAC population of patients, known to be
associated with decreased probability for development of AD. In an attempt to understand
this finding, the precise mechanisms of miR-101-4PP gene associations demonstrated in AD,
were investigated. One of the probable explanations represents mutations of 4APP 3’UTR,
which is the target place of miRNAs action, thus influencing miRNAs function (450,451).
On the other hand, miRNA single nucleotide polymorphism (SNP), mostly in premature
forms, cause loss or add biological functions to mature miRNA molecules (287), which has
been shown to influence miRNAs expression and function (452,453,454). The relationship
between SNPs of miRNAs and AD has been demonstrated as well (453,454). Interestingly,
evidence from the literature suggests that these types of alterations may be specific to a
specific population (455-457), but this has not been explored in most European regions,
including South-East Europe, at least not in the context of AD. So, the question of whether
there is a specificity of miR-101 polymorphisms or of its target APP gene place, that
potentially contribute to different dysregulation of miR-101 found in this study, represents a
possible explanation but remains to be explored in the future.

On the other hand, the findings of this study might be explained differently from the currently
accepted mainstream thought. Since one of the main hallmarks of AD is an accumulation of
ApB, resulting from the increased, pathogenic APP metabolism (29-34,52,55-59,443), it was
hypothesized that the negative regulation of APP gene expression represents a defensive
mechanism that could be achieved through increased expression of miR-101. To the best of

our knowledge, the elevated miR-101 expression in AD patients has not been shown by
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others. However, the research results on polymorphisms of APP gene and miRNAs
deregulated in AD might be in accordance with this hypothesis (451,452). In a study on the
cell culture model of AD that was conducted in 2021, an SNP-thiamine-cytosine substitution
of the miR-101 premature form was detected and found to be related to the increased
production of the mature, biologically active miR-101 molecule (452). The authors
cautiously conclude that this variant is associated with the risk of AD, but do not provide
potential explanations. Namely, looking from the pathophysiological point of view, this result
may seem contradictory — miR-101 downregulates APP expression but the accelerated APP
metabolism together with the APP overexpression is among the main pathological features
of AD. Similarly, the AD-specific SNP of the APP 3’UTR-A454G has been demonstrated to
enhance the effect of miR-20a, which, like miR-101, negatively regulates APP gene
expression (451). Given that this finding implies decreased APP expression, the authors
remain unclear and note that it deviates from the established concept of APP overexpression
in AD. These results, however, may reflect complex events in this disease, which do not
indicate a pathogenic process, but aim to protect the organism and oppose pathological
circumstances, which is an essential principle of physiological and pathophysiological
functions of the human organism.

Further considerations of this result, involved the fact that the study sample is heterogeneous
based on the cognitive staging, with half of the examinees in the early AD. Therefore, a
comparison of miR-101 expression levels between EAD and CAC groups showed significant
up-regulation in this AD subgroup, relative to the CAC population. Interestingly, the results
also indicated a decreasing trend of miR-101 expression with the progression of the disease
towards the later stage, approaching the level of expression in the CAC group (Figures 18
and 19). Therefore, no significant difference was observed between AAD and CAC groups,
implying that patients in the advanced disease stage did not contribute to the significant
difference observed between AD and CAC groups (Figures 18 and 19). Therefore, after an
attempt of the organism to counteract the accelerated APP metabolism to a toxic product,
through the increase of miR-101 expression, its subsequent decline might be a new, logical
consequence of the disease progression. Namely, as the production of AP increases,

introducing neurons into the degenerative process, it can be assumed that increased and
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accelerated APP metabolism, which potentially triggered miR-101 up-regulation, is now
being reduced, leading to the subsequent decrease of miR-101 expression level. So, it is
possible that the overall miR-101 action could be understood as part of a negative
feedback mechanism. Actually, there are data that indicate that APP metabolism is not
constant through the stages of AD. From the study by Holsinger et al., comes an important
finding, that APP processing is increased specifically in early AD (458). Apart from that,
there is a large body of evidence showing that the dynamics of APP processing are influenced
by changes in neuron function. The status of synaptic activity can affect the metabolism of
APP (459), which is present in the presynaptic as well as in the postsynaptic compartment.
In AD, synaptic transmission is significantly compromised by the neurodegenerative process
(29,31,32,51,460). Therefore, it is possible, that with the progression of AD, the
accumulation of A and the consequent impairment of synaptic function, may be the reason
for the reported changes in the dynamics of APP metabolism in the early compared to late
disease stages (458). Thus, as the regulator of APP gene expression and APP metabolism,
miR-101 initial up-regulation might be caused by accelerated APP metabolism, but, with its
reduction in the later stages, miR-101 expression decreases through the negative feedback
mechanism. An interesting study that explored the role of miR-384 in AD, which is a negative
regulator of the APP gene, as well as miR-101, provides evidence to support the presented
hypothetical explanation of our results. The authors first demonstrated a decrease of APP
expression on cell culture caused by miR-384 and then reversibility of that effect using
specific miR-384 inhibitor oligonucleotide (461). In contrast to a similar experiment with
miR-101 (445) described earlier, a step further has been done in this research — treatment of
the cell line with APB42 continuously reduced miR-384 expression level, which confirmed the
negative feedback mechanism between amyloid proteins and miR-384 (461). So far, a similar
experimental setting has not been used for the investigation of miR-101 role in the regulation
of APP expression.

When it comes to clinical evidence that might be relevant for consideration of the proposed
mechanistic concept of miR-101 regulation in AD, there are some studies worth discussing.
Namely, a negative correlation between plaque density in AD patients and miR-101

expression levels in CSF and serum has been found (462). An observation that the decrease
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of miR-101 expression in CSF of AD patients correlates with the increment of plaque density
has been understood as evidence of miR-101 disease-contributing effect. However, a view
from another angle and the possibility that miR-101 might also gradually decrease as a
consequence of decreased APP metabolism and AP accumulation should be strongly
considered. Moreover, the causal context of miR-101 role, together with the fact that amyloid
accumulates for a long period of the preclinical AD phase, rather implies that this miRNA
should be already down-regulated at the moment of the disease diagnosis (or maybe even
before the significant increase in amyloid load). It seems that this dynamic component of the
negative correlation between plaque density and miR-101 expression fits better in the
negative feedback hypothesis.

In order to further explore the dynamics and timing of miR-101 dysregulation in AD,
literature data on its regulation in MCI has been investigated. However, there are very few
studies concerning miR-101 and MCI. In support of the presented hypothesis, miR-101 was
not deregulated in MCI patients who progressed to AD, in one study (351). In addition, the
patients had noticeable amyloid pathology at the moment of circulatory miR-101
determination (351). This finding does not support the accepted considerations about the AD-
contributing role of miR-101 that can be found in the literature. Actually, if it was causally
associated with AD, it would rather be down-regulated at the moment of significant amyloid
pathology. On the other side, indicated finding is more in accordance with our results of
normal miR-101 expression levels and up-regulatory trend in early AD cases, as well as with
our hypothesis, that the reason for its down-regulation in the advanced cases might be
progressive amyloid pathology, all connected by the proposed negative feedback mechanism.
Finally, miR-101 has been already described to act within the negative feedback mechanism
in studies focused on cancer research. Jing et al. have described miR-101 involvement in the
pathogenesis of CAC through the specific regulatory feedback circuit (463). Then, the results
of the research on hepatocellular cancer, have revealed that the miR-101 oncosuppressive
role has been inhibited through the other prooncogenic mechanism (464). This also supports
the consideration that miR-101 dysregulation may act consequently, within the more complex

setting of pathological events, rather than as the simple disease-contributing factor.
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5.4.2. Circulatory miR—101 levels and their clinical implications

The result of the miR-101 expression level presented here provides potentially new insight
into the possible mechanism of miR-101 dysregulation in AD but also its implications for a
potential clinical benefit. Given that the variation of its expression may reflect dynamics of
AP accumulation, it may not only indicate the disease progression, but more importantly, it
could serve to monitor therapeutic effects. Amyloid-lowering therapy - aducanumab and
lecanemab, are monoclonal antibodies recently approved by the FDA, indicated in the early
AD population (202,465). Certainly, confirmation of amyloid pathology is a critical criterion
for the selection of subjects for this treatment (68). When assessed with amyloid PET,
amyloid pathology is not detectable in all the patients who are in early AD, according to a
cognitive staging. In as many as 40% of them, this pathomorphological criterion is not met
(466). Besides, due to the increased incidence of the adverse effects of the treatment, MRI is
indicated before starting the therapy, during the dose titration, as well as in the case of certain
symptoms or manifestations, reported by the patient (68). Presented results suggest that
circulating miR-101 expression levels may have the potential to assist in the patient selection
process for therapy, as well as in monitoring its effects. Actually, as already discussed, up-
regulation of this miRNA detected in the early AD cases in the present study indicates that
the normal or higher miR-101 expression level probably implies an early degree of amyloid
pathology. On the other hand, its down-regulating trend in advanced cases might reflect a
progressive amyloid load that leaves no room for the action of this therapy. Furthermore, in
the context of monitoring the therapy effects, the miR-101 level of expression that is
maintained stable would indicate a therapeutic benefit. Taking into account the purpose of
miR-101 activity, which is a negative regulation of the APP gene (315,433,445-447), as well
as the fact that progressive amyloid burden might cause a decrease in miR-101 expression
the amyloid lowering therapy could also support natural defense mechanisms. Normal
regulation of miR-101 would then contribute to the synergistic action and potentially improve
the benefit from the therapeutic effect.

It is important to mention the study which conducted characterization of miR-101 expression
in six different cell lines that ranged in their degree of differentiation from naive to well

differentiated. Although its expression levels were comparable among the tested cell lines,
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the cells that represented CNS differentiated neurons demonstrated the highest expression of
miR-101 (445). Guided by the results of this study, miR-101 expression levels in non-
neuronal cells or circulation are expected to be lower. Therefore, the up-regulatory trend of
circulatory miR-101 expression in the present study might be a reflection of the even more
increased expression level of miR-101 in CNS neurons, which would support the hypothesis
of miR-101 regulation, proposed in this research. In addition, some studies even
demonstrated different miR-101 expression in the different brain cells (467).

In the end, there is a study that does not seem to support the proposed hypothesis of miR-101
acting within the negative feedback mechanism. This miRNA was found to be down-
regulated in AD mouse models compared to the healthy, age-matched controls, regardless of
the disease stage (449). Actually, in the AD model of the mouse, in which the pathology of
the disease progresses with age, the miR-101 expression level was decreased in the
hippocampus of young as well as old mice, compared to the controls (449). The reason for
the discrepancy between these and the results of our study may lie in the use of a different
model as well as a tissue type used to determine the level of miR-101.

A relatively small number of the subjects in the study presented here certainly represents a
disadvantage. Therefore, in order to provide stronger evidence for indicated conclusions and
proposed hypothesis of miR-101 regulatory action and potential application, research on a

larger sample is warranted.

5.4.3. Cancer and Alzheimer’s disease - hypothesis on a common miR-101- mediated reg-

ulation of signaling pathways

Research into the molecular relationship between AD and cancer has led us, as discussed, to
interesting and potentially significant implications for AD. In addition, the inverse expression
level of miR-101 in patients with AD and CAC was also considered in the context of the
potential inverse molecular relationship between these two diseases. This miRNA was
significantly up-regulated in AD compared to the CAC patients. So, we tried to understand
whether miR-101 could represent a kind of overlapping point between AD and CAC and

provide a molecular explanation for the inverse incidences of these two diseases.
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Dysregulation of miRNAs is a highly represented pathogenic aspect in many malignancies
(270,282,297,298,303-305,311-314,317,318,320,322-334). Change in the miR-101
expression level was first demonstrated on breast cancer cell lines, where it was found to be
down-regulated (468). With the growing research interest in the role of this miRNA in cancer,
its down-regulation was then proven in various other types of cancer (317,318,469,470,471).
One of the earliest studies that explored the clinical relevance of miRNAs in CAC, reported
that among others, miR-101 was barely detected in any tissue sample (472). Then, multiple
studies have identified significant miR-101 down-regulation in CAC tissue and many types
of colorectal cell lines (314,321,473,474). Namely, it has been shown that miR-101 has a
defensive purpose, mediating tumor suppression (313,314,318,474-479). Its anti-tumor
effects, inhibition of the development and progression of CAC through multiple targets, have
been unambiguously demonstrated, in various experimental settings (314,321,474,477,478).
Thus, decreased miR-101 expression in CAC has been associated with the reduced
oncosuppression that it normally performs, and it is considered the CAC-contributing factor.
Therefore, this literature data is in accordance with the result of miR-101 down-regulation in
CAC patients, found in the present study.

Regarding the AD-CAC relationship, the evidence of the oncosuppressive miR-101 effect,
together with the results of the present research, indicating an up-regulatory trend of miR-
101 in the early AD, may lead to the following conclusion: long preclinical AD phase that
can last for a couple of decades (29,30,44,45,105,106), might stimulate miR-101 up-
regulation as a protective mechanism - to reduce APP gene expression, but also, during the
same time, it enhances an oncosuppresive role of miR-101, potentially protecting these
individuals from getting cancer. Actually, this hypothesis about the inverse coincidences of
AD and CAC, emerging from our research, provides one of the possible explanations for why
people who develop AD could have a lower risk of cancer.

However, whether such a conclusion is also true in the reverse case cannot be argued by the
results of this study. In accordance with the stated hypothesis, an answer to that question
could be potentially provided by the determination of the miR-101 expression level in the
early CAC population. However, the presented study included only the CAC patients in the

manifest, preoperative stage of the disease. Nevertheless, taking into account an
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oncosuppressive role of miR-101, as well as the results from the present study on its action
in AD, we can postulate the following hypothesis: miR-101 might be up-regulated in the
early phase of CAC, to counteract the pro-oncogenic processes and simultaneously protect
that population of patients from developing AD through the enhanced suppression of APP.
Although the proposed hypothesis reflects an inverse relationship between these diseases, it
does not necessarily imply the inverse expression values of miR-101, as found in this study.
Instead, we propose that AD-triggered increased expression of miR-101 is also beneficial in
protection from cancer. Due to the gradual decrease of miR-101 expression with the
progression of AD, the significant difference between advanced AD cases and CAC patients
who were also in the advanced, preoperative stage of the disease, was lost. Thus, we
hypothesized that miR-101 expression has a down-regulating trend in the advanced stages of
both diseases. This finding demonstrates that opposite miRNA values are not necessarily
expected to explain the inverse relationship of these diseases, as already shown by others
(295,296). In fact, the inverse expression values of this miRNA are likely caused by the
heterogeneity of the AD group - which consisted of patients in the early and advanced disease
stages, while in contrast to this, all the CAC patients were in an advanced, preoperative stage
of the disease. Related to that, we assume that the miR-101 significant decrease in the patients
with the advanced CAC detected by our and other studies might be the result of a negative
feedback regulatory circuit, as we proposed for AD, and which has been already
demonstrated for miR-101 in CAC and other cancer (463,464). An interesting study that
explored alterations of miRNAs related to cigarette smoke in patients diagnosed with head
and neck squamous cell carcinomas, detected down-regulation of miR-101 (320). However,
exposure of normal epithelial cells to cigarette smoke-induced increased expression of miR-
101, which implies that this miRNA must play an important role in the process of early
carcinogenesis (320). Results of this study, which indicate early miR-101 up-regulation and
its decreased expression in an invasive stage of cancer, support our hypothesis about miR-
101 action within the negative feedback mechanism.

Simultaneous negative regulation of oncogenes and APP gene, through the up-regulation of
miR-101, as the overlapping point of different signaling pathways, might explain the opposite

incidences of AD and CAC. However, as a step further, we have tried to investigate whether
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is there a common miR-101 target for both diseases, through which it would achieve
supposed opposite effects, defending even more firmly its role as a molecule - an indicator
of the inverse association of AD and CAC.

Studies related to miR-101 as a negative regulator of the cyclooxygenase - 2 (COX - 2) gene
go in support of the presented hypothesis. COX- 2 gene is implicated in many neoplastic and
inflammatory disorders (317,318,480-482). Actually, changes in its expression levels and
enzymatic activity are clearly related to AD, as well as to colorectal cancer pathology
(480,483-485). MiR-101 inhibits the translation of COX-2 mRNA, mediating tumor
suppression that way (473,486). Similarly, suppression of COX-2, which is an important
mediator of neuroinflammation, was demonstrated to be beneficial for the limitation of the
damaging inflammatory processes characteristic of AD (487,488). Further on, it has been
shown that miR-101 down-regulation was associated with COX-2 overexpression in human
colorectal cancer cells (473). Lack of COX-2 inhibition due to miR-101 down-regulation in
other cancers has been confirmed as well (318,489). Moreover, COX-2 inhibitors have been
proposed as preventive CAC therapy (490), and particular drugs have been approved by the
FDA as adjunction the usual care of patients with familial polypus adenomatosis to prevent
its malignant transformation (491). Extensive research is conducted to investigate the
potential benefit of COX-2 inhibitors in cancer treatment (490,492 493). Similarly, in AD,
many efforts have been put into the research on blocking or deleting the COX-2 gene, with
the aim of development of therapeutic solutions (494,495,496). One of the interesting results
and points, reached by thorough research on COX-2 activity in AD, indicates that it changes
expression level with the progression of the disease - it is increased in the early stages but
followed by the gradual decrement in advanced stages (497,498,499). In the present research,
we detected an up-regulatory trend of miR-101 expression with a trend for a decrease in the
advanced stages. Therefore, we assume that COX-2 up-regulation in the early AD stage might
cause miR-101 increased expression with the aim to suppress the COX-2 gene and contribute
to the limitation of the neuroinflammatory process. It has been already demonstrated that
miR-101 overexpression decreased COX-2 expression (317). Later on, in the chronic
inflammatory phase, decreased COX-2 level has been detected, so, through the negative

feedback mechanism this might induce miR-101 down-regulation. As additional support to
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such an action of miR-101 in the context of cancer, reduced miR-101 regulation was related
to loss of COX-2 inhibition but in a later stage of carcinogenesis (318). The latter fact, thus,
might encourage a conclusion about miR-101 action within the negative feedback
mechanism. Since its dysregulation happens after the many other events in the prooncogenic
cascade, there is a high probability that it occurs consequently, rather than with the purpose
of primary contribution to carcinogenesis, because, in that case, it would probably happen

earlier in the disease process.

After these considerations, based on miR-101 action on the concrete target involved in both
diseases, we reach the same conclusion - the nature of the AD-CAC relationship is inverse
but not very likely reflected in the inverse miR-101 expression level. Instead, identical miR-
101 regulation is rather beneficial for both diseases: an increase of COX-2 activity reported
in early AD neuroinflammatory process might trigger miR-101 up-regulation found in our
study, to suppress COX-2 as a compensatory mechanism, which, at the same time inhibits
oncogenic COX-2 action. In other words, a change of miR-101 expression induced by AD is
expected to protect these individuals from cancer through the identical regulatory effect on
COX-2, the target shared by both diseases, which mediates neuroinflammation as well as
carcinogenesis. That explains why people who have AD could have a reduced risk of cancer.
In summary, based on the results of this study, and the fact that miR-101 is involved in the
pathogenesis of both diseases - AD and CAC, we explored possibilities of its action that could
explain inverse incidences of these diseases. Regardless of whether we discuss the effects of
miR-101 simultaneous regulation on different targets or on a target common to both diseases,
we come to the conclusion that the inverse relationship between these diseases is certain and
reflected through altered miR-101 expression, induced by one disease. Therefore, the results
of the presented research confirm the third hypothesis. Moreover, exploring the inverse
relationship between AD and CAC, based on the results of this study, has helped us to
discover potentially new explanations of miR-101 role in AD, that have not been
demonstrated by others. Thus, finally, this research also resulted in the establishment of

a new scientific hypothesis.
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5.4.4. The potential impact of demographic and clinical variables on the miRNA expres-

sion level

In order to exclude the potential impact of demographic and clinical variables on the
presented results, related to the miR-101 expression level in AD and CAC patients, additional
statistical analyses were performed. Although CTRL, AD and CAC groups did not differ
regarding the history of smoking (Table 9), when all participants were analyzed together,
multiple regression analysis showed that smoking habits were negatively correlated with the
miR-101 expression. Further analysis of each variable in a simple linear regression model
confirmed that AD, CAC and history of smoking, individually had a significant influence on
miR-101 expression level (Figure 20). CAC and smoking habits were associated with its
down-regulation, and AD led to increased expression of miR-101. Thus, the results of the
regression analysis were in agreement with the presented data on inverse miR-101 expression
level between AD and CAC. In addition, the influence of cigarette consumption affected
miR-101 expression in the same way as CAC suggesting their additive or synergistic effect.
Dysregulation of miR-101 has already been associated with the impact of cigarette smoke in
chronic obstructive pulmonary disease as well as in some cancers (317,320,500). An
interesting study detected down-regulation of miR-101 related to cigarette smoke in patients
diagnosed with head and neck squamous cell carcinomas (320). Other research found down-
regulation of miR-101 in the human esophageal squamous cancer cell line - ECA109 as a
response to cigarette smoke exposure (317). Therefore, to completely understand the results
of miR-101 regulation among the study groups, it was important to analyze its expression
level in each specific study group, taking into account the smoking habits of the examinees.
In other words, it was necessary to clarify whether, in individuals suffering from AD or CAC,
the impact of cigarette smoking is strong enough to influence the change of miR-101
expression differently, or more than the disease itself. Simple linear regression model analysis
has shown that the presence of data related to the history of smoking of AD or CAC
participants did not significantly contribute to the change of the miR-101 expression level
(Figure 21). Therefore, it is possible that this study suggests a mechanism by which cigarette

consumption, as a well-known, strong risk factor for CAC (501), contributes to the
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development of CAC - through the down-regulation of miR-101, as has been shown in
esophageal cancer (317).

In conclusion, demographic and clinical variables did not have a significant impact on
presented differences in the expression level of miR-101 among the patient groups compared
in this study. Therefore, the observed difference in the expression level of miR-101 between
AD and CAC groups most probably emerges from the impact of the pathophysiological

context of the particular disease.

6. CONCLUSIONS AND FUTURE DIRECTIONS:

Among the five investigated miIRNA molecules, as many as three potential biomarkers of
AD have been identified. Two of them could be of great importance for the stratification of
the general population according <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>