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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 usedér 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.




ABSTRACT

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 who had mild cognitive impairment (MCI) according to
neuropsychological screening tests, 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 neuropsychological
screening, formed the MCI group (MCI-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 gRT-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 MCI 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 MCI 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 miRN As 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 problems related to 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 (APP) gene and APP metabolism,
therefore, its down-downregulation 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




IZVOD TEZE

Uvod: Patoloske karakteristike i klinicko ispoljavanje Alchajmerove bolesti (AB) 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 ¢injenici, da obolijevanje od dvije razli¢ite bolesti,
AB i karcinoma, karakteriSe inverzna incidenca. Naime, ovo nedavno otkrice je donijelo
jedan drugaciji, izazovan kontekst prethodnim saznanjima o zajednickim bioloskim
mehanizmima ovih bolesti, koji su takode, ve¢inom suprotne prirode: AB se karakteriSe
¢elijskom smréu apoptozom, a kancer nekontrolisanom éelijskom 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 ove dvije 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 ove dvije bolesti, jos uvijek nijesu
poznata. Male, nekodiraju¢ée RNK molekule — mikroRNK (miRNK), koje ostvaruju
negativnu regulaciju ekspresije gena, simultano na visesruke targete, duboko su ukljucene u
patogenezu obije bolesti i smatra se da posjeduju biolosku kompleksnost koja bi mogla
ponuditi objaSnjenje ovako izazovnog odnosa AB 1 kancera. S obzirom na dobro
dokumentovane uloge miRNK kao vodecih regulatora procesa celijske prolieracije i
diferencijacije, migracije i apoptoze, koji su medu glavnim karakteristikama AB i kancera,
smatra se da bi ove molekule mogle objasniti klju¢ne aspekte patofizioloskih procesa obije
bolesti. Uz to, serije istrazivanja su pokazale njihov zna¢aj u mnogim aspektima mozdanih
disunkcija, a koji su u osnovi razli¢itih teorija AB: urodeni imunitet, neuroinflamacija,
deregulacija metabolizma amiloida i oksidativni stres. Stoga je proucavanje uloga miRNKu
ovoj bolesti, prepoznato kao obe¢avajuéi pravac istrazivanja. Stavide, jedan broj miRNK

molekula su vec i 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 kaopatofizioloski fokus ove studije. odabrane miRNK, koje, ne samo da imaju
dokumentovane uloge u AB i CAC, ve¢ svaka od njih ima najmanje jedan cilini gen koji je
ukljucen u puteve povezane sa imunoloskim i/ili inflamatornim odgovorom: miR-29, miR-
101, miR-125b, miR-146a and miR-155. Uz to, moguc¢nost da se ove molekule koriste kao
neinvazivni biomarkeri, posebno doprinosi translacionoj vrijednosti prezentovanog

istrazivackog konteksta.

Cilj: Ekspresija cirkuliSsu¢ih myRNK, kompleksno ukljucenih u patogenezu AB i
kolorektalnog carcinoma (CAC): miR-29a/b, miR-101, miR-125, miR-146a and miR-155,
ispitivana je kod zdravih pojedinaca, onih sa blagim kognitivhim deficitom verifikovanim
skrining neuropsiholoskim testovima, kao i kod pacijenata sa dijagnostikovanim AB i CAC.
Postavljena je hipoteza da ¢e ekspresija navedenih miRNK biti u korelaciji sa stepenom
kognitivnog deficita ispitanika, $to bi moglo biti od znacaja u identifikovanju molekularnog
potpisa rane AB. Takode, ocekuje se da bi obrazac ekspresije selektovanih miRNK kod
pacijenata sa AB i CAC, mogao objasniti molekularnu osnovuinverzne incidence ove dvije

bolesti.

Metodologija: U ovu studiju je uklju¢eno 54 ispitanika, od ukupno 75 regrutovanih
pojedinaca. Od 34 volontera koji su se osjecali fizicki i mentalno zdravim, njih 18 je bilo
ukljuceno u kontrolnu grupu (CTRL-18). Kod 9 ucesnika koji subjektivno nijesu imali
kognitivni deficit, skrining-neuropsiholoskom procjenom je otkriveno blago kognitivno
ostecenje (MCI-9). Pacijenti kod kojih je dijagnostikovana AB regrutovani su retrospektivno,
u Klinici za neurologiju Klinickog centra Crne Gore (KCCG) (AD-12). Ovim ispitanicima
je dijagnoza prethodno postavljena u skladu sa kriterijjumima Nacionalnog instituta starenja
1 Alchajmerove asocijacije. AD grupa je ukljucivala pacijente u ranom simptomatskom
stadijumu bolesti (early Alzheimer’s disease — EAD) — MCI uzrokovan AB i stadijum blage
demencije (MoCA skor = 17) i uznapredovaloj AB (advanced Alzheimer’s disease — AAD)

— umjerena 1 teSka demencija (MoCA score < 17). Pacijenti sa CAC i bez kognitivhog




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 i biohemijska
laboratorijska procjena, sprovedeni su sa ciljem identifikovanja iskljuéujuéih kriterijuma.
Odabrane miRNK su bile izolovane iz plazme, kvantifikovane metodom lanc¢ane rekacije
polimeraze u relnom vremenu i nivoi ekspresije normalizovani upotrebom miR-361-5p

gena. Statisticka analiza podataka je uradena pomocu GraphPad Prism 9 softvera.

Rezultati: Ovom studijom su u kontrolnu grupu ukljuc¢eni volonteri bez subjektivnog
kognitivnog deficita, ali interesantno, na osnovu skora na neuropsiholoskim skrining
testovima, 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 MCI grupi, nivo ekspresije dvije cirkuliSuce
miRNK, miR-146a i miR-155, bio je znacajno ve¢i u odnosu na kontrolnu grupu (p < 0.05).
Ekspresija miR-146a je bila u znacajnom porastu u MCI i u odnosu na AD grupu (p < 0.05).
U odnosu na EAD grupu, rezultati su pokazali isti obrazac ekspresije za obije miRNK - miR-
146a i miR-155, kao iu odnosu na ¢itavu, heterogenu AD gupu. Razlika u nivou ekspresije
ovih miRNK izmedu EAD i AAD grupa nije bila znacajna. Konacno, analiza krivulje
operativnih karakteristika (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 u ovom istrazivanju, 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 znacajno veéa 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, da ¢e u prosjeku, CAC
pacijent imati nizu vrijednost ekspresije miR-101 nego 64% zdravih pojedinaca, a AD
pacijent bi imao povecanu regulaciju miR-101, u poredenju sa 63% ljudi u opstoj populaciji.

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), medutim, vrijednosti su se smanjivale sa
progresijom AB ka kasnijim stadijumima, priblizavajuci se nivou ekspresije CAC grupe.

Stoga, znaCajna razlika nije opservirana izmedu AAD i CAC grupa.

Zakljucei: Ovim istrazivanjem je otkriveno da odredeni broj pojedinaca sa kognitivnim
deficitom u crnogorskoj populaciji, nije prepoznat. Stoga bi neuropsiholoske skrining testove
trebalo rutinski primjenjivati kod starije populacije 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 skrining opste populacije u kontekstu AB.

MiR-101 negativno reguliSe ekspresiju amiloid prekursor proteina (4PP) gena i APP
metabolizam, stoga je njena smanjena regulacija koja karakteriSe AB, shvacena kao faktor
koji doprinosi nastanku bolesti. Medutim, trend povecanja nivoa ekspresije miR-101u EAD,
kao injeno 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. Uzimajuéi u obzir da miR-101 potencijalno reflektuje progresiju
akumulacije amiloida, mogla bi sluziti i u monitoringu efekata amiloid-redukujuce terapije,
indikovane u EAD populaciji. Uzimajuci u obzir onkosupresivnu ulogu miR—-101, njena
potencijalno povecana ekspresija u dugotrajnoj pretklinickoj i1 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.

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

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

Naucéna oblast: Neuronauke — Translacione neuronauke — Alchajmerova bolest
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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 bythis 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 ggmany 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 (+APOE - €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 pared 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 moredlocumented 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—p
(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&nher 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). A g 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 Af 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 (Eo AD) in the
1980s (38.,39). Relationship of the final pathological product - A, with various mutations,
detected by sequencing - mainly in APP, PSEN1 and PSEN2 genes (38,54.55) is considered
to be the initiating factor in dysregulated amyloid processing and formation of Af deposits
(31,32,3355). 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 (ABPP) - 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 Af 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, AR 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 - AP42, 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 AB 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 Af 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 AB 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 AP 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 (29,32,35,65,60).

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 AR 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 effectiﬁness 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 repqgted 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 - o)
(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
(1.2,3,29,30,95), 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: EoAD < 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 mem 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 dynamj

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 1l
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 accumulatign of AP, neurofibrillary
tau deposits, and neuronal injury or neurodegeneration (120). Currently, there are two
biomarkers of extracellular Af 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 is a syndrome, whose etiology should be biologically confirmed. In addition,
visuospatial, executive, or language disorders as non-amnestic presenétions, 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) profiles Biomarker category

-T-(N)- Normal AD biomarkers
A+T-(N)- Alzheimer’s pathologic change
A+T+(N)- Alzheimer’s disease §
A+T+HN)+ Alzheimer’s disease 5.
A+T-(N)+ Alzheimer’s and concomitant suspected g

non - Alzheimer’s pathologic change

2
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 cumently recognized as @ 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 - 1), 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 availaw 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 oﬁeffectively 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 patiﬁlts, 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

anges 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-moditying 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 disad vantages 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, AB42/AB40 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 AR -
positive and control individuals, which is the limiting factor for the application of AB42/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/AB4o in AD. This could be at least a part of the reason why the standardization
of cutoff values for plasma AB4>/ AB4o 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 AR
(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 productg@f 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 AB 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, afier 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 clinical,
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 (213217 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 ofthis 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-off 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 diseovering 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 p53 (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 cancegage 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 5 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
onone, 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 @monstrated 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 DGCRS 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 DGCR&8/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, miRN As 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 areflection 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

36




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 selectﬁ 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 idgntified 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.
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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 miRINAs 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
identity 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 diseasg, 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 agd 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, [taly.

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 tudy enrolled 54 subjects, out of total 75 examined individuals (Figure 2). They
were divided into four groups: 18 healthy controls (CTRL group), 9 patients with cognitive
impairment in the MCI range, according to neuropsychological screening (MCI group), 12
patients with previously d'ﬁgnosed 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, pﬁrly 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-Meatal State Examination - MMSE and Montreal Cognitive
Assessment - 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.

Participantgfrom the control and MCI 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;
MCI = healthy volunteers with subjectively normal cognitive function, but with mild
cognitive impairment according to neuropsychological screening: 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, MCI
Physical examination AD, CAC, CTRL, MCI
Neurological examination AD, CTRL, MCI
Neuropsychological screening of cognitive AD, CAC, CTRL, MCI

status and depression




Peripheral blood sampling for biochemical AD, CAC, CTRL, MCI

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.

1
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
subjective cognitive decline (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
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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

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 todeuropsychological
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 boratory 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 y 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. ample 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 tlﬁblood 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-bas urification. 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 - 5p) 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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1
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. 'ﬁe results were considered statistically
significant when p < 0.05. Continuous variables were figst tested for normality of distribution
by D’Agostino-Pearson and Shapiro-Wilk tests and analyzed with the t-test or one-way
ANOVA, whgreas 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 glinically
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 'ﬁgiven
in Table 4. There was no significant difference in age among CTRL, MCI 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 MCI 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.
Alsogthe 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) MCI (n=9) AD (n=12) p-value
Age
6544 +8.12 70.33 +8.46 70.92 + 7.34 0.139
(mean = SD)
Median 650 71.0 700
(range) (55.0-77.0) (55.0-820) (59.0-285.0)
Ender 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 +397 11.25+3.05 0.079
(mean = SD)
MoCA score
27.67 £1.19*  21.67+387° 1531+£79" <0.0001%%*
(mean = SD)
Body mass index
27.21 +3.88 2423 £3.15 25.88+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
0.921

Played music 3 (16.7%) 1 (11.1%) 2 (16.7%)
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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;

MCI, part'ﬁipants with mild cognitive impairment according to neuropsychological
screening; 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 5. Relationship between years of education and time to diagnosis of AD patients.

4.1.2. In subjects without subjective cognitive decline, the neuropsychological screening

ore was in the mild cognitive impairment range

None of the healthy volunteers in the study reported subjective cognitive decline (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 (r = 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, MCI 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 5. 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%
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Figure 6: Comelation 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).

56




201

15+

10+

Years of education

0 40 20 30
MoCA score

Figure 7: Correlation of education and MoCA score of the healthy volunteers.

Neurological examination of the control and MCI 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 MCI 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 MCI 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, MCI and
AD groups. All 5 RIRNAs 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 MCI 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 MCI 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; MCI, participants with mild
cognitive impairment according ﬁ neuropsychological screening; AD, patients with

Alzheimer’s disease. * p <005, ** 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 ggsess 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 MCI groups, AUC was 0.864 (95% CI, 0.685 — 1

, 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 MCI and AD, AUC was 0.852 (95%
CI, 0.668 - 1.000) Wﬁ'l 88.89% sensitivity and 83.33% specificity for the cut-off value of >
1.121 (Figure 9B). When miR-155 expression level in the MCI and control groups was
analyzed, AUC was 0.765 (95% CI, 0.547 to 0.983), with 66.7% ssitivity 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&5)

and could differentiate the MCI group from healthy individuals in the control group, and

miR-146a could differentiate MCI 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 MCI groups; B. ROC for miR-146a in MCI and AD
groups; C. ROC for miR-155 in control and MCI groups. CTRL, control group; MCI,
participants with mild cognitive impairment according to neuropsychological screening: 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

'LR-1463 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 ADﬁroup 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, MCI 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 = 0022 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. . Comparison of the circulatory miR-146a expression levels B. Comparison of
the circulatory miR - 155 expression levels. CTRL, control group; MCI, participants with
mild cognitive impairment according to neuropsychological screening; 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 MCI 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 MCI 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 MCI 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 (! - control, MCI - mild cognitive

impairment according to neuropsychological screening, 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 tagget 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

* 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.




Table 7. Selected target genes of miR - 155

BDNF ? - Brain-derived neurotrophic factor
PALD1? - 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

 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 - Complement factor H

CRP - C-reactive protein

EGFR - Epidermal growth factor receptor

ICAMI1 - Intercellular adhesion molecule 1

IL8 - Interleukin - 8

IRAK2 - Interleukin - 1 receptor-associated kinase 2

MYDB88 - Myeloid differentiation primary response protein MyD88

PTEN - Phosphatase and tensin homolog

PTGES?2 - Prostaglandin E synthase 2

RACI1 - RAS-related C3 botulinum toxin substrate

SMAD4 - Mothers against decapentaplegic homolog 4

* 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. emographic and clinical features of the examinees
A summary of thgdemographic 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
mber 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,ﬂut 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
65.44 £ 8.12 70.92 + 7.34 64.07+ 743 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
2767 +1.19a 1531+ 7.9b 28.47+1.59a <0.0001%*
(mean = SD)
BMI
27.21 +3.88 25.88 +£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%)a 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%)a 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%)a 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 <001.
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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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Figure 15. Comparison of coffee consumption among the examined groups. CTRL, control

group; AD, patients

Alzheimer’s disease. CAC, patients with colorectal

adenocarcinoma; Overall p = 0.0002; Statistically significant difference was found between

CTRL and CAC paﬁts, (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 hgye been determined in the CTRL, AD and CAC groups by using qRT-PCR.
Statistical analysis did not show a difference in the expressignof 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 + 048, 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 ression 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, g 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, 0422 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=007412 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% Cl = - 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=0487

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 ofthe presented research were twofold. The first part of the results presents
the examination of the first two hypotheses, regarding the 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, MCI
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 credibility of the

results of the molecular part of the investigation, which was the essence of this research. On
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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 (r = 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, ﬁy 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 C1 (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 scores of the neuropsychological screening, 33.3% of the apparently healthy
subjects, belonged to the MCI category (Table 5). Neurological and laboratory findings
could not explain their neuropsychological performance. However, in this MCI 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 MCI compared to the AD group (Figure 8 A and B). After we divided
the AD group into early and advanced AD, the results indicated that the EAD group also

followed this interesting expression pattern for both, miR-146a and miR-155, the same as the
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heterogeneous AD group. (Figure 10A and B). However, the difference in the expression
vel 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
biomagkers 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 geccording to the neuropsychological screening, in healthy subjects whe did
not report SCD, has not been clinically recognized so far, to the best of our knowledge. Many
studies showed the importance of SCDQfor 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). MCI 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 (» = 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 dgtected MCI and in order to rule out other causes of

cognitive decline, it was figgf noted that there was no significant difference in age among the
groups (TaHe 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 olﬁrved 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 MCI group had significantly higher levels of miR-146g.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 ag 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 poggibility 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 ApoE E4 carriers,
and this finding correlated ﬂith neuroimaging hallmarks of AD, as well as increased CSF

ApP42 concentration (351). An interaction among MCl-associated genes and miR-155 was
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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, theseﬁndings suggest that AD could be
an underlying cause of the accidentally discovered MCI in yglunteers 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
MCI 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 processgs 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, jtis well established that
neuroinflammation contributes to AD pathogenesis (69-85,88-94), and there is evidence that
strongly suggests that it iggan 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 activatign 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-
155 in MCI subjects could be explained by their involvement in inflammatory pathways,
characteristic of the early phase of AD pathophysiological events.
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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 MCI 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 activagion 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 A 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 MCI compared to the control
group corresponds with its dominant role early in the disease process, through the 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
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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 tlﬁexpression measured
in the brain tissue, compared to the levels of circulatory miRN As. Similarly, Lukiw et al.
found that miR-146a levels measured in the neocortex and limbic system increased, as the

verity of AD advanced (357).

Our results also show that when analyzed together, the specific exp ressim“atterns of miR-
146a and miR-155 were able to differentiate the MCI 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 MCIL. 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, MCI 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,
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
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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 MCI
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
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
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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 pl05 subunit (NFKBI1), was identified as the
mediatorofthe 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 MCI 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 MCI 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
diseases: macrophage colony-stimulating factor 1 receptor (CSFIR), T-cell surface

glycoprotein CD4 (CD4), interleukin 1B (IL1B), FADD, phosphatase domain containing,
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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, CSFIR, 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 MCI group compared to the CTRL,
however, its expression level did not differ between the MCI and AD groups (Figure 8B).
Namely, miR-155 up-regulation in the MCI 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
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
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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,

although the literature data suggest the importance of lipid disorder in AD pathogenesis, it
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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 caffeine, 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 carcinogenesige(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

accumulation and an increase in activity of antioxidant enzymes, which confirmed that
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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 ofthe 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%
ofhealthy 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 5 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

study do not confirm the preventive potential of regular physical activity on the occurrence
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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

cognitive function due to aerobic exercise is not always achieved in elderly aged between 60
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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
whether the miR-101 opposite expression values in AD and CAC groups in this study reflect

an inverse relationship between these diseases.
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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 A PP 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 A PP 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 AP cleavage product with
42 amino acids is the most hydrophobic. AP has a tendency to aggregate and form
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, AP pathogenic pathway is triggered, mainly due to altered APP metabolism,
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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 AR production,
up to toxic concentrations. Highlighting the importance of this phenomenon of 4PP 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). 1t 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 A PP 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
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
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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 ofadult 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-101-4 PP gene associations demonstrated in AD,
were investigated. One of the probable explanations represents mutations of APP 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 ofthiﬁldy might be explained differently from the currently
accepted mainstream thought. Since one of the main hallmarks of AD is an accumulation of
AP, 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
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
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of the miR-101 premature form was detected and found to be related to thg, 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 4P expression but the accelerated APP
metabolism together with the 4 PP 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 4PP expression, the authors
remain unclear and note that it deviates from the established concept of A PP 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 lation. 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
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
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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
inding, 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 AP 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 AP4> 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
ofmiR-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
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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
ofthe 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 4 PP 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 - ECAL09 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 miRNA 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 to the risk of AD. Unexpectedly, the present study also
identified one miRNA that could potentially serve for further stratification of patients with
defined AD, or in the selection for the application of the new, disease-modifying therapy. As
this miRNA might reflect the dynamics of the pathophysiological AD process targeted by
this therapys, it could be potentially used also in the monitoring of the treatment efficacy. The
simplicity, affordability, and non-invasiveness of the proposed method represent the
additional value and strengthen the possibility of future application of these miRNAs in the
AD field. Apart from this application in the AD context, the results of the presented research

offer molecular confirmation of the AD-CAC inverse relationship.

More specifically, the conclusions of the present research would be:
1. This study accidentally identified that a certain number of patients with cognitive

decline in the Montenegrin population remain undetected. SCD evaluation should
be an important and possibly critical aspect of the successful and timely detection
of cognitive decline, but neuropsychological screening instruments should be rou-
tinely administered to the elderly in Montenegro, even if the patient does not com-
plain of problems related to cognitive functioning.

2. The upregulation of miR-146a and miR-155 could serve as a non-invasive, circula-

tory biomarker for the detection of people with cognitive decline who are at risk for
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AD and thus, potentially, also for monitoring of drug treatment efficacy and for

making the prognosis for patients in early stages of AD.

3. Neuropsychological screening instruments alﬁ molecular markers identified by this
study could be used together to significantly improve our ability to diagnose AD in
the very early stage and could possibly become routine non-invasive tools for

screening the general population for AD.

4. The up-regulating trend of miR-101 in early AD and its decline with disease pro-
gression found in the presented study, suggests that miR-101 might act within the
negative feedback mechanism related to APP metabolism. This has not been
demonstrated by others and represents a new scientific hypothesis.

5. 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 4PP gene, through the up-reg-
ulation of miR-101, as the overlapping point of different signaling pathways, might
explain the opposite incidences of AD and CAC.

The number of participants is the limiting aspect of our study, thus, research on the larger

group is warranted in the future. Moreover, the lack of a complete neurological evaluation in
CTRL and MCI groups, which includes invasive and expensive tests, might represent another
limiting point of our study, but at the same time, it has opened new directions for future
cohort studies with the MCI group. Regular follow-ups, and screening of molecular and
clinical inflammatory markers with complete neurological assessment at later time points
will potentially confirm AD as a cause of their cognitive impaigment, and emphasize the
potential significance of inflamma-miR- 146a and - 155 in the early detection of AD. Although
the determination of inflamma-miR-146a and -155 circulatory levels might represent a novel
non-invasive biogaarker for the detection of an early stage of cognitive impairment due to
AD, additionally altered miRNA and/or small non-coding RNA levels may be uncovered and
further improve the use of non-invasive, circulatory biomarkers for the diﬁnosis, drug

treatment efficacy monitoring and prognosis of early AD stages. Also, the cross-cultural
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validity of the MoCA cutoff score and its adjustment for our region should be explored in the
future. Eventually, the results of our study imply that SCD evaluation through an open
question might not always be a reliable tool to indicate CI in the elderly. Therefore, the
proposed structured evaluation form (155) should be considered as an assessment tool in

future studies.

MiR-101 potentially reflects a progression of amyloid accumulation, so, as opposed to
currently indicated expensive and hardly accessible methods, future investigation of its
potential to serve in the patient selection process as well as in monitoring the effects of
amyloid lowering therapy might be of great importance. As a step further in the potential
confirmation of this hypothesis, a study on a larger sample that would compare miR-101

expression with the findings on amyloid PET imaging would be needed.

Finally, a realization of this study, together with the results indicated, has led to the
conclusion that such a complex disease as AD cannot be detected only by one particular
biomarker. It is more likely that from challenging molecular interactions in the pathogenetic
course of AD, additional important markers will emerge, some of them more specific for the
detection of AD in the early stages, while others will be more specific for the prediction of

disease progression and some will be a therapeutic solution.
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8. ATTACHMENTS:

Attachment 1.

INFORMATION FOR THE PATIENTS WITH AD

Dear (Name) (Surname)

You are invited to participate in the research which is conducted in the Clinical Center of

Montenegro and at the Faculty of Medicine.
Your participation in the research is anonymous and voluntarily.

If you decide that you do not want to participate in the research, you are able to give up any

moment, without the obligation to explain your decision.

All the information obtained through this research will be strictly confidential, in
accordance with the Law on the Taking and Use of Biological Samples (Sve informacije
dobijene ovim istrazivanjima bice strogo ¢uvane i povjerljive, u skladu sa Zakonom o
uzimanju i koriStenju bioloskih uzoraka (Official Gazette of Montenegro No. 14/2010 since
03.17.2010.) and the Law on Protection of Genetic Data (Official Gazette of Montenegro
No. 25/2010).

The aim of the research

To improve the risk assessment for progression of the disease and its complications in the

older age (e.g. Dementia), using the new methods. This would help to determine in a much
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more precise way the most effective therapy and thus increases the chances to improve

quality of life, survival, reducing of the complications and, in some cases, healing.
Methods of the research

Collection of the information and biological samples will be conducted once or up to 2

times in a year.

. Questionnaire and the physical examination with the short examination of the
mental state/mental state check. These methods will help us to understand better your

health and lifestyle habits.

. Retinal/fundus examination. This is part of the usual ophathalmology examination.
The doctor will take the simple photography of the left and right eyes. He will use camera

with the special lanses which allowes us to examine fundus/ bottom of the eye.

. Collecting of the vein blood sample.
- 10 ml of vein blood will be taken for the scientific research.

- In case that during this study, which lasts until April 2020, you get an infection that
requires a hospital treatment, two more samples of vein blood will be collected. These
additional samples would be the part of the standard hospital diagnostic and therapeutic

protocols, and a small part would be used for the scientific research.
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WRITTEN INFORMED CONSENT FOR THE PARTICIPATION IN THE STUDY

I confirm that I have read and understood purpose of the research and planned research
methods and I agree to participate in the research.

Signature of the examinee or his legal representative

Signature of the researcher

Date
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INFORMATION FOR THE PATIENT with CAC

Dear (Name) (Surname)

You are invited to participate in the research which is conducted in the Clinical Center of

Montenegro and at the Faculty of Medicine.
Your participation in the research is anonymous and voluntarily.

If you decide that you do not want to participate in the research, you are able to give up any

moment, without the obligation to explain your decision.

All the information obtained through this research will be strictly confidential, in
accordance with the Law on the Taking and Use of Biological Samples (Sve informacije
dobijene ovim istrazivanjima bice strogo ¢uvane i povjerljive, u skladu sa Zakonom o
uzimanju i koriStenju bioloskih uzoraka (Official Gazette of Montenegro No. 14/2010 since
03.17.2010.) and the Law on Protection of Genetic Data (Official Gazette of Montenegro
No. 25/2010).

The aim of the research

To improve risk assessment for progression of the disease and its complications in the older
age (e.g. Dementia), using the new methods. This would help to determine in a much more
precise way the most effective therapy and thus increases the chances to improve quality of

life, survival, reducing of the complications and, in some cases, healing.
Methods of the research

Collection of the information and biological samples will be conducted once or up to 2

times in a year.

. Questionnaire and the physical examination with the short examination of the
mental state/mental state check. These methods will help us to understand better your

health and lifestyle habits.
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. Retinal/fundus examination. This is part of the usual ophathalmology examination.
The doctor will take the simple photography of the left and right eyes. He will use camera

with the special lanses which allowes us to examine fundus/ bottom of the eye.
. Collecting of the vein blood sample.
- 10 ml of vein blood will be taken for the scientific research.

- In case that during this study, which lasts until April 2020, you get an infection that
requires a hospital treatment, two more samples of vein blood will be collected. These
additional samples would be the part of the standard hospital diagnostic and therapeutic

protocols, and a small part would be used for the scientific research.

IN EXAMINEES WHO NEED SURGICAL TREATMENT:

. Tissue sampling. In patients diagnosed with colorectal cancer, tumor tissue usually
has to be surgically removed for the purpose of treatment. Qualyfied physisians at the
Center for Pathology in CCM, always analyze removed tumor tissue, in order to obtain
precise data about the tumor, which are important for the efficient and better treatment.
From the rest of the tissue, which was not used for this standard diagnostic procedure, and
which otherwise would be disposed as medical waste, the doctor will take a small part for
additional histological and molecular analyses in the Center for scientific research of

Faculty of Medicine in Podgorica.

. Collection of the vein blood. In the postoperative period, 10 ml of vein blood will
be collected 24 and 48 hours after the surgery, what is also part of the standard
postoperative protocol, and one part of that blood sample will be used for the scientific

research.
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WRITTEN INFORMED CONSENT FOR THE PARTICIPATION IN THE STUDY

I confirm that I have read and understood purpose of the research and planned research

methods and I agree to participate in the research.

Signature of the examinee or his legal representative

Signature of the researcher

Date
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Attachment 2.
QUESTIONNAIRE

Date

The questionnaire is conducted by,

Serial number

Date of birth

Age at the moment of examination

Gender (round reply)

male female

Body weight

Body height

Level of education

write in the number of years of education

stress test, echocardiography), or?

or something like that)?

Have you ever had to spend the night in the hospital? YES NO
Why?
Have you ever had surgery? YES NO
Why?
Has the doctor ever suggested you a heart test (e.g. ECG, YES NO

any other diagnostic procedure (colonoscopy, mammography

Which test/procedure?
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Personal health data _'

Are you being treated or have been treated in the past

because of?

High blood pressure YES NO
High level of cholesterol or triglycerides YES NO
Diabetes YES NO
Heart attack YES NO
Stroke YES NO
Heart failure (chronic cardiac insufficiency) YES NO
Circulation problems (intermittent claudication) YES NO
Malignant tumor YES NO
If the answer to this question is YES, specify which tumor

Have you ever been treated with chemotherapy? YES NO
Have you ever been treated with radio therapy? YES NO
Have you ever had any neurological disease? YES NO

If the answer to this question is YES, specify which one
Have you been diagnosed with Alzheimer's disease in the YES NO
past?

If the answer to this question is YES, answer the following 2
questions below

How old were you at the beginning of this disease

How long has it been since the onset of the disease, until the
diagnosis?
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Attachment 3. Neuropsychological screening tests

Mini-Mental State Examination (MMSE)

Patient’s Name:

Date:

Instructions: Ask the questions in the order listed.

Score one point for each correct response within
each question or activity.

Maximum | Patient’s .
Score Score Questions

5 “What is the year? Season? Date? Day of the week? Month?”

5 “Where are we now: State? County? Town/city? Hospital? Floor?”
The examiner names three unrelated objects clearly and slowly, then

3 asks the patient to name all three of them. The patient’s response is
used for scoring. The examiner repeats them until patient learns all of
them, if possible. Number of trials:
“| would like you to count backward from 100 by sevens.” (93, 86, 79,

5 72, 65, ...) Stop after five answers.
Alternative: “Spell WORLD backwards.” (D-L-R-O-W)

3 “Earlier | told you the names of three things. Can you tell me what those
were?”

5 Show the patient two simple objects, such as a wristwatch and a pencil,
and ask the patient to name them.

1 “Repeat the phrase: ‘No ifs, ands, or buts.”

3 “Take the paper in your right hand, fold it in half, and put it on the floor.”
(The examiner gives the patient a piece of blank paper.)

1 “Please read this and do what it says.” (Written instruction is “Close
your eyes.")
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“Make up and write a sentence about anything.” (This sentence must
contain a noun and a verb.)

<

“Please copy this picture.” (The examiner gives the patient a blank
piece of paper and asks him/her to draw the symbol below. All 10 an-
gles must be present and two must intersect.)

k3

30

TOTAL

(Adapted from Rovner & Folstein, 1987)
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NAME :

MONTREAL COGNITIVE ASSESSMENT (MOCA) dlontion Date of bith :

Copy Draw CLOCK (Ten past eleven)
cube { 3 points }

[] [] [] [ ]

Contour  Numbers Hands

m Read list of words, subject FACE VELVET | CHURCH DAISY RED

must repeat them. Do 2 trials. : No
Do arecall after 5 minutes. st trial 2
2nd trial paints
m Read list of digits (1 digit/ sec.).  Subject has to repeat them in the forward order [ 121854
Subject has to repeat them in the backward order [ ] 7 4 2 —/2
Read list of letters. The subject must tap with his hand at each letter A. Mo points if 2 2 emors

[ ] FEACMNAAJKLBAFAKDEAAAJAMOFAAB —/1

Serial 7 subtraction starting at 100 []93 []86 [ 179 [ 172 [ 165
4 or5 correct subtractions: 3 pts, 2 or 3 comect: 2 pts, | comect: 1 pt, 0 correct: 0 pt _}3

m Repeat : | only know that John is the one to help today. [ ]
The cat always hid under the couch when dogs were in the room. [ | —/2
Fliency [ Name maximum number of words in one minute that begin with the letter F [ T __(N211words) —/1
BSTRA Similarity between e.g. banana —orange = fruit [ ] train - bicycle [ ] watch - ruler =4
Has to recall words FACE VELVET | CHURCH | DAISY RED Foints for —/5
UNCUED
WITH K CUE { ] [ ] [ ] [ ] [ ] recall only
Category cue
Opti I
P Multiple choice cue

ORIENTATION [ ]Date [1Month [ Ivear [_1Day [ ] Place [ ]ciy —/6

© ZMNasreddine MD Vesion November 7, 2004 www.mocatest.org Nocmalz 26/ 30 J
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Attachment 4.

Geriatric Depression Scale (Short Form)

Patient's Name: Date:

Instructions: Choose the best answer for how you felt over the past week. Note:
when asking thepatient to complete the form, provide the self-rated form (included on
the following page).

No. | Question Answer | Score
j Are you basically satisfied with your life? YES / No
2. | Have you dropped many of your activities and interests? YES/No
3. | Do you feel that your life is empty? YES/NO
ﬁ Do you often get bored? YES/NO
ﬁ Are you in good spirits most of the time? YES / No
6. | Are you afraid that something bad is going to happen to you? YES/NO
7. | Do you feel happy most of the time? YES / No
ﬁ Do you often feel helpless? YES/NO
é. Do you prefer to stay at home, rather than going out and doing new things? | YES/NO
10. | Do you feel you have more problems with memory than most people? YES/NO
Do you think it is wonderful to be alive? YES / No
12. | Do you feel pretty worthless the way you are now? YES/NO
13. | Do you feel full of energy? YES/No
4. | Do you feel that your situation is hopeless? YES/NO
15. | Do you think that most people are better off than you are? YES/NO
TOTAL

(Sheikh & Yesavage, 1986)
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Attachment 5. Target genes of miR - 146a

Breast cancer type 1

susceptibility protein;

BRCA1

Breast cancer type 1

susceptibility protein;

BRCA2

Caspase-7;
CASP7 ?

Cyclin-A2;
CCNA2

CD40 ligand;
CD40LG

Cyclooxigenase-2;

COX2

Myeloid differentiation primary
response protein MyD88;
MYDS88*

Unconventional myosin-VI;
MYOe6

Nuclear factor NF-kappa-B
pl05 subunit;

NFKB1*®

Neurogenic locus notch
homolog protein 2;

NOTCH2

Interleukin 1 receptor like 2;
IL1IRL2

Metastsis-associated gene family,
member 2;

MTA2

Adiponectin, C1Q and collagen
domain containing;

ADIPOQ

BCL2 associated transcription
factor 1;

BCLAF1

Wiskott-Aldrich syndrome protein
family member 2;

WASF2

Cyclin-dependent
kinase inhibitor 1;
CDKN1A
Cyclin-dependent
kinase inhibitor 3;
CDKN?3

Carboxypeptidase M;

CPM

Proliferation-associated
protein 2G4;
PA2G4

Protein Kinase C epsilon;
PRKCE
Prostaglandin-endoperoxide

synthase 2;
PTGS2*®

COP9 signalosome subunit 9;
COPS8

FAS-associated factor 1;
FAF1

Erb-B2 receptor
tyrosine kinase 4;

ERBB4

Cellular communication

network factor 2;

CTGF

RAS-related C3 botulinum
toxin substrate;

RACI*

TGEF-beta activated kinase
1(MAP3K?7) binding protein;
TAB2
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Dual specificity protein
phosphatase 1;
DUSP1

Epidermal growth
factor receptor;

EGFR®

ELAV-like protein 1;
ELAVL1

Receptor tyrosine-protein
kinase erbB-4;

ERBB4

Retinoic acid receptor beta;

RARB

Roundabout homolog 1;
ROBO1

Rho associated coiled-coil
containing protein kinase 1;
ROCK1

S100 calcium-binding
protein A12;

S100A12

Ring finger protein 11;
RNF11

Glutaminase 2;

GLS2

Ubiquitin like with PHD and ring
finger domains 1;

UHRF1

Caspase recruitment domain

family member 10;

CARDI10

Glutaminase kidney

isoform, mitochondrial;

GLS

Complement factor H;
CFH*

Heterogeneous nuclear
ribonucleoprotein a/b/d;

HNRNPD

Chemokine (C-C motif)
ligand 5;

CCL5

C-X-C Motif Chemokine
Ligand 12;

CXCL12

Secretory leukocyte peptidase
inhibitor;

SLPI

Interleukin-1 receptor-associated

kinase 4;

IRAK4

Zinc finger protein 117;

ZNF117

TP53 induced glycolysis
regulatory phosphatase;

TIGAR

Homeobox protein
Hox-D10;
HOXD10

Survival of motor
neuron 1;

SMNI1

Prostaglandin E synthase 2;
PTGES2¢

Intercellular adhesion

molecule 1;

ICAM1¢

Ras/Rac guanine nucleotide

exchange factor 1;

SOS1

Alt inducible kinase 1;
SIKE1
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Interleukinl receptor

accessory protein;

ILIRAP

Interleukin-6;

IL6®

Interleukin-8;
IL8§¢
Interleukin-1 receptor-

-associated kinase 1;

IRAK1

SRY-box transcription factor 2;

SOX2

Secreted

Phosphoprotein 1;

SPP1

Signal transducer and activator
of transcriptionl ;

STAT1

Transcription factor Dp-2;

TFDP2

Rhophilin Rho GTPase
binding protein 2;

RHPN2

CCR4-NOT transcription
complex subunit 6 like;
CNOT6L

Metastasis associated lung
adenocarcinoma transcript 1;

MALAT1

Aquaporin 4;
AQP4

Interleukin- 1 receptor-associated
kinase 2;

TRAK?2¢

Kinesin-like protein KIF22;
KIF22

Neural cell adhesion

molecule L1;

L1CAM

Laminin subunit gamma-2;
LAMC2

Tumor necrosis factor receptor
superfamily

member 6;

FAS**

Toll-like receptor 2;
TLR2

Toll-like receptor 4;
TLR4

TNF receptor associated
factor 6;

TRAF6

C-X-C chemokine
receptor type 4;
CXCR4
Coiled-coil domain
containing 6;

CCDCé6

Calcium/calmodulin dependent
protein kinase II alpha;
CAMK2A

C-reactive protein;

CRP*

Desmoglein 2;

DSG2

Receptor tyrosine-protein

kinase erbB-2;

ERBB2

GA binding protein transcription
factor subunit alpha;

GABPA
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Interleukin 10;

IL10

MAF BZIP transcription
factor G;

MAFG

CEA cell adhesion molecule 6;

CEACAMG6

Nitric oxide synthase 1;
NOST?
Phosphatase and tensin

homolog;

PTEN¢

Superoxide dismutase 2;

SOD2

Tumor-necrosis factor;

TNF*"

ST8 Alpha-N-acetyl-Neuraminide
Alpha-2.8-Sialytransferase 4;
ST8SIA4

Neuropilin 2;
NRP2
Pituitary tumor

transforming gene 1;

PTTG1

Breast cancer metastasis

suppressor 1;

BRMS1

Hepatitis A virus cellular
receptor | homolog;

HAVCRI1

Reticulon 4;
RTN4"

Mothers against decapentaplegic
homolog 2;

SMAD2¢

Mothers against
decapentaplegic homolog 4;
SMAD4*

NUMB endocytic adaptor protein;
NUMB

Bone gamma-carboxyglutamate
protein;

BGLAP

Fas-associated via death domain;
FADD®"<

Glial fibrillary acidic protein;
GFAP

* genes involved in 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.

Attachment 6. Target genes of miR — 155
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Annexin A2;
ANXA2

Meprin A subunit alpha;
MEP1A

Zinc finger protein 28;

ZNF28

Angiotensin II

receptor type 1;
AGTRI1

Microphthalmia-associated

transcription factor;

MITF

Phosphatidylinositol-binding
clathrin assembly protein;

PICALM***

Apoptotic peptidase
activating factor 1;
APAF1
Adenomatous
polyposis coli;
APC

MutL homolog 1;
MLH1
Mitogen-activated protein

kinase 10;

MAP3K10

Suppressor of cytokine
signaling 1;

SOCSs1

Proliferation and apoptosis
adaptor Protein 15;
PEA15

Ras homolog
family member A;

RHOA

Matrix metallopeptidase 16;
MMP16

FAS associated via death domain;

FADD##2b4

BTB and CNC
homology 1; MutS homolog 2; B-cell lymphoma/leukemia 10;
BACH1 MSH2 BCL10
Mitogen-activated protein kinase

Cyclin D1; MAX interactor 1; 14;
CCND1 MXI1 MAP3K14

Transcriptional Suppressor of cytokine
B-cell lymphoma 2; activator Myb; signaling 3;
BCL2 MYB SOCS3
B-cell lymphoma 6; MYC proto-oncogene; Claudin 1;
BCL6* MYC CLDNI1

Brain derived
neurotrophic factor;

BDNF##*

Myb proto-oncogene

like 1;

MYBL1*

Mfs transporter, pat family, solute
carrier family 33 (Acetyl-CoA

transporter), member 1;

SLC33A1 ##

185




Runt-related
transcription factor 2;
RUNX2

T-cell surface
glycoprotein CD4;
CD4g#ab

Cluster of
differentiation 68;
CDe68

Interleukin | receptor

associated kinase 3;

IRAK3

Myeloid differentiation
primary response 88;
MYDS88*

Myosin light

chain kinase;

MYLK

Myosin 1D;
MYO1D

MYO10 myosin X;
MYO10

Thyroid hormone receptor

interactor 13;

TRIP13

Zinc finger protein 254;

ZNF254

Inhibitor of nuclear factor kappa B
kinase subunit epsilon;

IKBKE

SH3 and PX domain-containing
protein 2A;

SH3PXD2A

Mitogen-activated
protein kinase 14;
MAPK14

Macrophage colony-stimu-
lating factor 1 receptor;
CSF1R*#b

Dedicator of
Cytokinesis;

DOCKI1

Cut-like homeobox 1;
CUX1

Casein kinase 1 alpha 1;

CSNK1A1

E2F transcription

factor 2;

E2F2

Asparaginyl-tRNA
synthetase;

NARS

Nuclear factor erythroid 2-

-related factor 2;

NFE2L.2

Nuclear factor kappa B Subu-

nit 1;

NFKB1

Homeobox protein Nkx-3.1;
NKX3-1

Nitric oxide synthase 2;

NOS2

Nitric oxide synthase 3;

NOS3*

Meiosis regulator and mRNA

stability factor 1;
KIAA0430

PHD finger protein 14;

PHF14

Rap guanine nucleotide exchange
factor 2;

RAPGEF2*

Matrin-3;

MATR3**

Cytoskeleton-associated protein 5;
CKAP5
Translocase of outer mitochondrial

membrane 20;

TOMM20
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Endothelin-1;

EDN1*

Polyhomeotic

homolog 2;

PHC2

Epidermal growth

factor receptor;

EGFR**

ETS proto-oncogene 1, tran-

scription factor;

ETS1

Neurogenic locus notch
homolog protein 1;
NOTCHI1*

NOVA Alternative S
plicing Regulator 1;
NOVA1l

Oxidized low-density lipo-
protein receptor 1,

OLR1
Phosphatidylethanolamine
binding protein 1;

PEBP1

MAF Bzip transcription
factor B;

MAFB

Actin-related protein

2/3 complex subunit 3;

ARPC3

Actin related protein 2;

ACTR2

Abl-interactor 2;
ABI2

Fibroblast growth factor 7;
FGF7

Forkhead box O3;

FOXO03

Friend leukemia

integration |

transcription factor;

FLI1

Vascular endothelial growth
factor receptor 1;

FLT1

Glycine amidinotransferase;

GATM

PAK2 p21 (RACI)
activated kinase 2;

PAK2

Protocadherin 9;

PCDH9

Phosphoinositide-3-kinase
regulatory subunit ;

PIK3R1

Plastin 1;
PLS1

Periplakin;

PPL

Patj crumbs cell polarity complex
component; InaD-like protein;
INADL

Zinc finger and BTB domain con-
taining 18;

ZBTB18

Adp ribosylation factor like gtpase
6 interacting protein 5;

ARLGIPS

PDZ And LIM Domain 5;
PDLIMS5

PC4 And SRSF1 interacting

Protein 1;

PSIP1
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Neuronal membrane glyco-
protein M6-b;
GPM6B

MutS homolog 6;
MSH6

Histidine
ammonia-lyase;
HAL
Hypoxia-Inducible

Factor lalpha;

Camp-dependent protein ki-
nase inhibitor alpha;

PKIA

Trafficking kinesin-binding
protein 1;

TRAK1*

Protein kinase N2;
PKN2
Twinfilin actin

binding protein 1;

Aryl hydrocarbon receptor nuclear
translocator-like protein 1;
ARNTL

CCAAT enhancer binding

protein beta;

CEBPB

SRY-box transcription Factor 6;

SOXe6

Cut-like homeobox 1;

HIF1A TWF1 CUX1

HIVEP zinc finger 2; Pleiotrophin; Forkhead box protein P3;
HIVEP2 PTN FOXP3*

Intercellular Ras-related C3 botulinum Inositol polyphosphate-5-

adhesion molecule;
ICAMI¢

Truncated interferon-
-gamma receptor 1;
IFNGR1

Cysteine-rich angiogenic
inducer 61;

CYRé61
Immunoglobulin J polypep-
tide;

IG]

Interleukin 1B;

IL1B*b

toxin substrate 1;

RACT®

DNA repair protein RADS1
homolog 1;

RADS1*

RHEB pseudogene 1;
RHEB

Syndecan binding protein;
SDCBP
Protein sel-1 homolog 1;

SEL1L

-phosphatase F;

INPPSF

Jumonji and AT-rich interaction
domain containing 2;

JARID2

Spi-1 proto-oncogene;

SFPI1

Src-like adaptor;

SLA

Zinc finger protein 652;
ZNF652
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Interleukin 2;
IL2
Interleukin 8;

IL8"

E-selectin;
SELE
Skioncogene;

SKI

Rabl1 family-interacting protein2;
RAB11FIP2
Phosphatase and tensin homolog;

PTEN*

TAF5-like RNA polymerase
11 p300/CBP-associated fac-
tor-associated factor 65 kDa
subunit 5L;

TAF5L

C-X-C motif

chemokine ligand 10;
CXCL10

Swi/snf related, matrix asso-
ciated, actin dependent regu-
lator of chromatin, subfamily
a, member 4;

SMARCA4*

Transcription factor SOX-1;
SOX1

PRKARIA protein kinase Camp-
dependent type I

regulatory subunit alpha;
PRKARIA

SH3 and multiple ankyrin repeat

domains protein 2;

SHANK?2

Inositol polyphosphate-
-5-phosphatase D;
INPP5D

Interleukin 1 receptor asso-
ciated kinase 2;

IRAK2¢

Interleukin 2 inducible

T cell kinase;

ITK

Spi-1 Proto-Oncogene;
SPI1

Tubulin-specific
chaperone A;

TBCA

GC-rich sequence DNA-
-binding factor 2;
GCFC2

Tripartite Motif Containing 32;
TRIM32

Histone h3-n6,n6-dimethyl-I-1y-
sine4 fad-dependent demethylase;
KDM1A

Clusterin-associated protein 1;

CLUAP1

Jumonji and AT-rich inter-
action domain containing 2;

JARID2

Transcription factor 12;

TCF12

288 ribosomal protein S27,
mitochondrial;

MRPS27

Jun proto-oncogene,
AP-1 transcription
factor subunit;

JUN

Telomeric repeat-binding
factor 1;

TERF1

TGF-beta-activated kinase 1 and
MAP3K7-binding protein 2;
TAB2
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Kinase insert domain
Receptor;

KDR

Kirsten rat sarcoma viral
oncogene homolog;
KRAS

Mothers against
decapentaplegic
homolog 1;

SMAD1

Thyroid hormone receptor
beta;

THRB

Transducin-like enhancer
protein 4;

TLE4

Zinc finger transcription
factor Trpsl;
TRPS1

WW and C2 domain
containing|;
WWC1

Exosome complex

component RRP4;
EXOSC2**

MORC family CW-type zinc
finger protein 3;

MORC3

Mothers against
decapentaplegic
homolog 2;
SMAD?2*
Mothers against
decapentaplegic
homolog 3;

SMAD3

Transcription termination
factor 1;

TTF1
Ubiquinol-cytochrome ¢ re-
ductase, rieske iron-sulfur
polypeptide 1;

UQCRFS1

Calcium-regulated heat-stable
protein 1;

CARHSP1

LDOCI, regulator of NFKB
signaling;

LDOC1

Mothers against
decapentaplegic

homolog 4;

SMAD4*

Mothers against decapenta-
plegic homolog 5;
SMADS

Methyl-CpG binding
protein 2;

MECP2*

Vascular cell adhesion
protein 1;

VCAM1

Von Hippel-Lindau disease
tumor suppressor;

VHL

Weel-like protein kinase;

WEE1*

Gamma-aminobutyric acid recep-
tor-associated protein-like 1;
GABARAPL1

Kelch repeat and btb domain-
-containing protein 2;

KBTBD2

Regulator of nonsense

transcripts 2;

UPF2
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Myocyte enhancer
factor 2A;
MEF2A

Homeobox protein meisl;

MEIS1*

HMG box-containing
protein 1;

HBP1

Interleukin 13 receptor
subunit alpha 1;
IL13RA1

Phosphatase domain
containing, paladin 1;
PALD1*#*
Bromodomain and PHD
finger-containing
protein 3;

BRPF3

Arfaptin-1;

ARFIP1

39S ribosomal protein
L18, mitochondrial;

MRPL18

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

Zinc finger protein ZIC 3;
Z1C3

Muscle blind-like

protein 3;

MBNL3

Histone h3-dimethyl-
-l-lysine9 demethylase;
KDM3A

Cytokine induced apoptosis
inhibitor 1;

CIAPIN1

VPS35 endosomal protein

sorting factor like;

C160RFe62

Zinc finger protein 248;
ZNF248

TBCI domain family
member 14;

TBC1D14

Hect and rld domain containing e3
ubiquitin protein ligase 4;
HERC4

Integrator complex subunit 6;

INTS6

Cytochrome P450 2U1;
CYP2U1*

Afadin-and alpha-
-actinin-binding protein;
SSX2IpP

Anaphase-promoting complex
subunit 16;

ANAPC16

RNA-binding protein Musashi
homolog 2;

MSI2

Mitochondrial import inner mem-
brane translocase subunit TIM 14,
DNAJC19

Family with sequence similarity
199, X-linked;

FAM199X

Vesicle transport protein
GOTI1B;
GOLT1B

Family with sequence simi-

larity 135 member A;
FAM135A

Zinc finger protein 714;
ZNF714
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Ubiquilin-1;
UBQLN1

Kelch-like protein 5;
KLHLS5

Teashirt homolog 3;

TSHZ3

Sirtuin 1;
SIRT1

Protein FAM91A1;
FAM91A1

Zinc finger protein 431;
ZNF431

Coiled-coil domain
containing 41;

CCDC41

RB-associated KRAB
zinc finger protein;

RBAK

Eukaryotic translation
initiation factor 2c;

AGO4

Chromosome 3 open
reading frame 18;
C30RF18
Lysine-rich coiled-
-coil protein 1;
KRCC1
Pre-mRNA-processing
factor 17,

CDC40

E3 ubiquitin-protein

ligase RNF123;

RNF123

MAGUK p55 subfamily
member 5;

MPP5
Serine/threonine-protein ki-
nase WNKI1;

WNKI1*

Toll like receptor 3;
TLR3

Ligand of numb-protein X 2;
LNX2

Programmed cell death protein 4;
PDCD4

Calcium-binding

protein 39;

CAB39

Transmembrane 6 super-
-family member 1;
TM6SF1

DNA polymerase epsilon 3,
accessory subunit;

POLE3

Selenocysteine insertion se-
quence-binding protein 2;
SECISBP2

Probable ATP-dependent
RNA helicase DHX40;
DHX40

Histone deacetylase complex
subunit SAP30L;

SAP30L*

Ligand-dependent nuclear receptor
corepressor-like protein;

LCORL

Germinal center-associated signal-
ing and motility protein;

GCSAM

Family with sequence similarity
177 member Al

FAM177A1
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ADP-ribosylation factor-
-like protein 15;

ARL15

Solute carrier family 35,

member f1/2;

Coiled-coil domain-
-containing protein 82;

CCDC82

PHD finger protein 17;

Zinc finger protein 493;
ZNF493

Tumor protein p53-inducible

nuclear protein 1;

SLC35F2 PHF17 TP53INP1
WW domain binding Chromodomain-helicase-

protein 1 like; DNA-binding protein 9; Occludin;
WBPI1L CHDY OCLN*

TBCI domain family
member 8B;

TBC1DSB
Wolf-Hirschhorn syndrome
candidate 1-like protein 1;
WHSCI1L1

Zinc finger protein ZIC 3;
C170RF80

Tetraspanin-14;

TSPAN14

Zinc finger protein 611;
ZNF611

Ras association domain-con-
taining protein 4;

RASSF4

Type-1 angiotensin II receptor;
AGTR1

NACHT, LRR and PYD
domains-containing protein 3;

NLRP3*

C-reactive protein;

CRP**

DET1 partner of COP1
E3 ubiquitin ligase;
DET1

Protein polybromo-1;
PBRM1

Defective in cullin
neddylation | domain
containing 2;

DCUNI1D2

Armadillo repeat-
-containing protein 2;
ARMC2

Caspase recruitment domain-
-containing protein 11;
CARD11

Mini chromosome mainte-
nance 8 homologous recom-

bination repair factor;

MCMS8

Zinc finger protein 561;
ZNF561

Zinc Finger Protein 83;
ZNF83

Vacuolar protein sorting-
-associated protein

18 homolog;

VPS18
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Ethanolamine

Kinase 2;

ETNK2

Protein lin-7 homolog C;
LIN7C

Leucine rich repeat
containing 59;

LRRC59

Interleukin 17 receptor B;

IL17RB

Carbonyl reductase family
member 4;

CBR4

Ligand-dependent nuclear re-
ceptor-interacting factor 1;
LRIF1

Microtubule associated ser-
ine/threonine kinase like;
MASTL

Ubiquitin domain
containing 2;

UBTD2

Nuclear Factor Of Activated T
Cells 2 Interacting Protein;
NFATC2IP

Centrosomal protein

of 41 kDa;

CEP41*

Sp4 transcription factor;
SP4

Transforming growth factor
beta receptor 2;

TGFBR2

*genes related to the CNS diseases; ** genes with the role in neurodegenerative diseases; *

genes with the documented role in AD; ® AD - related genes involved in immune and

inflammatory response; © common genes of miR - 146a and miR - 155
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Abstract.

Background: 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 enable a more
timely detection of AD, research efforts are directed to identification of biomarkers of the early symptomatic stage. Neuroin-
Nammatory signaling pathways and inflammation-related microRNAs (miRNAs) could possibly have a crucial role in AD,
making them promising potential biomarkers.

Objective: We examined the expression of circulatory miRNAs with a documented role in AD pathophysiology: miR-
29a/b, miR-101, miR-125b, miR-146a, and miR-155 mn the plasma of AD patients (AD, n=12), people with mild cognitive
impairment (MCI, n=9), and normocognitive group (CTRL, n=18). We hypothesized that these miRNA expression levels
could correlate with the level of participants’ cognitive decline.

Methods: The study participants completed the standardized interview, neurological examination, neuropsycholo gical assess-
ment, and biochemical analyses. miRNA expression levels were assessed by RT-PCR.

Results: Neurological and laboratory findings could not account for MCI, but miR-146a and -155 were upregulated in the
MCI group compared to the control. miR- 146a, known to mediate early neuroinflammatory AD events, was also upregulated
in the MCI compared to AD group. ROC curve analysis for miRNA-146a showed 77.8% sensitivity and 94.4% specificity
and 66.7% sensitivity and 88.9% specilicity for miR-155.

Conclusion: Determination of circulatory inflamma-miRs-146a and -155 expression, together with neuropsychological
screening, could become a non-invasive tool for detecting individuals with an increased risk for AD, but research on a larger
cohort is warranted.

Keywords: Alzheimer’s disease, mild cognitive impairment, miR-146a, miR-155, neuroinflammation

INTRODUCTION

Life expectancy has doubled in the world since the
beginning of the 20 century, leading to an increased
*Correspondence to: Dr. Isidora RovEanin Dragovié, Faculty of incidence of Alzheimer’s disease (AD), as a dis-
Medicine, University of Montenegro, Krufevac bb, 81000 Pod- case of the elderly. AD is l‘csp()nsiblc for 60-70%

ica, Mont . Tel: +382 69 878 770; E-mail: isidorar@ . . ! . .
ﬁ:z;;i’m;m criegro. Tali ¥ s sidorar of all dementia diagnoses [1]. Ninety-five percent
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of patients diagnosed with AD are sporadic cases
and remaining 5% have familial gene mutations [2].
Among people who are 65 years and older, 10%
are thought to have this progressive and ultimately
fatal neurodegenerative disorder [1]. This global,
increasing trend of AD is independent of their socio-
economic status, and the financial burden due to AD
is in range of cardiovascular diseases and carcinoma
[3]. These facts identify AD as an insufficiently rec-
ognized problem, making the biomedical research in
the dementia field a priority. In that regard, timely
detection and slowing down of the disease course are
of critical importance.

Difficulty of AD identification in a timely manner
lies in the facts that pathological (AD-P) and clin-
ical features (AD-C) of the disease are in temporal
discrepancy and that clinical tests provide the diag-
nosis only when the first symptoms appear. Currently
accepted biomarkers have relatively low specificity
[4] and enable diagnosis sometimes even a few
decades after the cascade of the pathophysiological
processes has been initiated [5]. In addition, current
treatments only alleviate symptoms, but do not have
an effect on the causal mechanism, which has not yet
been fully elucidated [6]. AD presents itself as the
continuum from asymptomatic disease to dementia
[7,8] and AD-C typically include incremental loss
of memory and cognitive functions, involving the
language, visuospatial, and executive domains [9].
However, 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 [10]. Recently,
the criteria for identification of subtle clinical mani-
festations prior to the objective evidence, subjective
cognitive decline (SCD) due to AD, are structured
and proposed as a useful concept [11]. However,
there are still inconsistent and heterogeneous find-
ings, regarding their clinical utility [12]. Therefore,
the currently accepted diagnostic standard tools for
an objective assessment [ 13] identify patients mainly
in mild cognitive impairment (MCI) stage. A possi-
bility of unambiguous clinical identification of this
symptomatic AD stage, considered as early phase in
the disease trajectory, make MCI a suitable ground
for investigation of early pathological processes of
the disease. Besides, the available data imply possi-
bility toeffectively slow downdisease process in MCI
stage, since there are cases of MCI which progress to
dementia due to AD, but also those who remain sta-
ble over time [14]. Therefore, many research efforts
are currently directed towards the identification of

biomarkers of MCI stage. These biomarkers could
not only contribute to the understanding of the early
clinical stage itself and slowing down of the dis-
ease progress, but they could ultimately lead to AD
diagnosis in preclinical stage and development of
causative therapeutic modalities.

According tothe results of the genetic studies of the
early-onset familial forms of AD, irregular amyloid-
B (AP) metabolism represents the initial molecular
mechanism, ultimately leading to both AD-P and
AD-C [15]. Currently, there are two biomarkers of
extracellular Ap accumulation: low cerebrospinal
fluid (CSF) AR [16] and abnormal tracer retention on
amyloid positron emission tomography (PET) imag-
ing [17]. Inaddition, biomarkers of tau pathology [18]
and biomarkers of neuronal injury in brain regions
typical for AD [19] are also included in AD diagnos-
tic guidelines [17]. The amyloid cascade, which has
been proposed as the leading AD mechanism, might
be very early pathophysiological event of the dis-
ease [20], but itis probably not the primary causative
mechanism [21, 22,] and certainly, it does not offer
enough explanations of AD pathogenesis alone [23].
Thus, several biological pathways have been pro-
posed as leading mechanisms of AD and MCI [24,
25], and inflammation has emerged as a substantial
driver of AD. There are studies that show increased
levels of inflammatory markers in AD patients, as
well as an association between AD risk genes and
innate immune function [25-27]. The importance of
inflammation in neurodegenerative processes of AD
were observed for the first time 30 years ago, in a
study that reported positive effects of chronic anti-
inflammatory therapy on decreasing the incidence
and progression of AD [28]. Epidemiological stud-
ies have also shown positive correlations between
dementia and data on previous infection [29]. A
number of confirmations followed, based on exper-
imental studies on animal models [30] as well as
clinical research [31], but also functional and struc-
tural changes in AD brain [32]. Eventually, based
on the vast evidence [25-32], neuroinflammation is
placed in the focus of the research in AD field, with
promising potential to identify biomarkers of early
phases of AD.

microRNAs (miRNAs) are small, endogenous,
highly conserved, non-coding RNAs that regulate
gene expression at the post-transcriptional level
through RNA interference [33, 34]. miRNAs have
been shown to be involved in fundamental cellular
processes such as cell proliferation, differentiation,
migration, and apoptosis [35]. A series of stud-
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Fig. 1. Recruitment process. CTRL, healthy volunteers with nomal cognitive function; MCL, healthy volunteers with subjectively normal
cognitive function, but with mild cognitive impairment detected by neuropsychological screening; AD, participants diagnosed with AD.

ies demonstrated their implication in a variety of
human brain dysfunctions involving neuroinflamma-
tion and oxidative stress [36]. Specifically, immune-
and inflammation-related miRNAs are reported to
have possibly crucial role in neuroinflammatory sig-
naling pathways of AD [37,38].

Based on a detailed literature review, the analysis
of the following circulatory miRNAs was conducted
in the present study: miR-29a/b, miR-101, miR-125b,
miR-146a, and miR-155. They have arole in the lead-
ing pathways of AD, such as: inflammation, oxidative
stress, and innate immunity, and also i the specific
processes involved in the formation of the abnormal
protein depositsi4amyloid plaques and neurofibril-
lary tangles [39].

The presented study compared miRNA expression
profiles in plasma of the three groups of patients:
1) those with AD (AD group), 2) those who subjec-
tively have normal cognitive function, but objective
tests show they have mild cognitive impairment (MCI
group), and 3) those people who subjectively and
objectively have normal cognitive function (CTRL
group). In hope to identify future potential biomark-
ers for early stages of AD, we hypothesized that the
expression levels of the selected circulatory miRNAs
could correlate with the level of cognitive decline in
participants,

MATERIALS AND METHODS

Ethical statement

The study protocol was approved by the Ethical
Committee of the Clinical Center of Montenegro (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.

Participants and group assignment

The present retrospective-prospective, multidisci-
plinary study enrolled 39 subjects, out of total 51
examined individuals (Fig. 1). They were divided into
three groups: 18 healthy controls (CTRL), 9 patients
with MCI, and 12 patients with previously diagnosed
AD. Written informed consent to participate in the
study was obtained from all participants or their legal
representatives.

All the participants filled a questionnaire designed
to standardize the process of the clinical interview
and to obtain comparable demographic and clinical
data (Table 1). Subsequently, they underwent the neu-
rological and neuropsychological assessment, as well
as peripheral blood sampling, for standard diagnostic
and experimental laboratory analyses.

AD patients were recruited during their regular fol-
low up appointments, at the Neurology Clinic of the
Clinical Center of Montenegro. The other two groups
of patients were volunteers recruited at the Faculty of
Medicine.

For all participants excluding criteria were: pres-
ence of neurological disorder (other than AD, for AD
group), psychiatric, systemic and poorly controlled
chronic diseases, history of drug and alcohol abuse,
and current acute illness. The Geriatric Depression
Scale-15 (GDS-15) was performed toexclude depres-
sive disorder. Those patients who scored 9 or more
points on GDS-15 had major depression disorder and
were excluded from the study [40]. In addition, in
control subjects, neuropsychological screening test
results [Mini-Mental State Examination (MMSE)
and Montreal Cognitive Assessment (MoCA)] below




628 I Rovéanin Dragovic et al. / Upregulation of Inflamma-miRs -146a and -155 in MCI

26 were considered as excluding criteria. Nine par-
ticipants who subjectively did not have cognitive
impairment, but their MoCA score was lower than
26 formed a group with MCI. In these participants
cognitive impairment was accidentally discovered.

A number of cases were excluded from the study,
either because patients met exclusion criteria or
plasma samples were inadequate (Fig. 1).

Clinical evaluation

Neurological examination

An interview according to the defined ques-
tionnaire, together with neurological examination,
was conducted by a neurologist, at the Faculty of
Medicine or at the Clinical Center of Montenegro.
All the volunteers for the study, including those
who denied neurological disorders during an inter-
view, underwent detailed neurological examination,
in order to thoroughly select participants for the study
and identify exclusion criteria (Fig. 1).

Patients with AD were previously diagnosed at
Clinical Center of Montenegro, according to the crite-
ria of the National Institute of Aging and Alzheimer’s
Association (NIA-AA) [41]. 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.
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 1).

Neuropsychological assessment

The neuropsychological examination of all partic-
ipants was conducted by a doctor or a psychologist
certified for neuropsychological assessment, which
included: short assessment of SCD, MMSE, MoCA,
and GDS-15. In AD patients, depression was pre-
viously excluded as a differential diagnosis, so the
GDS-15 was not performed again.

Although the present study recruited people for
the control group, who felt mentally and physically
healthy, SCD was assessed through an open question
as an additional check. Among the healthy volun-
teers, several participants unexpectedly had MoCA
scores indicating they have an MCI, so they formed
an MCI group. MoCA test score was used for the final
selection of subjects for MCI group, since literature
data consistently confirm its potential for improved
detection of MCI and superiority compared to MMSE
[42].

Laboratory examination

Biochemical laboratory analyses helped to iden-
tify conditions which are among excluding criteria
(Fig. 1), or to check parameters of special interest
for particular chronic disease of our study partic-
ipants, which would exclude them from the study
(e.g.. HbA1C>10). The following analyses werecon-
ducted 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 inflamma-
tory marker.

Table 1

Demographic and clinical features of the examinees
Varables CTRL (n=18) MCI (n=%9 AD (n=12) P
Age (mean £ SD) 65.44+£8.12 T0.33 £8.46 70,92 +£7.34 0.1391
Median (range) 65.0(55.0-77.00 710 (550 -82.00 70.0(59.0 - 85.0)
Gender 0.6792
Male 11 (6l.1%) 4 (4 A5%) 6 (505%)
Female T(38.9%) 5(55.6%) 6 (509%)
Years of education (mean £S5D) 1372 £2.52 1144 £397 11.25 £3.05 0.0791
MoCA score (mean £5D) 2767 £1.19 21.67 £387 15.31 £79 <0000 ##*
Hyperension 8 (44.5%) 5(55.5%) 8 (66.79%) 0.4857
Hypedipidemia T(38.9%) 1(11.1%) 5(41.79%) 0.2691
Diabetes mellitus 3(16.7%) L{11.1%) 5(41.7%) 0.1756
Physical activity 12 (66.7%) 4 (44.55) T(58.3%) 0.5413
History of smoking 8 (44.5%) 6(66.7%) 4 (33.3%) 03106
Coffee consumption 12 (66.7%) 5(55.6%) 3(25%) 0.0785
Played music 3(167%) 1{11.1%) 2(16.7%) 09212

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),

cumrently or previously in life.
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Analysis of miRNA expression profiles

Sample processing and miRNA extraction

Tenmilliliters of peripheral venous blood were col-
lected from each participant into BD Vacutainer®
Venous Blood Collection Tubes (cat. No. 367525)
containing EDTA. The tubes were kept onice and pro-
cessed within 1 h from the blood collection. Plasma
was separated from the whole blood by centrifuga-
tion at 1.900xg for 10 min at 4°C, followed by an
additional centrifugation step at 3.000x g for 15 min
at 4°C, to remove 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 iso-
lated from plasma by using miRNeasy Serum/Plasma
Advanced Kit (Qiagen, Hilden, Germany) according
to the manufacturer’s instructions. The miRNA con-
centration was determined using Qubit microRNA
Assay Kit (Q32880, Invitrogen, Thermo Fisher
Scientific) on a Qubit 3.0 fluorimeter (Q33216, Invit-
rogen, Thermo Fisher Scientific, USA).

Quantification of miRNAs by RT-PCR

Two pl miRNA from each sample was reversely
transcribed to c¢DNA using TagMan Advanced
miRNA ¢DNA 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. qRT-PCR was run on
an Applied Biosystems 7300 Real Time PCR system
(Applied Biosystems, USA). The expression levels
of target genes were normalized by using the mean
expression levels of miR-361-5p gene, selected as
the most stable internal control miRNA (between
miR-186-5p, miR-1255a, and miR-361-5p) by the
NormFinder algorhitm (Andersen CL, Jensen JL,
@rntoft TF). Normalization of real-time quantitative
reverse transcription-PCR data: a model-based vari-
ance estimation approach to identify genes suited for
normalization, applied to bladder and colon cancer
data sets [43]. Expression of every target gene was
calculated using the 2~2A€" method. Every sample
was retrotranscribed twice and run in triplicate each
time.

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 analyzed
with the r-test or one-way ANOVA, whereas cate-
gorical variables were analyzed with the x test or
Fisher’s exact test. Results of all continuous vari-
ables were first tested for normality of distribution by
D’ Agostino-Pearson and Shapiro-Wilk tests. Asso-
ciations between miRNA expression and clinical
variables were explored using Mann-Whitney and
Kruskal-Wallis tests, as appropriate. Pearson corre-
lation coefficients were computed as well. Receiver
operating characteristic (ROC) curve analysis was
done to evaluate all the five selected miRNAs as
potential prognostic biomarkers.

RESULTS

Demographic and clinical features of the study
participants

A summary of the demographic and clinical char-
acteristics of study participants is given in the Table 1.
There was no significant difference in age among
the groups. Male and female examinees were almost
equally represented in the groups. Participants of all
the study groups had on average similar level of edu-
cation.

As expected, MoCA scores among the groups
were significantly different, with the lower values in
patients with AD and MCI, compared to subjects in
the control group (p <0.0001, Table 1).

Hypertension, hyperipidemia, and diabetes melli-
tus were the most common diseases among the study
participants, but their prevalence was not significantly
different among the groups. Frequency of habits, like
smoking, coffee consumption, regular physical activ-
ity, and hobbies related to music, was similar among
the groups. None of the participants had history of
significant alcohol consumption.

MCT subjects without SCD were accidentally
discovered by neuropsychological examination

None of the healthy volunteers in the study
reported SCD (Table 2). The percentages of the vol-
unteers with normal cognitive performance and those
who scored under 26 on neuropsychological screen-
ing tests are given in the Table 2. MoCA and MMSE
results were in correlation (r=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 (Fig. 2). When compared,




630 I Rovéanin Dragovic et al. / Upregulation of Inflanima-niRs -146a and -155 in MCI

Table 2
Cognitive performance of the healthy volunteers

Evaluated category Percentage of
the examinees
Subjective cognitive decline 0%
MMSE score
26-30 BE.9%
<26 1.1%
MoCA score
26-30 66.75%
<26 33.3%
30 ® ... s
L]
g 204 [ ]
3
7]
=
= 101
o 10 20 30

MoCA score

Fig. 2. Correlation of Montreal Cognitive Assessment (MoCA)
and Mini-Mental State Ex amination (MMSE) scores of the healthy
volunteers.

MCT and control groups were not significantly differ-
ent regarding the scores below 9 (p=0.36730, data
not shown).

Neurological examination of the control and MCI
groups did not indicate presence of the central ner-
vous system disease. The participants denied history
of cerebrovascular or other neurological disease that
could cause cognitive decline in the MCI group.
Also, biochemical analyses of blood samples showed
that none of the volunteers included in the study
had thyreid dysfunction, B12 deficiency, severe ane-
mia, acute or poorly controlled chronic condition that
could cause cognitive decline.

miR-146a and miR-155 are upregulated in MCI
subjects

Using the qRT-PCR method, in the CTRL, MCI,
and AD groups, the expression level of the follow-
ing circulatory miRNAs was determined: miR-29a/b,
miR-101, miR-125b, miR-146a, and miR-155. Statis-
tical analysis did not show any significant difference
in the expression level of miR-29a/b, miR-101, and
miR-125b among the examined groups (p=0.1512,
p=0.4374, p=0.3020 respectively, data not shown).

Circulatory miRNA-146a expression levels were
found to be upregulated in MCI group, compared
to both the CTRL (p=0.0121) and AD group
(p=0.0089). Expression level of miR-146a in the
control subjects, however, was not significantly dif-
ferent from those with AD (p>0.9999) (Fig. 3A).

Similar pattern of expression among the groups
was found for miR-155. Its expression level was sig-
nificantly higher in participants with MCI, compared
to the CTRL (p=0.0187), but there was no difference
in miR-155 levels between control and AD groups
(p=0.2241).

In order to have a more precise insight in sensitiv-
ity and specificity of these miRNAs in discrimination
of healthy and diseased individuals and assess their
potential toserve as a diagnostic test, ROC curve anal-
ysis was performed (Fig. 4A-C). For the miR-146a
expression values of control and MCI groups, AUC
was 0.8642 (95% MCI, 0.6852-1.0), with 77.8%
sensitivity and 94.4% specificity (Fig. 4A), whereas
for the data on miR-146a expression in participants
with MCI and AD, AUC was 0.8519 (95% MCIL
0.6684-1.000) with 88.89% sensitivity and 83.33%
specificity (Fig. 4B). When miR-155 expression level
in the MCI and control groups was analyzed, AUC
was 0.7654 (95% CI, 0.5474 to 0.9834), with 66.7%
sensitivity and 88.9% specificity (Fig. 4C). There-
fore, ROC curve analyses showed that both miR-146a
and miR-155 had significant diagnostic value and
could differentiate MCI from normal controls, and
miR-146a could differentiate MCI from AD patients
as well.

Moreover, although the expression of miR-155 was
not different between MCI and AD group, the expres-
sion levels of miR-146aand miR-155 plotted together
on a two-dimensional scatter plot illustrate a unique
expression pattern of these selected inflamma-miRs
that differentiates those with MCI from healthy indi-
viduals and from those with AD (Fig. 5).

miR-146a and miR-155 expression levels are
unchanged during the course of manifested AD

Since miR-146a and miR-155 demonstrated the
potential for detection of early cognitive impairment
(Figs. 3 and 4), we wanted to test whether these miR-
NAs could also be upregulated earlier in the course
of AD (Table 3). To that aim, expression values of
miR-146a and miR-155 were compared between the
patients diagnosed with AD less than one year before
the moment of recruitment and those who had AD
for one year or longer. The difference in the expres-
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sion level was not statistically significant (p=0.1120,
p=0.8810, respectively, data not shown). The cor-
relation of miR-146a and miR-155 expression level
with years of AD duration was not statistically sig-
nificant (p=0.7638; p=0.3027, respectively, data not
shown).

DISCUSSION

The present study enrolled patients with AD
and volunteers without subjective cognitive decline,
but interestingly, neuropsychological screening tests
indicated that 33.3% of the apparently healthy sub-
jects had MCI (Table 2). Neurological and laboratory
findings could not explain their neuropsycholog-
ical performance. However, in MCI group, 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 MCI compared to AD group
(Fig. 3). In patients with already diagnosed AD, miR-
146a and miR-155 were not upregulated earlier in the
course of the disease, compared to the later phases.
Finally, ROC curve analyses suggested that these
miRNAs could serve as non-invasive biomarkers of
early cognitive impairment (Fig. 4).

Subjective cognitive decline is known as a phe-
nomenon of self-experienced cognitive decline that
may represent the first manifestation of AD, when
objective impairment in cognition is still not present
[11, 44]. Accidentally revealed MCI in healthy sub-

jects.who did not report SCD, and that we found in
the present study (Table 2), has not been clinically
regognized so far, to the best of our knowledge. Neu-
ropsychological screening tests indicated that 33,3%
of the apparently healthy subjects had MCI (Table 2),
which could not be explained by neurological exami-
nation and laboratory findings. Many studies showed
importance of SCD for early prediction of devel-
opment of clinically manifested AD [11, 45, 46].
Moreover, neuroimaging techniques revealed distine-
tive brain alterations related to the symptoms of SCD
[44, 47]. However, there are some critical points in the
process of SCD evaluation that might be too subjec-
tive, affected by the individual cultural background
and susceptible to the influence of various social fac-
tors and inter-personal relations at the moment of
evaluation [12]. Our decision to use simple, open
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 (r=0.725;
p<0.01), but MoCA proved to be more sensitive,
which is consistent with previously published data
[42]. MCI would not have been discovered in 22.2%
of the examinees, had they been evaluated by MMSE
only (Fig. 2). Moreover, if the evaluation of SCD
was not followed by an objective assessment, none
of the participants with cognitive impairment would
have been identified. Thus, our results certainly raise
a question of reliability of subjective comprehension
of cognitive functioning and emphasize significance
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Fig. 4. Receiver operating characteristic (ROC) curve analysis of altered miRNAs. A) ROC for miR-146a in control and MCI groups: B)
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of objective neuropsychological assessment. In order
to rule out other causes of cognitive decline, his-
tory of other diseases, brain injury, and the list of
medications were reviewed, and statistically signif-
icant difference in age among the groups was not
found, which confirmed there was no significant dif-
ference among the groups (Table 1). The participants
were also checked for vitamin B12 deficiency, thy-
roid dysfunction, anemia, and other acute or chronic
conditions that could cause MCI. Finally, no signifi-
cant variability in neurological examination or scale
of depression was observed. However, itis worth not-
ing that the extent of neurological evaluation in the
presented study was limited to non-invasive and inex-
pensive tests and also. determined by the fact that AD
patients have been retrospectively recruited.

The MCI group had significantly higher level
of miR-146a and miR-155 expression, in compari-
son to the healthy control subjects (Fig. 3). Various

studies conducted in humans or animal models and
cell cultures, over the last ten years, unambigu-
ously demonstrated involvement and significance of
miR-146a and miR-155 in pathogenesis of AD [34,
48-52]. miRNA-146a was among the first miRNAs
found to be highly expressed in AD brain, specifi-
cally in anatomical regions affected by the disease,
but not in the other, control regions of the same brain
[53]. Authors of the recent bioinformatics study cre-
ated a miRNA-targetinteractions network constituted
of 8 miRNAs and found that nodes in the network
with the highest number of edges include miR-146
[54]. As for miR-155, its expression was found to be
increased in AD rats, and its inhibition improved the
impaired memory in this animal model [55].

When considering the continuum of clinical pre-
sentation of AD, it is of special interest to identify
miRNA signature patterns of MCT stage. since it is
estimated that up to 22% of individuals clinically
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Fig. 5. Joint expression pattern of the selected inflammatory miR-
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participants. The graph represents a two-dimensional scatter plot
of miRNA-146a and - 155 expression levels. Each data point shows
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ated diagnosis (CTRL, control; MCL, mild cognitive impairment;
AD, Alzheimer's disease). The data clustering is illustrated by the
superimposed star plot showing the mean value for a group in the
center each cluster, which is surrounded by the 95% confidence
area in the shape of the ellipse.

defined as MCI, progress to AD within one year
[56]. Circulatory miR-146a is known to be signifi-
cantly upregulated in patients with MCI who later
develop AD, compared to those who do not convert
to AD [48]. Also, higher miR-146 expression level
was found in APOE E4 carriers, and it correlated
with neuroimaging hallmarks of AD and increased
CSF 42 amino acid amyloid-B (AB42) concentra-
tion [48]. An interaction among MCI-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
pathophysiological cascade of AD and other neu-
rodegenerative diseases [57]. Taken together, these
findings suggest that AD could be an underlying
cause of the accidentally discovered mild cogni-
tive impairment in volunteers in our study, who had
increased expression of miRs-146a and -155, com-
pared to the control group.

Closer understanding of miR-146a and -155
involvement in particular pathophysiological path-
ways of AD, further explains the significance of their
increased expression level in MCI group. miR-146a,
known for its importance in modulating the innate
immune response and inflammatory events in brain
cells [58], has been recently proposed as highly sig-
nificant in neuroinflammatory mechanisms of AD

[34, 48, 50, 57, 59, 60]. For example, in primary
human neuronal-glial (HNG) cell co-cultures, miR-
146a transcription was found to be induced by certain
stress factors, such as the pro-inflammatory cytokine
IL-1, known to be elevated in AD brain [58]. More
recent research of inflammatory processes in AD
also revealed significance of miR-155 in these path-
ways [33, 49, 57, 60]. This miRNA was shown to
be early and strongly upregulated in 12-month triple
transgenic mouse AD model [49], but also in AB-
activated microglia and astrocytes, contributing to
the production of inflammatory mediators such as
IL-6 and IFN-[3. inducing the decrease of activity of
cytokine signaling suppressor (SOCS-1) [33]. More-
over, these studies revealed not only involvement of
miR-146a and miR-155 in neurcinflammatory AD
pathways, but also their interactive points in that cas-
cade [57]. On the other hand, it is well established that
neuroinflammation contributes to AD pathogenesis
[25-32]; and there 1s evidence that strongly sug-
gests that it is initial and vital component in the AD
pathophysiological cascade [61-65]. In an animal
model, activation of microglia, which are key media-
tors of neuroinflammation among the innate immune
cells, has been observed at the pre-plaque stage of
AD [61]. Also, increased microglial activation has
been detected in people with MCI, in the absence of
amyloid tracer uptake [62, 63]. Genome-wide asso-
ciation studies found that mutations of microglial or
innate immune genes, such as CD33, TREM2, and
complement receptor type 1., are associated with an
increased occurrence of AD in the population [64,
65], which also supports the neuroinflammatory con-
cept as initiating in AD. All these data go in favor
of hypothesis that an increase in expression levels
of inflamma-miR-146 and -miR-155 in MCI subjects
could be explained by their involvement in inflam-
matory pathways, characteristic for 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 upreg-
ulated in MCI compared to AD group. More thorough
insight in neuroinflammatory AD events and engage-
ment 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 [32, 66]. Thus, at some time point,
there is an activation of homeostatic mechanisms to
limit destructive inflammatory events in AD [67, 68].
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Table 3
Time frame of the disease course in AD patients
Number of Age at the Age al the Duration of miR-146a miR-155 P
AD patients beginning of moment of the disease expression expression
the disease recruitment (mo) (mean) (mean)

AD diagnosed 5 764+ 498 7644+ 4.98 3+1.91 0.8478 1.349 0.1120
less than one
year before the
recruitment
AD one year or 7 6054+ 5.47 607.44+5.20 2941681 1.150 1.404 0.5545
longer

Data are presented as mean + standard deviation.

Published data clearly indicate that miR-146a also
has a role in suppression of pathological neuroin-
flammatory response in AD. Primarily induced by
pro-inflammatory cytokines [58, 69, 70], miR-146a
in turn downregulates proteins in overactive neu-
roinflammatory signaling pathways, contributing to
their limitation [60]. Consequently, it is possible that
this negative regulatory feedback mechanism ends
with decreased expression of miR-146a. This con-
sideration 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 more prominent role of miR-155, which
is found to be responsible for microglia polariza-
tion to pro-inflammatory M1 phenotype. Moreover,
subsequent increase in inflammatory cytokines was
followed by reduction of miR-146a expression; while
miR-155 upregulation persisted [71]. Another study
by the same authors [72] showed that presence of A3
in different assembly states interacts with microglia
leading to an inflammation cascade in_young cells
and that response is lost in aged cells, suggest-
ing a differential response along the progression of
AD. Temporal discrepancy of miR-146 and miR-
155 expression during an inflammatory response was
confirmed in animal model as well [73]. Increased
expression of miR-155 induced overactive acute,
but also chronic inflammation, even in a miR-146a-
deficient mice.

These results are in line with our findings of
miR-146a and miR-155 expression levels in clinical
context. Significant miR-146a upregulation in MCI
compared to control corresponds with its dominant
role early in the disease process, through the initiation
of inflammatory cascade and interaction with media-
tors of inflammation. Normalization back to control
levels in AD group probably reflects suppression of
miR-146a by homeostatic, anti-inflammatory mech-

anisms, characteristic for the chronic stage. On the
other hand, miR-155 expression implicates its per-
sistent activity, as a reflection of continuous, chronic,
although self-limiting inflammation and continuous
microglial engagement in that process.

However, other studies showed that disease pro-
gression in AD mouse models was followed by
increased miR-146a expression in brain tissue [50],
and also, it was observed in the same model ex vivo,
that density of plaques and synaptic pathology were
in correlation with miR-146a expression. Differences
inmethodological approach could be responsible for
an opposite observation. Similarly, Lukiw et al. found
that miR-146a levels measured in neocortex and lim-
bic system increased, as the severity of AD advanced
[58].

The number of participants is the limiting aspect
of our study, thus, the research on the larger group
1s warranted in the future. Moreover, lack of the
complete neurological evaluation in CTRL and MCI
groups, that includes some invasive and expensive
tests, might represent another limiting point of our
study, but, at the same time, it has opened new direc-
tions for the future cohort study with the MCI group.
Regular follow ups, screening of molecular and clini-
cal inflammatory markers with complete neurological
assessment at later time points, will potentially con-
firm AD as a cause of their cognitive impairment,
as well as neuroinflammation as a key pathophysio-
logical event. Also, cross-cultural validity of MoCA
cutoff score and its adjustment for our region should
be explored in the future. Eventually, results of our
study imply that SCD evaluation through an open
question might not always be reliable tool to indicate
CI in elderly. Therefore, proposed structured evalua-
tion form [11] should be considered as an assessment
tool in the future studies.

Our results show that when analyzed together, the
specific expression patterns of miR-146a and miR-
155 are able to differentiate MCI group from the
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control as well as from the AD group of participants
(Fig. 5). AUC value of 0.8642 for miR-146a, with
77.8% sensitivity and 94.4% specificity (Fig. 4A),
and AUC value of 0.7654 for miR-155, with 66.7%
sensitivity and 88.9% specificity (Fig. 4C), clearly
suggests their potential diagnostic significance for
MCT detection. More research is needed to determine
if these miRNAs could be used for detection of early
AD stages in general population, as well as in patients
with other comorbidities that were not included in this
study.

Finally, our results on miRNA expression in
patients with already diagnosed AD, which showed
that miR-146a and miR-155 were not upregulated
earlier in the course of the disease, compared to the
later phases, additionally support their potential sig-
nificance in detection of patients in MCI stage.

Conclusions

This study accidentally identified that a cer-
tain number of patients with cognitive decline in
Montenegrin population remain undetected. SCD
evaluation should be important and possibly crit-
ical aspect of the successful and timely detection
of cognitive decline, but neuropsychological screen-
ing instruments should be routinely administered to
elderly in Montenegro, even if the patient does not
complain of problems related to cognitive function-
ing.

The upregulation of miR-146a and miR-155 could
have utility in serving as a non-invasive, biofluid
biomarker for the diagnosis of MCI due to AD
and thus, potentially, also for monitoring of drug
treatment efficacy and for making prognosis for the
patients in early stages of AD.

Moreover, this study also identified the poten-
tial of neuropsychological screening instruments and
molecular markers, which could together signifi-
cantly improve our ability to diagnose AD in very
early stage, and could possibly become routine non-
invasive tools for detection of early AD.

Although determination of inflamma-miR-146a
and -155 circulatory levels might represent a novel
non-invasive biomarker for detection of anearly stage
of cognitive impairment due to AD, the research
on the larger patient’s cohort is warranted. Addi-
tionally altered miRNA and/or small non-coding
RNA (sncRNA) levels may be uncovered and further
improve the use of non-invasive, biofluid biomarkers
for the diagnosis, drug treatment efficacy monitor and
prognosis of early AD stages.
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Uvod: Ocekivani Zivotni vijek se udvostrucio od pocetka XX vijeka, Sto je dovelo do
poveéane incidence Alchajmerove bolesti (AB), kao bolesti starije zivotne dobi (1).
Aktuelno, 50 miliona ljudi u svijetu je pogodeno ovom progresivnom i konacno fatalnom
neurodegenerativnom bole§éu. Uzimajuéi u obzir ¢injenicu da je starost vodeéi faktor rizika
za AB, oc¢ekivano je da ¢e broj oboljelih dosti¢i cifru od 139 miliona do 2050. godine (2).
AB uzrokuje 60-70% slucajeva demencije, koje zauzimaju peto mjesto medu uzrocima smrti
u svijetu (12,13). Posljednji dotupni podaci ukazuju da je stopa mortaliteta od AB 2013.
godine u Evropi, bila 45.2 na 100,000, odnosno, udvostru¢ena u odnosu na 1994 godinu (14).
Zvani¢ni podaci za Sjedinjene americke drzave ukazuju da je AB bila Sesti vodec¢i uzrok smrti
2019., odnosno sedmi u 2020. 1 2021., zbog COVID-19 pandemije. Istrazivanja ukazuju da
ovaj globalni, rastu¢i trend obolijevanja od AB, ne zavisi od socio-ekonomskog statusa, a
ukupno finansijsko opterecenje zravstvenih sistema zbog ove bolesti, u rangu je sa onim za
karcinom i kardiovaskularne bolesti i karcinom (15). Takode, troskovi za same oboljele od
AB, smatraju se prevelikim (16). Zbog prirode ove bolesti, negativni ishodi koji se odnose
na mentalno i fizicko zdravlje ¢lanova porodice (1,17,18), broj sati posve¢enih oboljelim od
AB, kao i finansijski troskovi (1,15), nedvosmisleno su u porastu. Medutim, uprkos rastu¢em
trendu morbiditeta, mortaliteta i optere¢enja zdravstvenih sistema zbog AB, posljednje
israzivanje americke populacije ukazuje na nizak stepen svijesti o blagom kognitivhom
poremecaju (BKP) (1), koji bi trebalo da upozori na potencijalni razvoj AB i da bude jasna

indikacija za ekperstku medicinsku konsultaciju.

Poznate €injenice o demografskom razvoju Crne Gore, upozoravaju da je globalni problem
AB nesumnjivo izrazen u naSoj zemlji. Naime, trend demografskog starenja crnogorske
populacije se biljezi ve¢ 50 godina, a procjenjuje se da ¢e biti prisutan i do kraja prve polovine
XXI vijeka. Pored toga, u Crnoj Gori zdravstvena statistika u oblasti AB jos uvijek nije
adekvatno implementirana. Monitoring i istraZivanje statusa ovog dijela crnogorske
populacije su primarno limitirani ¢injenicom da ne postoji zdravestveni registar za AB (22).
Ipak, analizom podataka dostupnih u objavljenim izdanjima Statistickog godiSnjaka Instituta
za javno zdravlje Crne Gore, zakljucuje se da je od 2016. do 2020. godine, oko 0,05%

crnogorskog stanovniStva godiSnje, imalo dijagnozu AB (23), Sto je znatno manje u




poredenju sa drugim evropskim zemljama. Takode, podaci o upotrebi ljekova u Crnoj Gori
ne ukazuju na potros$nju onih namijenjenih za simptomatsko lijecenje AB, a koji su aktuelno
dostupni (25). Stoga, postoji ozbiljna zabrinutost da je za sada AB u Crnoj Gori nedovoljno

dijagnostikovana i da bi broj oboljelih kojima je potrebna njega, mogao biti znadajno veci.

Desifrovanje sloZenog neurodegenerativnog procesa AB, kao i njegovog odnosa sa
aspektima klinickog sindroma, predstavlja vjerovatno najizazovniji aspekt istraZivanja u
oblasti AB. Do sada je nedvosmisleno dokazano da neuropatoloski supstrat ove bolesti
predstavljaju ekstracelularna akumulacija amiloid—p (AB) proteina i intracelularno talozenje
tau preoteina (eng. aggregated tubulin associated unit — tau), kao i fosforilisanog tau proteina
(p-tau) (29,31,32). Nakon niza genetskih i eksperimentalnih otkrica u familijarnim oblicima
bolesti sa ranim pocCetkom (eng. early onset Alzheimer’s disease - EoAD), poremecaj
metabolizma amiloida je ustanovljen kao pocetni fenomen u patofizioloskoj kaskadi AB
(38,39). Tacnije, brojne mutacije u amiloid prekursor protein (APP), presenilin 1 (PSENI1) i
presenilin 2 (PSEN2) genima detektovane sekvenciranjem (38,54,55), smatraju se
dominantnim uzrokom deregulisane razgradnje APP i formiranja konacnog patoloskog
proizvoda - AP depozita (31,32,33,55). 1 klinicko-patoloska i istrazivanja aktuelnih
biomarkera AB, ukazuju da akumulacija amiloida predstavlja veoma rani dogadaj, koji
nastaje 1 decenijama prije klinicke manifestacije bolesti (44). Tau patologija je detektovana
nesto kasnije, ali takode deceniju ili viSe prije klinicki evidentne AB (45). Prema amiloidnoj
hipotezi o AB (AH), hiperfosforilacija tau proteina, oksidativni stres, neuroinflamacija,
vaskularno ostecenje i konacno kognitivni pad za koje je dokazano da karakteriSu AB,
posljedice su patoloske dinamike stvaranja i metabolisanja AP (33,34,51,52,63). Medutim,
ova hipoteza ne nudi precizna obja$njenja o mehanizmima ili hronologiji dogadaja u
patogenezi AB. Stavise, nekim od prvih studija koje su ispitivale efikasnost redukcije
amiloida u mozgu oboljelih od AB, nije demonstrirano poboljSane kognitivhog statusa
ispitanika (64). Medutim, uprkos evidentnim nejasnocama AH, prisustvo amiloidnih depozita
kao patomorfoloskog supstrata AB nikada nije opovrgnuto, a prvi identifikovani biomarkeri
ove bolesti se upravo zasnivaju na detekciji patoloskih nakupina AB u mozgu (30). Ipak,

nakon brojnih izazova u procesu istrazivanja efikasnosti amiloid-redukujuce terapije (64),




klinicka upotreba dva lijeka sa ovim mehanizmom djelovanja je kona¢no opravdana i
odobrena u Americi, od strane Agencije za hranu i ljekove u Americi (eng. Food and Drug
Administration — FDA) (68). Ovim ¢inom, translaciona vrijednost AH jeste dokazana,
medutim, mnoge studije nedvosmisleno ukazuju da ova teorija ne moZe samostalno objasniti
sloZeni patofizioloski kontekst AB. U vezi sa tim, predloZeno je nekoliko bioloskih teorija
AB, kao vodecih ili komplementarnih AH: transport i metabolizam lipida, intracelularni
vezikularni transport, imuno-inflamatorni odgovor, angiogeneza, apoptoza, oksidativni stres
1 mitohondrijalna disfunkcija, homeostaza gvozda i metabolizam kalcijuma (29,32,35,65,66).
Ve¢ decenije istrazivanja znacaja ovih mehanizama, dokazuju dominaciju koncepta
inflamacije, kao vodeceg objasnjenja AB (66). Njen znacaj u neurodegenerativhom procesu
AB zapazen je prije 30 godina, kada je objavljena studija o povezanosti hroni¢ne upotrebe
antiinflamatorne terapije i smanjenja incidence i progresije AB (69). Pokazana je i pozitivna
korelacije izmedu nastanka demencije i podataka o prethodnim sistemskim infekcijama (70).
Nakon toga, brojne eksperimentalne i klinicke studije potvrdile su ova pocetna zapazanja.
Medu vaznijim dokazima su oni koji upuéuju na povezanost gena koji nose povecan rizik od
AB 1 statusa funkcija urodeng imuniteta (65,75), kao i korelaciju izmedu incidence AB
kasnog pocetka (eng. late onset AD — LoAD) i polimorfizama gena koji kodiraju klju¢ne
proteine urodenog imunoloskog odgovora (76 ,77). Takode, utvrdeno je znacajno povecano
prisustvo i aktivacija proinflamatornih citokina i hemokina u mozgu pacijenata sa AB
(72,73), posebno u regijama nakupljenih AP peptida i neurofibrilarnih klubadi (83).
Interesantni su rezultati istraZivanja koji pokazuju da je aktivacija mikroglije, kao nosioca
procesa neuroinflamacije (78,79), u inverznoj korelaciji sa zapreminom hipokampusa i
metabolizmom glukoze kod pacijenata sa AB (86,87), a ¢ak i sa njihovim kognitivhim
performansama (88,89). Pored toga, nedavno sprovedene sudije ukazuju na to da bi
neuroinflamacija mogla prethoditi ili ¢ak generisati patoloske amiloidne i tau kaskade
(90,91,92), sto je pozicionira ne samo u centar vec i na pocetak patofizioloskog procesa AB.
Dalje, pokazano je da neuroinflamatorni proces i specifi¢ni aktivirani citokini, uticu na
produkciju i metabolisanje AP peptida, jo$ uvijek nedovoljno jasno interferiraju sa procesima
patoloske tau akumulacije, a takode odreduju ranu progresiju AB (84,85,91,92,93). Konacno,

smatra se da je uloga mikroglije veoma vaZzna i u procesu disfunkcije i gubitka sinapsi,




karakteristicnih za AB (94). Stoga se uloge imuniteta i neuroinflamacije u AB, mogu
smatrati kljuénim nosiocioma i povecanog rizika za ovu bolest, i ¢itavog patogenetskog
procesa do degeneracije neurona. lako jo§ uvijek ne postoji jedinstveno objasnjenje
patogeneze AB, teorija neuroinflamacije pruza prilicno sveobuhvatno i fundamentalno
objasnjenje patofizioloskog konteksta AB. Za sada se nedvosmisleno jedino moze tvrditi da
sinergisticko djelovanje brojnih opisanih patofizioloskih procesa ove bolesti, dovodi do
distrofi¢nog, neurodegenerativnog procesa u neuronima, sve do njihovog potpunog gubitka
(51,52). Uzrokujuéi atrofiju kao dominantnu strukturnu patolosku promjenu mozga u AB,
neurodegeneracija zapoc¢inje u hipokampusu i progredira do parijetalnog reznja, $to rezultira
najprije ostecenjem epizodiénog, a potomi dugoroénog pamcenja, kao dominantnih klini¢kih

karakteristika AB (29-32).

AB predstavlja najéesci uzrok demencije medu starijom populacijom. lako se starost
smatra glavnim faktorom rizika (1,2,3,29,30,95), AB se moze javiti i ranije tokom Zivota,
tako da aktuelno postoje dvije glavne kategorije bolesti u zavisnosti od starosne dobi u kojoj
pocinje bolest: EoAD < 65 godina i LoAD > 65 godine (29,30,96). U oba oblika, specificne
patoloske karakteristike AB (AB-P) izazivaju ¢itav spektar klinickih manifestacija (AB-C),
koje su podmuklog pocetka i tipino podrazumijevaju progresivni gubitak pamcenja kao i
kognitivnih funkcija koje ukljucuju jezik, vizuelno-prostorne i egzekutivne domene, do
potpunog kognitivnog osiromasenje sa fatalnim ishodom (29,30,31,32,96). Medutim,
pridruzeni neuropsihijatrijski poremecaji kao i heterogena klinicka prezentacija same AB su
znacajne i nerijetko dovode do dijagnostickih dilema. Sa druge strane, Cesto prisustvo
viSestrukih 1 razli¢itih neuropatoloskih promjena u ovoj bolesti, kao i preklapanje sa
bioloskim fenomenima normalnog starenja, doprinse i jednoj patofizioloskoj raznolikosti
koja moZze uzrokovati nejasne klinicke prezentacije AB. Na kraju, poligenska priroda AB nosi
svojevrsnu kompleksnost. Stoga, razumijevanje ove slozene bolesti kao i njeno adekvatno
dijagnostikovanje jeste izazov, koji je nametnuo potrebu i za evolucijom samog koncepta
AB. Naime, nakon dugog perioda isklju¢ivo klinickog pristupa, kada se dijagnoza AB
razmatrala samo kod onih koji su ispoljili specifié¢no kognitivno ostecenje (eng. cognitive

impairment - CI) a njena potvrda bila moguca tek post mortem, bioloski pristup omogucen




progresijom na polju biomarkera, doveo je do znaCajnog zaokreta u razumijevanju ove
bolesti. Prije svega, sada je jasno da je AB dinamican, kontinuiran i progresivan proces, od
asimptomatske bolesti do demencije (30,105). Procjenjuje se da na pocetku kontinuuma AB,
oko 30% osoba ima odredeni nivo AB-P, ponekad ¢ak i uznapredovale, ali bez oc¢iglednih
simptoma (106). Zapravo, neurodegeneracija se postepeno razvija, a kada se klinicki
manifestuje, bolest se prethodno ranije najvjeroverovatnije nekoliko decenija (29,30,44,45).
Jedno od objasnjenja ovakve prirode AB, moglo bi biti bazirano na bogatim dokazima o ulozi
neuroinflmacije, a u svjestlu poznatog koncepta o razvoju niskog stepena inflamacije sa
starenjem organizma, kao faktoru rizika za morbiditet i mortalitet (107). Naime, LoAD bi
mogla biti shvacena kao hroni¢na bolest povazana sa starenjem, slicno drugim poznatim
bolestima koje se zasnivaju na hroni¢énom razvoju inflamacije, kao §to u kancer, dijabetes tip
Il i kardiovaskularne bolesti (107,108,109). To bi upravo moglo razjasniti postepenu
akumulaciju neuropatoloskih promjena u mozgu, kao i dinamicku prirodu AB, sa dugom
pretklinicCkom fazom. Objasnjenje kognitivne intaktnosti odredenih individua uprkos razvoju
AB-P, moglo bi se zasnivati na varijabilnosti bazi¢nih neurokognitivnih sposobnosti,
odnosno, na konceptu rezerve (110,111). Fenomen mozdane rezerve, podrzava kogniciju u
kvantitativnom smislu, odnosno, bazira se se na individualnom strukturnom kapacitetu i
integritetu mozga, ukljué¢ujuci broj neurona i sinapsi. Sa druge strane, kognitivna rezerva
(eng. Cognitive reserve - CR) se gradi tokom Zivota i prema istrazivanjima, njen kapacitet se
povecava kroz: obrazovanje, kognitivno stimulativne aktivnosti, slozenost zanimanja koje se
obavlja, poznavanje razli¢itih jezika, a bazira se i na koeficijentu inteligencije i socio-
ekonomskom statusu (110-113). Pokazano je da ce se isti nivo AB-P kasnije manifestovati
odnosno klinicki dijagnostikovati kao AB, kod osoba sa vecom mozdanom i/ili CR, u

poredenju sa osobama sa niskom rezervoma (114,115).

Bioloski markeri su omoguéili da se prisustvo AB definiSe u odsustvu klini¢kih
manifestacija (30) i stoga sustinski i znacajno unaprijedili razumijevanje ove bolesti i otvorili
nove istrazivacke mogucnosti. Bioloski koncept i definicija AB naglasavaju da klinicka
prezentacija — kognitivno oStecenje, predstavlja samo simptom ili znak bolesti, odnosno

odraz jednog ili viSe neuropatoloskih supstrata, ¢ija se bioloska priroda moze spoznati samo




identifikovanjem prisustva biomarkera (30). Aktuelne biomarkere AB je najjednostavnije
podijeliti prema metodoloskom pristupu njihove detekcije: biohemijski, izolovani iz likvora
1 biomarkeri koji se detektuju neuroradioloskim metodama (118,119). Sa druge strane,
uzimajuéi u obzir patoloske procese koje identifikuju biomarkeri, klasifikuju se kao oni koji
odreduju akumulaciju AP, neurofibrilarnih tau depozita i stepen neurodegeneracije (120).
Upravo odredivanjem nivoa amiloida u cerebrospinalnoj tecnsti kao i njegovom detekcijom
amiloid pozitron emisionom tomografijom (amiloid PET), dokazano je da se ova patologija
u AB, javlja i 20 godina prije klinicke manifestacije bolesti (44,130,131). Prema aktuelnim
kriterijumima, dovoljno je da se detektuje amiloidni AB neuropatoloski supstrat, da bi se
smatralo da su patoloske promjene Alchajmerovog tipa (30). Medutim, pozitivan tau
biomarker zajedno sa prisutnom akumulacijom amiloida, neophodan je da bi se potvrdila AB
dijagnoza. Zapravo, u cilju adekvatnog definisanja stadijuma AB kao i razumijevanja
bioloskog znacaja prisustva svake, od aktuelno poznatih patoloskih promjena AB (odnosno
njihove kombinacije), Nacionalni institut za starenje i Alchajmer asocijacija (eng. National
Institute of Aging—Alzheimer's Association - NIA-AA) uspostavili su ATN sistem
klasifikacije. Svako od tri navedena slova, indikuje specifican patoloski proces — amiloid
(,»,A"), tau patologija (,,T*) i neurodegeneracija (,,N“), koji moze biti detektovan ili
promjenama u CST ili neuroradiolo$ki. To omogucava kreiranje specifiénog ATN profila za

svakog pojedinca (30).

lako individualni ATN profil bioloski odreduje AB kontinuum, on ne ukazuje nuzno na
ozbiljnost klinickih manifestacija. Sa druge strane, za razliku od neuropatoloskog supstrata
otkrivenog biomarkerima, klinicka prezentacija AB je nespecificna i stoga ne pruza
moguénost bioloskg definisanja bolesti (5,6,132,134-137). Zapravo, pokazano je da
isklju¢ivo klinicki pristup AB ima skroman dijagnosticki potencijal (143-154). Dokazano je
da 25%-30% pacijenata pogreSno dijagnostifikovano kao AB demencija, nakon klini¢ke
evaluacije u specijalizovanim klinikama za demenciju (144,145,146). Na nivou primarne
zdravstvene zastite, ¢ak 50% - 70% simptomatskih slucajeva AB nije dobilo ta¢nu dijagnozu
ili je ostalo neprepoznato (147,148,149,150). Medu onima koji su bili podvrgnuti autopsiji,

oko 10% - 30% slucajeva AB demencije, klinicki dijagnostikovanih od strane eksperata, nije




imalo neuropatoloske promene AB tipa (149,151). Konacno, rezultati istrazivanja pokazuju
da senzitivnost i specificnost detekcije neuropatoloskih AB promjena klinickom evaluacijom
iznose 81%, odnosno 73% (143,144,146). Medutim, uprkos jasnom, objektivhom
ograni¢enju neurologa da se izjasni da je AB sindrom etioloski AB, bez bioloske potvrde,
aktuelni biomarkeri nijesu Siroko dostupni, za rutinsku klini¢ku primjenu. To je vjerovatno i
glavnirazlog fleksibilnosti zvani¢nih dijagnostickih kriterijuma, koji ne obavezuju klinicare
da ukljuce informacije o aktuelnim biomarkerima u proces donosenja dijagnostickih odluka
u vezi sa AB (30). Dijagnosticka procedura se neizbjezno zasniva na klinickoj evaluaciji i
neuropsiholoskoj procjeni kognitivnih performansi pacijenata sa AB (30). Prema zvani¢nim
dijagnostickim i istrazivaCkim kriterijumima, postoje tri glavne kategorije koje ukazuju
na kognitivni status ili teZinu kognitivnog oStec¢enja i takode predstavljaju svojevrsni
kontinuum klinicke prezentacije AB: bez kognitivnog oste¢enja, BKP i demencija (30,138-
140,142). Ocekuje se da ce klinitka procjena i neuropsiholodko-kognitivna evaluacija za
osobe bez kognitivnog oSteéenja biti u standardizovanom opsegu normalnog. Medutim,
ponekad se kognitivni deficit moZe identifikovati u odnosu na normu postavljenu za opstu
populaciju, ali, uzimajué¢iu obzir godine i obrazovanje, takav status za odredenu osobu, moze
zapravo biti oéekivan (138-140). Sa druge strane, imajuci u vidu bioloski kontinuum AB,
slucajevi bez kognitivnog osteCenja, odredeni kognitivhom evaluacijom, mogu zapravo
pripadati pretklinicCkom stadijumu AB, ukoliko bi se detektovalo prisustvo AB biomarkera
(30). Suptilne klinicke manifestacije kognitivnog pada prije objektivnih dokaza — subjektivni
kognitivni pad (eng. subjective cognitive decline - SCD) uzrokovan AB, predstavlja
strukturisan (155) i $iroko prihvacen koncept. Medutim, njegova rutinska primjena je
ograni¢ena, jer kriterijumi podrazumijecaju ukljucivanje i detaljnih anamnestickih 1
heteroanamnestickih podataka, kao i dokaze o prisustvu ApoE £4 genotipa i AB biomarkera,
kako bi se potvrdilo da je AB uzrok SCD (155). Ipak, iskljucivo klinicka evaluacija
subjektivnog kognitivnog statusa kroz pitanja otvorenog tipa, podrzana je kao mogucnost
zvaniénim SCD kriterijjumima (155), i svakako je unaprijedila rutinsku klinicku praksu u
smislu rane identifikacije moguceg razvoja AB sindroma. Najraniji stadijum AB koji je
dostupan objektivnoj procjeni aktuelno prihvacenim dijagnosti¢kim metodama (30,139) je

BKP, koncept koji je definisao Petersen sa saradnicima prije viSe od 30 godina (158). Prema




zvani¢nim smjernicama, BKP je pretezno amnesickog tipa ukoliko je AB vjerovatna bioloska
osnova tog sindroma (139). To znac¢i da su najistaknutija klinicka manifestacija kao i
neuropsiholoski nalaz, subjektivno i objektivno ostecenje epizodiénog pamcenja, odnosno
sposobnosti ucenja i zadrzavanja novih informacija. Treba naglasiti da i drugi oblici BKP,
koji podrazumijevaju kognitivno oStecenje u pojedinacnim domenima ili viSe njih, bez
poremecaja memorije (159), takode mogu biti uzrokovani AB. Kao rana faza AB kontinuuma
dostupna standardizovanoj klinickoj identifikaciji, BKP stadijum takode predstavlja pogodnu
idragocjenu osnovu za istrazivanje ranih patoloskih procesa AB. Uspjes$na klinicka procjena
progresije od BKP do sindroma demencije, zasniva se na kontinuiranoj i ponovljenoj
evaluaciji kognitivnog statusa i sposobnosti pacijenta u obavljanju aktivnosti svakodnevnog
zivota (140). lako su dijagnosticke smjernice utvrdene i jasne, za svakog pacijenta je
neophodna procjena od strane kvalifikovanog klini¢ara, u kontekstu starosti, obrazovanja,
opstih intelektualnih kapaciteta i komorbiditeta (30,140). Multidomenska amnesticka
demencija se smatra tipi¢nom klinickom slikom AB, medutim, ovaj fenotip moZze biti
uzrokovan i drugim bolestima. Sa druge strane, osnovni uzrok neamnestickih prezentacija,
egzekutivnih, jezickih ili vizuelno-prostornih, takode moze biti posledica AB (30). Sindrom
AB demencije se dijeli na blagi, umereni i tefki stadijum (140). Veoma je vazno imati na
umu ovaj kognitivni kontinuum samog sindroma demencije, jer se otkrivanje njegove rane
faze ipak moZe smatrati blagovremenim, u kontekstu aktuelnih terapijskih mogucnosti. U
vezi sa tim, postoji koncept rane AB (eng. early AD - EAD), koji objedinjuje BKP i stadijum
blage demencije (68,161,162,163,164,165). Naime, on je posljednje dvije godine dobio
posebnu prakti¢nu vrijednost, kroz kriterijume za terapiju monoklonskim antitijelom —
adukanumabom, prvom odobrenom amiloid-redukuju¢om terapijom, indikovanom u ranoj
AB (68). Evolucija otkrica i saznanja o AB, dovodi nas do zaklju¢ka da se klini¢ki i bioloski
aspekti bolesti ne mogu izjednaciti, stoga nas na izvjestan nacin i dalje ostavlja na
nesigurnom klinickom terenu. Drugim rije¢ima, paradoks postojanja AB biomarkera koji
jedino mogu donijeti biolosku potvrdu ove bolesti, lezi u ¢injenici da njihova upotreba nije

dostupna u rutinskoj klini¢koj praksi.




Obecavajuca je cCinjenica da istraZzivanja i razvej novih biomarkera znacajno
napreduju. Dominantan pravac predstavlja istrazivanje biomarkera iz krvi, od kojih se
ocekuje da ¢e imati kapacitet da prevazidu glavne nedostatke aktuelnih AB biomarkera. Kako
bi bili lako i §iroko dostupni, svakako bi otvorili moguc¢nosti skrininga i tako nas doveli do
glavnog cilja, ranog otkrivanja AB. Osim toga, skupa i nedostupna (amiloid) PET metoda i
invazivnost lumbalne punkcije, neophodnih za odredivanje aktuelnih biomarkera,
ograni¢avaju njihovu primjenu u opstoj populaciji. Medutim, uzorkovanje krvi i potom
odredivanje prisustva biomarkera, bili bi minimalno invazivni i pristupaéni, $to bi omogucilo
i ¢eséa kontrolna mjerenja u cilju klinickog, ali i pracenja u istraZivanjima. Do sada je
identifikovano nekoliko novih, potencijalnih biomarkera, koji bi reflektovali prisustvo
amiloidne, tau patologije kao i neurodegenerativnog procesa mozga u AB, kroz detekciju
njihovih nivoa u krvi: A3, tau protein, svjetlo neurofilamenta (eng. neurofilament light -
NFL) i glijalni fibrilarni kisjeli protein (eng. glial fibrilar acidic protein - GFAP)
(166,167,168). Medutim, prema preporukama Alchajmerovog udruzenja objavljenim 2022,
godine, i pored nesumnjivih i brojnih prednosti svakog od pobrojanih, potencijalnih
biomarkera, i dalje postoji potreba za tzv. head-to-head studijama koje bi testirale ove
biomarkere u odnosu na veé¢ postojeCe, longitudinalnim, kao i studijama u razli¢itim
populacijama, kako bi se potvrdila njihova efikasnost u razli¢itim klinikim scenarijima.
Takode, neophodna su dodatna ispitivanja laboratorijskih testova koji bi bili potpuno
adekvatni, uz uspostavljene univerzalne referentne vrijednostima, kako bi potencijalni

biomarkeri usli u Siru upotrebu (174).

Dinamika istraZivanja i napori usmjereni na terapijska rjeSenja za AB, u velikoj su
suprotnosti sa aktuelnim mogucnostima za tretman ove, jo§ uvijek neizlje¢ive bolesti.
Simptomatska terapija, koja je u upotrebi ve¢ 20-30 godina, i dalje predstavlja jedine
dostupne tretmane u rutinskoj klinickoj praksi. Prvi terapijski izbor, za koji je pokazano da
poboljSava kognitivni status u ranim stadijumima demencije, predstavljaju agensi koji
inhibiraju enzim acetilholinesterazu (29), dovodeéi do povecane koli¢ine acetilholina (Ach)
u sinapsama (29,193), ¢iji nedostatak dokazano kompromituje hipokampalnu i kortikalnu
funkciju u AB (194). Pozitivni efekti antagonista N-metil-D-aspartata (NMDA), memantina,




zasnovani su na nalazu da toksi¢nost posredovana glutamatom i posljedi¢no preplavljivanje
kalcijumom, koji dovode do mitohondrijalne disfunkcije i visokog nivoa slobodnih radikala,
uzrokuju degeneraciju odnosno gubitak neurona u AB (198). Nakon odobrenja memantina
2003. za umjerenu do teSku AB (29,193), punih 18 godina nije bilo novih ljekova za AB na
trzistu. U vrijeme kada je prva imunoterapija odobrena 202 1. godine (68), bilo je ukupno oko
130 agenasa za AB u fazama II ili 11, sa zastupljenoscu terapije koja bi modifikovala AB
djelovanjem na amiloid ili tau patoloski supstrat, u vise od 70% klinickih ispitivanja (67).
Ocekuje se da ¢e adukanumab, kao amiloid-redukujuéi agens, pozitivno uticati na progresiju
bolesti, a ne samo na ublazavanje simptoma (68). Treba napomenuti i da je istrazivanje
efekata ovog monoklonskog antitijela inicijalno bilo osporavano, jer nije dovelo do
poboljsanja kognitivnih i funkcionalnih sposobnosti studijskih ispitanika (64). Medutim,
upravo zahvaljujuc¢i tim izazovima, uvidjelo se da je ova vrsta terapije koja bi trebalo da
modifikuje tok bolesti, trebalo da bude testirana ranije u patofizioloskom kontinuumu AB
(199). Nakon primjene ovakve strategije, uspjeh je evidentan i ova terapija indikovana kod
pacijenata sa ranom AB. Ipak, izbor oboljelih podobnih za ovu terapiju, kao i njena primjena,
zahtijevaju ekspertski kadar, skupu i naprednu infrastrukturu, $to nedvosmisleno ogranic¢ava
njenu $iroku primjenu. Konaéno, nakon pojave adukanumaba na ameri¢kom trzistu, FDA je
odobrila upotrebu i drugog monoklonskog antitela — lekanemaba, pocetkom 2023. godine
(202). U poredenju sa adukanumabom, ovaj lijek targetira slozenije AP fragmente —
protofibrile, za koje se smatra i da stimuli$u povezivanje slobodnih monomera, $to doprinosi
§irenju amiloidnih plakova (202,203). Stoga se pretpostavlja da ¢e lekanemab imati
visestruku ivecu klinicku korist nego aducanumab. lako je u oba slucaja rije¢ o tretmanu koji
modifikuje bolest, ipak je namijenjen simptomatskim pacijentima, tako da jo$ uvijek nije
postignut cilj, da se, ve¢ pretklini¢ki kompromitovana neurobiologija u ovoj bolesti, i tretira
prije pojave prvih simptoma. Sa tim ciljem, za sada se mnogo napora ulaZe u istraZivanje
i razvoj preventivnih strategija. Intervencije na polju Zivotnog stila potrebne za
sprjecavanje razvoja AD ili odlaganje kognitivhog propadanja, proizlaze iz ve¢ bogatog
znanja i dokaza o faktorima rizika za ovu bolest. Medu njima, naglasava se znacaj lijeCenja
hipertenzije, lipidnog disbalansa i gojaznosti, kao i rjeSavanje problema gubitka sluha u

srednjim godinama, kako bi se minimizirao rizik od razvoja AB (142,216-218,221,225).
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Dokazano je da su podsticanje fizicke aktivnosti, socijalnih kontakata i1 prestanak
konzumacije cigareta Cak i posle 65. godine od posebnog znacaja u ovom pogledu, zajedno
sa lije¢enjem dijabetesa i1 depresije (209,214,221-223,226,227). Uvodenje mediteranskog
tipa ishrane moglo bi da smanji rizik od konverzije amnestickog tipa BKP u demenciju,
prema nedavno sprovedenoj meta-analizi (221,227). Pored toga, za pojedinca koji je vec
bioloski u AB kontinuumu, uticaj na brzinu razvoja bolesti do kona¢nog nastanka demencije,
u velikoj meri zavisi od faktora rizika (228). Smatra se da oni koji nijesu nosioci APP/PSEN
mutacija, imaju visok stepen kognitivne rezerve i niskorizi¢ni stil Zivota, imaju kapacitet da
c¢ak kompenzuju bioloske promjene izazvane AD-P i znacajno odloze manifestaciju
kognitivnog ostecenja (228). Znadaj blagovremenog tretiranje onih faktora rizika na koje se
moze uticati oslikavaju i vazni dokazi iz literature, koji ukazuju da takav pristup dovodi do
prevencije vjerovatno jedne trecine slucajeva demencije (206,209). Stoga, savremeni ¢ovjek
mora imati razvijenu svijest o uestalosti i mogucnosti razvoja bolesti povezanih sa
starenjem, ukljucujuci i AB, odnosno, treba da vodi Zivot u skladu sa idejom o njihovoj

prevenciji vec u etrdesetim godinama. Za sada je to i najbolje, potencijalno rjeSenje za AB.

Prethodno izloZeno, namece pitanja i potrebu za djelovanjem. Ukoliko biomarkeri nijesu
dostupni za rutinsku primjenu u opstoj populaciji, postavlja se pitanje: kako mozemo
ocekivati uspostavljanje rane dijagnoze AB? Uzimajuci u obzir jos i navedenu heterogenost
1 kompleksnost ove bolesti, kako mozemo biti potpuno sigurni u ispravnost dijagnoze, ¢ak i
kod pacijenata sa klinickim manifestacijama? Identifikovanje pacijenata koji se kvalifikuju
za novu terpiju monoklonskim antitijelima indikovanu u ranoj AB, zahtijeva dostupnost
sofisticiranog imidzinga, pa se namece jo$ jedno pitanje: kome su zapravo namijenjeni novi
terapijski modaliteti? Aktuelno, namijenjeni su manjini pacijenata koji imaju priliku da budu
evaluirani u velikim klinikama, specijalizovanim za ovu patologiju. Stoga, da li je uopste
realno ocekivati 8iroku primjenu ove terapije u buducnosti? Moglo bi se zakljuéiti da je
identifikacija novih, Siroko dostupnih, jednostavnih i neinvazivnih biomarkera koji bi
odrazavali patofiziologki proces AB, urgentna. Oni bi omogucili skrining i rano otkrivanje
AB, a takode olaksali i popularizovali primjenu dostupne terapije koja modifikuje bolest.

Konacno, oni bi mogli inspirisati istrazivanje novih, uzro¢nih tretmana za AB.

11




Kakav je nau¢ni kontekst ove studije, kao sredstva u potrazi za odgovorima? U mnostvu
istrazivanja koja su preplavila oblast AB, sa glavnim zadatkom da identifikuju biomarker
ranog stadijuma bolesti neinvazivnom, Siroko dostupnom metodom, postoji potreba za
inovativnim pristupom istrazivanja. Inovativnost i prednost ove studije zasnivaju se na
njenom dizajnu. Naime, ponuden je novi i §iri istrazivacki kontekst za identifikaciju
potencijalnog biomarkera AB. On je zasnovan na dokazima da dvije razlic¢ite bolesti, AB 1
karcinom, imaju inverzne incidence i sloZene, ve¢inom inverzne molekularne odnose. Male
nekodirajuce RNK molekule - mikroRNK (miRNA), duboko su ukljuéene u patogenezu obije
bolesti 1 smatra se da imaju bioloSku kompleksnost kojom bi se mogla objasniti povezanost
AB i kancera. Ukratko, AB, kancer i miRNK su ujedinjeni kroz inovativni istrazivacki

pristup, koji ¢e potencijalno rezultirati otkrivanjem novog biomarkera AB.

Dobro je poznato da su glavni patogeni mehanizmi AB i kancera suprotni po svojoj
prirodi: AB karakteriSe celijska smrt apoptozom, a kancer nekontrolisana celijska
proliferacija (29,230). Stoga, mnogi patofizioloski mehanizmi, u vezi sa: fenomenom ¢elijske
smrti, supresijom rasta, signalnim putevima proliferacije, replikativnom besmrtnoscu,
reparacijom DNK, angiogenezom, kao i nekim genetskim faktorima, poput tumorskog
proteina p53 (7P53), suprimirani su u jednoj, ali pojacano eksprimirani ili aktivni u drugoj
bolesti (29,31,32,38,51,230,231,232,233). lako je inflamacija Siroko prihvaden, inicirajuci i
vodec¢i mehanizam obije bolesti (66,71,231,234.), njena uloga je kompleksna, stoga je na
nivou signalnih puteva takode pokazana inverzna deregulacija kod AB i kancera

(235,236,237,238,239).

Poslednjih godina, zanimljivo, raste broj nau¢nih dokaza koji upuéuju da su incidence AB i
raka takode u obrnutoj korelaciji (232,245-248). Naime, epidemioloske studije pokazuju da
osobe sa istorijom raka imaju manji rizik za obolijevanje od AB i obrnuto. Nedavno
sprovedena meta-analiza je potvrdila povezanost znac¢ajno smanjenog rizika od AB i istorije
kancera, ne detektuju¢i znacajnu heterogenost analiziranih studija, $to ide u prilog
relevantnosti ovih dokaza (248). Interesantno je i istrazivanje kojim je pokazano da je kod
osoba koje su ranije imale dva karcinoma razli¢itog porijekla, prosje¢na starost na pocetku

AB veca, u poredenju sa pojedincima koji su ranije imali jedan karcinom ili nijesu bolovali

12




od te bolesti (249). Takode, identifikovane su razlike medu tipovima karcinoma, u kontekstu
njegove inverzne incidence sa AB. Na primjer, velika Framingham studija je pokazala da je
rizik od AB bio manji medu prezivjelima od karcinoma povezanih sa konzumacijom cigareta,
u poredenju sa onima koji su prezivjeli karcinome koji nijesu povezani sa pusenjem (245).
Smanjena incidenca obolijevanja od kolorektalnog adenokarcinoma (CAC), koji je u fokusu
ovog istrazivanja, dokazana je kod pacijenata sa AB iobrnuto (235,246,252-254). Odluka da
se da se u ovu studiju ukljuce bas oboljeli od CAC - medu svim kacinomima za koje je
pokazana inverzna korelacija sa AB, nije bila vodena samo ¢injenicom da je CAC treci
najéedc¢e dijagnostikovan karcinom (255), ve¢ i kriterijumima za ukljuéivanje u studiju,
njenim dizajnom i izvodljivo$¢u. Na primjer, za razliku od karcinoma pluca, koga najéesce
karakteriSe brza progresija i loSija prognoza, kod oboljelih od CAC bolest progredira obi¢no
sporo, prognoza je bolja, a ukoliko se dijagnoza postavi rano, nekada nijesu potrebne radio-
1 hemioterapija, koje bi mogle uticai na gensku ekspresiju. Precizni mehanizmi koji se nalaze
u osnovi ove negativne epidemioloske povezanosti izmedu AB i CAC su istrazivani (258),
ali jo$ nijesu dovoljno rasvijetljeni. Transkriptomske meta analize, na primjer, otkrile su
suprotnu regulaciju brojnih gena zajednickih za AD i rak (259). Takode, mnogi signalni
putevi odgovorni za patogenezu obije bolesti, identifikovani su kao inverzno disregulisani
kod AB i kod razli¢itih tipova raka (232,233,235,237,250,252,260-265). Ipak, moze se
zkljuciti da su geni i putevi povezani sa inflamacijom, vjerovatno dominantni, medu onima

koji su zajednicki za ove dvije bolesti (234-236,238,239,266).

Rezimirano, novija saznanja o inverznoj incidenci obolijevanja od AB i CAC, donijela su
drugaciji i izazovan kontekst prethodnom znanju o zajednickim bioloskim mehanizmima
ovih bolesti. Buduci da su uglavnom suprotni po svojoj prirodi, pretpostavljeno je da ovi
mehanizmi zapravo mogu predstavljati suprotne strane iste patofizioloske kaskade,
objadnjavajuci tako i suprotne incidence AB i CAC. Drugim rije¢ima, ukoliko disregulacija
nekog od zajednickih AD — CAC signalnih puteva dovede do veceg rizika od kancera,

pogodovace smanjenom riziku za obolijevanje od AB kod iste osobe, ili obrnuto.

U potrazi za molekularnim objasnjenjem odnosa ove dvije bolesti, kao i za neinvazivnim

i kliniki $iroko primjenljivim biomarkerom AB, identifikovan je znafajan broj

13




molekularnih markera u serumu ili plazmi, ukljué¢ujuc¢i miRNK (166-191,267-269).
MiRNK su male, endogene, visoko konzervirane, nekodirajuce RNK molekule (270,271).
Njihova vazna uloga se sastoji u regulaciji ekspresije i translacije onih gena koji kodiraju
proteine (270,271). Procijenjeno je da oko 1-4% ljudskog genoma kodira ove molekule, duge
19-25 nukleotida (272). MiRNK ostvaruju negativanu regulaciju ekspresije gena, kroz
inhibiciju translacije ili potpunu degradaciju mRNK, Sto se smatra kanonskim, glavnim
nacinom delovanja ovih molekula (270-276). Podaci iz literature govore da svaka miRNK
reguliSe ekspresiju viSe od sto transkripata (272), ¢ime uti¢e na do 30% gena koji kodiraju
humane proteine (272,273). Jednostavna detekcija u tkivima i tjelesnim te¢nostima (281)
predstavlja dodatnu vrijednost ovih molekula i doprinosi njihovom translacionom
potencijalu. Stavide, miRNK u plazmi su stabilne molekule, koje se mogu identifikovati i
kvantifikovati koriscenjem Siroko dostupnog metoda lancane rekacije polimeraze (PCR)

(281).

Uticaj miRNK na glavne aspekte patogeneze i AB i kacera je nedvosmisleno pokazan
(295). Glavne patoloske karakteristike ovih bolesti su ¢eljska smrt apoptozom, odnosno
nekontrolisana celijska proliferacija (258). Kao dobro dokumentovani, vodeci regulatori
celijske proliferacije i diferencijacije, migracije i apoptoze, miRNK bi mogle predstavljati
kljuéne tacke patofizioloskog procesa obije bolesti (271-273,285,286,288,289). Stoga su
upravo uloge ovih molekula znacajno istrazivane, kako bi se razumjelo da li je inverzna
incidenca AB i CAC odraz disregulacije njihovih zajednickih signalnih puteva (295,296).
Literatura je bogata dokazima o posredovanju razli¢itih miRNK u inflamaciji, oksidativhom
stresu, mitohondrijalnoj disfunkciji, angiogenezi, vaskularnoj i endotelnoj disfunkeiji, i kod
AB i kod karcinoma (267-269,290,291,295-298). Osim toga, upravo navedeni procesi
predstavljaju okosnice razliCitih teorija AB (29,32-34,51,63,66,73,77,82,90), tako da je
prouéavanje uloga miRNK u njenom nastanku i progresiji, prepoznato kao obecavajuci
istrazivacki pravac. Stavise, dokazi koji upu¢uju da neke od miRNK posreduju u vise
razli¢itih patofizioloskih mehanizama AB ne iznenaduju, budué¢i da svaka miRNK
istovremeno djeluje na mnogo razli¢itih targeta, Cesto ukljucenih u razli¢ite bioloske puteve

(292,293). U tome se i ogleda njihov poseban kapacitet, kao potencijalno klju¢nih regulatora
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patogeneze AB, a jedan broj miRNK molekula su ve¢ i prepoznate kao potencijalni
biomarkeri ove bolesti (267-269,290,291,294). Sa druge strane, u kontekstu molekularnog
odnosa AB i CAC, znacaj miRNK je uglavnom demonstriran nezavisno u AB ili u CAC. U
vrijeme kada je ovo istrazivanje zapoceto, bilo je veoma malo objavljenih istraZivanja sa

fokusom na uloge miRNK u kontekstu molekularne, inverzne povezanosti ove dvije bolesti.

Uzimajuci u obzir raznovrsnost i mnogostrukost uloga miRNK molekula, kao i Sirinu
konteksta ovog istrazivanja, bio je veoma izazovan zadatak odabrati miRNK koje ¢e biti
analizirane. Sve navedeno, naime, nametnulo je potrebu da se izbor miRNK, suzi na one koje
su ukljuene u manji broj patoloskih aspekata zajedni¢kih za AB i CAC. Smatralo se da ce
takav pristup doprinijeti temeljnijoj analizi, povecati mogucnost otkrivanja vaZnih
molekularnih interakcija izmedu AB i CAC i potencijalno identifikovati molekularni potpis
ovog odnosa kroz specifi¢an obrazac ekspresije odabranih miRNK. Dominantne teorije obije
bolesti, zasnivaju se na dva usko povezana procesa — urodenom imunitetu i inflamaciji, te su
stoga i izabrani kao patofizioloski fokus ove studije. Uzimajuéi u obzir da su patogeneza i
progresija AB posebno odredene neuroinflamacijom i faktorima imunoloske odbrane (66,71 -
75,78-89,92-94,108), pretpostavljeno je da ¢e ovakav prstup takode pomoci da se detektuju
one molekule koje imaju klju¢ni znacaj u AB i potencijal da postanu biomarkeri. Stoga, svaka
od odabranih miRNK za prezentovano istrazivanje, ne samo da ima dokumentovanu ulogu u

1 CAC, ve¢ ima najmanje jedan target ukljuen u imunoloske ¥/ili inflamatorne puteve:
miR-29a, miR-101, miR -125b, miR-146a i miR-155 (299-333). Pored toga, mogucnost
kori¢enja ovih molekula kao neinvazivnih biomarkera, doprinosi posebnoj translacionoj

vrijednosti cijelog istrazivackog konteksta predstavljenog ovdje.

Cilj: Ekspresija cirkulisu¢ih miRNK, kompleksno uklju¢enih u patogenezu AB i
kolorektalnog carcinoma (CAC): miR-29a/b, miR-101, miR-125, miR-146a and miR-155,
ispitivana je kod zdravih pojedinaca, onih sa blagim kognitivhim deficitom - verifikovanim
skrining neuropsiholoskim testovima, kao i kod pacijenata sa dijagnostikovanim AB i CAC.
Postavljena je hipoteza da ¢e ekspresija navedenih miRNK biti u korelaciji sa stepenom
kognitivnog deficita ispitanika, $to bi moglo biti od znacaja u identifikovanju molekularnog

potpisa rane AB. Takode, oc¢ekuje se da bi obrazac ekspresije selektovanih miRNK kod
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pacijenata sa AB i CAC, mogao objasniti molekularnu osnovu inverzne incidence ove dvije

bolesti.

Metodologija: U ovu studiju je uklju¢eno 54 ispitanika, od ukupno 75 regrutovanih
pojedinaca. Od 34 volontera koji su se osjecali fizicki i mentalno zdravim, njih 18 je bilo
uklju¢eno u kontrolnu grupu (CTRL-18). Kod 9 ucesnika koji subjektivno nijesu imali
kognitivni deficit, skrining-neuropsiholoskom procjenom je otkriveno blago kognitivno
ostecenje (MCI-9). Pacijenti kod kojih je dijagnostikovana AB regrutovani su retrospektivno,
u Klinici za neurologiju Klinickog centra Crne Gore (KCCG) (AD-12). Ovim ispitanicima
je dijagnoza prethodno postavljena u skladu sa kriterijumima Nacionalnog instituta starenja
1 Alchajmerove asocijacije. AD grupa je ukljucivala pacijente u ranom simptomatskom
stadijumu bolesti (early Alzheimer’s disease — EAD) — MCI uzrokovan AB i stadijum blage
demencije (MoCA skor > 17) i uznapredovaloj AB (advanced Alzheimer’s disease — AAD)
— umjerena i teSka demencija (MoCA score < 17). Pacijenti sa CAC i bez kognitivhog
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 i biohemijska
laboratorijska procjena, sprovedeni su sa ciljem identifikovanja isklju¢ujuéih kriterijuma.
Odabrane miRNK su bile izolovane iz plazme, kvantifikovane metodom lanc¢ane rekacije
polimeraze u relnom vremenu i nivoi ekspresije normalizovani upotrebom miR-361-5p

gena. Statisticka analiza podataka je uradena pomocu GraphPad Prism 9 softvera.

Rezultati: Ovom studijom su u kontrolnu grupu ukljuceni volonteri bez subjektivnog
kognitivnog deficita, ali interesantno, na osnovu skora na neuropsiholoskim skrining
testovima, 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 MCI grupi, nivo ekspresije dvije cirkuliSuce
miRNK, miR-146a i miR-155, bio je znacajno ve¢i u odnosu na kontrolnu grupu (p < 0.05).
Ekspresija miR-146a je bila u znacajnom porastu u MCI i u odnosu na AD grupu (p < 0.05).
U odnosu na EAD grupu, rezultati su pokazali isti obrazac ekspresije za obije miRNK - miR-

146a i miR-155, kao iu odnosu na ¢itavu, heterogenu AD gupu. Razlika u nivou ekspresije
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ovih miRNK izmedu EAD i AAD grupa nije bila znaCajna. Konacno, analiza krivulje
operativnih karakteristika (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 u ovom istrazivanju, 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 znadajno veéa 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, da ¢e u prosjeku, CAC
pacijent imati nizu vrijednost ekspresije miR-101 nego 64% zdravih pojedinaca, a AD
pacijent bi imao povec¢anu regulaciju miR-101, u poredenju sa 63% ljudi u opstoj populaciji.
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), medutim, vrijednosti su se smanjivale sa
progresijom AB ka kasnijim stadijumima, priblizavajuci se nivou ekspresije CAC grupe.

Stoga, znaCajna razlika nije opservirana izmedu AAD i CAC grupa.

Diskusija: Rezultati prikazanog istrazivanja su imali dva znacajna aspekta. Prvim dijelom
rezultata predstavljeno je ispitivanje prve dijve hipoteze - u vezi sa znaCajem proucavanih
miRNK u AB. Najznacajniji rezultat predstavlja detekcija znacajno veceg nivoa ekspresije
miR-146a i miR-155 kod ispitanika ¢iji u¢inak na MoCA testu implicira da imaju BKP, u
poredenju sa zdravim osobama i pacijentima sa AB. U drugom dijelu istrazivanja, kojim je
testirana treca hipoteza o inverznoj povezanosti AB i CAC, detektovan je inverzan nivo

ekspresije miR-101 izmedu AD i CAC studijskih grupa.

Prema nasim saznanjima, BKP otkriven neuropsiholoikim skriningom kod zdravih
ispitanika koji nijesu imali SCD, do sada nije identifikovan. SCD je poznat kao fenomen
subjektivne percepcije kognitivnog pada a kada objektivno ostecenje kognicije jo$ uvijek nije

prisutno, i moze predstavljati prvu manifestaciju AB (155,156). Mnoge studije su pokazale
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znacaj SCD za rano predvidanje razvoja klini¢ki manifestne AB (30,155,156,346,347,348).
Rezultat ove studije pokazuje da je MoCA skor ovih volontera, koji je bio u BKP opsegu, u
pozitivnoj korelaciji sa godinama njihovog Skolovanja (r = 0,491; p < 0,05). To bi moglo
objasniti neadekvatnu subjektivnu percepciju kognitivnog deficita kod ovih ispitanika,
sugeriSsu¢i da bi nize obrazovanje moglo biti razlog nerazumijevanja da promjene

kognitivnog statusa mogu biti znak naruSenog zdravlja.

Zanimljivo je da je MCI grupa imala znacajno vise nivoe ekspresije miR-146a i miR-
155, u poredenju sa zdravim ispitanicima kontrolne grupe. Razli¢ite studije sprovedene
na ljudskim ili Zivotinjskim modelima i ¢elijskim kulturama tokom posljednjih deset godina,
nedvosmisleno su dokazale znacaj miR-146a i miR-155 u patogenezi AB (300-302,308-
310,351). Povecan nivo ekspresije cirkulatorne miR-146a detektovan je kod pacijenata sa
BKP koji su progredirali do AB, u poredenju sa onima koji su imali stabilan BKP (351).
Takode, visi nivo ekspresije miR-146 je pronaden kod nosilaca ApoE E4 genotipa, a ovaj
nalaz je korelirao i sa neuroradiolo$kim markerima AB, kao i povecanom koncentracijom Af
u likvoru (351). Interakcija izmedu miR-155 i gena povezanih sa BKP, prikazana je u studiji
Strafella i saradnika, koja je uz to otkrila i znacajnu interakciju signalnih puteva miR-146 i
miR-155 u patofizioloskoj kaskadi AB (354). Ukupno, ovinalazi sugeri$u da bi AB mola biti
u osnovi sluc¢ajno otkrivenog BKP kod dobrovoljaca u nasoj studiji, koji su u odnosu na

konrolnu grupu, imali povecanu ekspresiju miR-146a i miR-155.

Konkretnije razumijevanje uloga miR-146a i miR-155 u odredenim patofizioloskim
putevima AB, dalje objasnjava potencijalni zna¢aj njihove povecane ekspresije u MCI grupi.
MiR-146a je poznata po svojoj ulozi u modulaciji urodenog imunoloskog odgovora i
inflamatornih dogadaja u mozdanim celijama (300-302). U novijim studijama se navodi da
je ova miRNK od izuzetnog znacaja u neuroinflamatornim kaskadama AB (351,354-356).
Znacaj miR-155 u inflamatornim putevima AB, takode je potvrden istrazivanjima (308-
310,354,355). Sa druge strane, dokazi jasno upucuju da je neuroinflamacija najvjerovatnije
inicijalna i klju¢na komponenta u patofizioloskoj kaskadi AB (66,92,360,361). Aktivacija
mikroglije, koja je kljuéni medijator neuroinflamacije medu celijama urodenog imuniteta,

registrovana je prije formiranja patoloskih plakova na animalnom modelu AB (360), ali i
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neuroradioloski, kod pojedinaca sa BKP (92,361). Svi ovi podaci idu u prilog hipotezi da se
povecanje nivoa ekspresije, sa inflamacijom pvezanih — miR-146a i -miR-155 kod ispitanika

sa BKP, moze objasniti njihovom ulogom u ranim inflamatornim procesima AB.

Rezultati ovog istrazivanja takode pokazuju da nije bilo statisticki znacajne razlike u nivoima
ekspresije miR-146a i miR-155 izmedu kontrolnih i AD ispitanika, ali zanimljivo, miR-146a,
je bila u povecanoj regulaciji u MCI, i u poredenju sa AD grupom. Jo§ detaljniji uvid u
neuroinflamatorne dogadaje AB i angazovanje miR-146a i miR-155 u tim putevima, mogao
bi ponuditi objasnjenje ovog rezultata. Naime, iako je u sustini odbrambeni, imuni odgovor
moze izazvati Stetne posljedice, ukoliko je previSe snazno indukovan ili predugo traje
(362,363). Poznato je da upravo takav imuni odgovor karakterise AB i dovodi do aktivacije
homeostatskih mehanizama, u cilju ograniavanja destruktivnih inflamatornih dogadaja
(364,365). Pokazano je da je jedna od uloga miR-146a upravo u supresiji patoloskog
neuroinflamatornog odgovora u AB. Soga bi se moglo zakljuciti da je porast miR-146a
ekspresije indukovan proinflamatornim citokinima (357,366,367), sa ciljem homeostatske,
negativne regulacije gena - odnosno proteina u pretjerano aktivnim neuroinflamatornim
signalnim putevima, kako bi se ogranicila inflamacija (355). Shodno tome, moguce je da kroz
mehanizam negativne povratne sprege, smanjen intenzitet inflamacije konacno dovodi i do
smanjenja ekspresije miR-146a. Ovakvo razmatranje je u skladu sa rezultatima istrazivanja
na AB ¢eijskoj kulturi, koje je pokazalo da su miR-155 i miR-146a bili visoko eksprimirani
u mikroglija ¢elijama tokom odgovora na prisustvo AP kao stresogenog faktora. Stavise,
nakon porasta nivoa inflamatornih citokina u tom odgovoru, uslijedilo je smanjenje
ekspresije miR-146a, dok je registrovana perzistentna povecana regulacija miR-155 (368).
Slicna vremenska diskrepanca u promjeni ekspresije miR-146 i miR-155 tokom
inflamatornog odgovora, potvrdena je i na Zivotinjskim modelima (370). Konacno, ovi
rezultati su u skladu sa nalazima nivoa ekspresije miR-146a i miR-155 u ovoj studiji, koja
ima klinicki kontekst. Dakle, znacajan porast ekspresije miR-146a u MCI u poredenju sa
kontrolnom grupom, korespondira sa njegovom dominantnom ulogom u ranoj inflamatornoj
fazi AB, kroz interakciju sa medijatorima upale. Ponovna normalizacija miR-146a ekspresije

do kontrolnih nivoa, vjerovatno odrazava njenu supresiju homeostatskim, antiinflamatornim
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mehanizmima, karakteristicnim za hroni¢nu fazu bolesti. Sa druge strane, detektovani nivoi
ekspresije miR-155 u ovoj studiji, impliciraju njegovu perzistentnu aktivnost, kao odraz
kontinuiranog angaZovanja u hroni¢nom inflamatornom procesu AB. Takode, analiza ROC
krivulje jasno sugeriSe potencijalni dijagnosticki znacaj ovih miRNK, za skrining BKP. Osim
potencijala ovih miRNK da diferenciraju pojedince sa kognitivnim ostecenjem koji se i dalje
osecaju zdravo, od objektivno zdrave populacije, poredenje CTRL, MCI i EAD grupa,
ukazuje da se na osnovu miR-146a ekspresije moze razlikovati i to vrlo rano kognitivno
ostecenje od heterogene AB populacije sa ve¢ postavljenom dijagnozom, ukljuéujuci i njenu
ranu fazu. Ovo naglaSava potencijal miR-146a kao potencijlnog skrining testa za detekciju
pojedinaca sa ranim kognitivnim o$tecenjem, koji su u riziku od razvoja klinickih

manifestacija AB.

Prethodno diskutovani, prvi dio rezultata, ne podrzava prvu hipotezu. Nivoi ekspresije
ispitivanih miRNK nijsu bili u korelaciji sa nivoom kognitivnog deficita kod pacijenata sa
AB. Stavise, isto se moze zakljugiti i kada se uzme u obzir MCI grupa, koja je neo&ekivano
nastala tokom procesa istrazivanja. Medutim, upravo specifican obrazac ekspresije
istrazivanih miRNK koji je otkriven medu ispitivanim grupama i nije korelirao sa nivoom
kognitivnog ostecenja, potvrduje drugu hipotezu. Kao $to je navedeno, miR-146a i miR-155
izolovani iz plazme, mogli bi da identifikuju ljude sa kognitivnim oste¢enjem koji su u riziku

od AB, ¢ime bi mogli biti od izuzetnog znacaja u skriningu opste populacije.

Diskusija drugog dijela rezultata, bazira se na razmatranju uloga miR-101 u kontekstu
AB i AB - CAC odnosu. Najvaznija fizioloska uloga miR-101, koja je najvise proucavana
u kontekstu AB je regulacija ekspresije APP gena (315,433). Smatra se da na toj ulozi i
zasniva posredovanje miR-101 u patogenetskom procesu AB (315,316,433). APP je jedan
od rijetkih dominantnih autozomnih gena, ¢ije su razlicite alteracije nedvosmisleno povezane
sa AB (29,38,39,52,55,59,102), dovodeci posljedicno do povecanja ekspresije APP u ovoj
bolesti (66,439,440,441,442). Osim toga, ¢ak i kada AB ne karakteriSu nuzno mutacije APP
gena, kao u LoAD, otkriveno je da je prekomjerna APP ekspresija izazvana drugim
faktorima, kao $to su neuroinflamacija (66,91,93,300,439,440) i mitohondrijalna disfunkcija
(300,441,442). Mehanizmi poveéane regulacie APP u AB su razli¢iti, ali sa istom
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posljedicom - povecanom produkcijom APP zajedno sa patoloskom dinamikom i
modifikacijama njegovog metabolizma, koji rezultiraju povecanjem produkcije AP, do

toksicnih koncentracija (29-34,52,55,443).

MiR-101 negativno reguliSe ekspresiju APP gena (315,433,445-447). Po principu
komplementarnosti, ona stupa u interakciju sa 3’ UTR ciljnog transkripta mRNK, dovodeci
do njene destabilizacije i/ili inhibicije translacije (271,272,285-287,313). U skladu sa ovim
fizioloskim djelovanjem miR-101, istrazivanja su pokazala da blokiranje njene interakcije sa
APP genom, dovodi do povecanja njegove ekspresije (445). Takode, pokazano je da
inhibicija djelovanja miR-101 u kulturi hipokampalnih neurona dovodi do intenzivnijeg,
patoloskog metabolizma APP (433,446,447). Mnogo studija sa razlicitim metodoloskim
pristupom je sprovedeno sa ciljem istrazivanja uloga miR-101 u AB (316,319,448,449) i
rezultati su uglavnom u saglasnosti, ukazujuéi da je nivo ekspresije ove miRNK smanjen u
AB (316,448,449). Posto ovu bolest karakteriSe prekomjerna ekspresija APP gena, smanjenje
miR-101 povezano sa AB, dominantno se interpretira kao doprinoseci faktor. Naime,
pretpostavlja se da nedostatak njenog prirodnog, inhibitornog uticaja na APP gen, dovodi do
prekomjerne APP ekspresije u AB, sa posljedicnom patoloskom modifikacijom APP

metabolizma APP, do toksi¢ne akumulacije Ap.

Za razliku od dokaza ponudenih u literaturi, u prezentovanoj studiji postoji trend
porasta nivoa ekspresije miR-101 kod pacijenata sa AB u odnosu na opstu populaciju,
kao i znatajno povecana ekspresija miR-101, u poredenju sa CAC populacijom
pacijenata, za koju je poznato da ima smanjenu vjerovatnocu razvoja AB. Nalazi ovog
istrazivanja mogli bi se objasniti drugacije u odnosu na aktuelno prihvaceno, vodeée
stanoviste. Kako je jedno od glavnih obiljezja AB akumulacija A, kao rezultat patoloskog
APP metabolizma (29-34,52,55-59,443), pretpostavljeno je da bi negativha regulacija
ekspresije APP gena koja bi se postigla upravo povecanjem miR-101 ekspresije, mogla
predstavljati odbrambeni mehanizam. Prema naSim saznanjima, drugi istraziva¢i nijesu
pokazali porast ekspresije miR-101 kod pacijenata sa AB. Dalje, rezultati poredenja nivoa
ekspresije miR-101 izmedu EAD ispitanika - u ranoj AB i CAC pacijenata, ukazuju na

znadajno povecanje njene regulacije u ovoj AB podgrupi, u odnosu na CAC populaciju.
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Medutim, zanimljivo je da je trend ekspresije miR-101 sa progresijom bolesti bio opadajuéi,
priblizavajuci se nivou ekspresije u CAC grupi. Stoga nije detektovana znatajna razlika
izmedu AAD i CAC grupa, Sto implicira da pacijenti u uznapredovalom stadijumu AB ne
doprinose znacajnoj razlici opserviranoj izmedu AD i CAC grupa. Zakljucuje se, da nakon
pokusaja organizma da se suprotstavi intenzivnom i toksi¢cnom metabolizmu APP, kroz
povecanje ekspresije miR-101, slijede¢e smanjenje njene regulacije, moze biti logi¢na
posljedica progresije bolesti. Naime, kako se proizvodnja AP povecava, uvodeci neurone u
degenerativni proces, moze se pretpostaviti da se inicijalno intenzivan metabolizam APP koji
je potenicjalno indukovao miR-101 up-regulaciju, sada smanjuje, uzrokujuéi smanjenje miR -
101 ekspresije. Dakle, moguce je da ukupno djelovanje ove miRNK treba shvatiti kao dio
mehanizma negativne povratne sprege. U prilog takvom gledistu, utvrdeno je da je APP
metabolizam povecan posebno u ranoj AB (458). Osim toga, status sinapticke transmisije,
koja je znacajno kompromitovana neurodegenerativnim procesom u AB (29,31,32,51,460),
moze uticati na metabolizam APP (459). Stoga se kao logi¢no namecée razmatranje, da
progresija AB, akumulacija Ap i posljedi¢no ostecenje sinapti¢ke funkcije, mogu biti razlog
demonstriranih promena u dinamici APP metabolizma, izmedu ranih i kasnih stadijumima
bolesti (458). Dakle, inicijalno povecana regulacija miR-101, kao regulatora A PP ekspresije,
moze biti uzrokovana intenzivnim metabolizmom APP, ali sa njegovim smanjenjem u
kasnijim fazama, i ekspresija miR-101 se smanjuje kroz mehanizam negativne povratne
sprege. Zanimljiva studija koja je istrazivala ulogu miR-384 u AB, koja je, kao i miR-101
negativan regulator APP gena, dokazala je upravo interakciju amiloida i miR-384 kroz
mehanizam negativne povratne sprege (461). Kada su u pitanju klini¢ki dokazi koji bi mogli
biti relevantni u kontekstu predlozenog mehanistickog koncepta regulacije miR-101 u AB,
pronadena je negativna korelacija izmedu gustine amiloidnog plaka kod pacijenata sa AB 1
nivoa ekspresije miR-101 u likvoru i serumu (462). Zapazanje da smanjenje ekspresije miR-
101 u likvoru pacijenata sa AB korelira sa povecanjem gustine plaka, shvaceno je kao dokaz
doprinosece uloge miR-101 bolesti. Medutim, pogled iz drugog ugla i mogucnost da se miR-
101 ekspresija postepeno smanjuje i kao posljedica smanjenog APP metabolizma i
akumulacije AB, vrijedna je ozbiljnog razmatranja. Stavise, taj kontekst uzro¢ne uloge miR-

101, zajedno sa ¢injenicom da se AP akumulira tokom dugotrajne pretklinicke faze AB, prije
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implicira da bi ova miRNK vec trebalo da bude smanjena u trenutku dijagnoze bolesti. Stoga
izgleda da se ova dinamicka komponenta negativne korelacije izmedu gustine plaka i
ekspresije miR-101, zapravo bolje uklapa u hipotezu negativne povratne sprege. Konacno,
djelovanje miR-101 u okviru mehanizma negativne povratne sprege, ve¢ je opisano u studiji

Jing-a i saradnika, u kontekstu patogeneze CAC (463).

Predstavljeni rezultat ekspresije miR-101, implicira i potencijalnu klini¢ku primjenu.
S obzirom na to da bi fluktuacija njene ekspresije mogla odrazavati dinamiku AP
akumulacije, miR-101 bi mogla biti ne samo indikator progresije bolesti, vec i sluziti za
pracenje efekata nedavno odobrene amiloid-redukujuée terapije, indikovane u ranoj AB
(202,465). Potvrda prisustva amiloidne patologije PET amiloid neuroimidzingom,
neophodan je kriterijum za selekciju pacijenata za ovaj tretman (68). Rezultat ove studije
ukazuje na to, da bi se normalan ili povec¢an nivo miR-101 ekspresije vjerovatno detektovao
u ranom stadijumu akumulacije amiloida, a trend njenog smanjenja u uznapredovaloj bolesti,
§to moZze odrazavati progresiju amiloidne patologije. Stoga bi se minimalno-invazivnom
detekcijom miR-101, mogli identifikovati pacijenti (ne)podobni za amiloid-redukujucu
terapiju. Stabilan nivo miR-101 ekspresije, ukazivao bina efikasnost terapije, koristec¢i tako

i u monitoringu njenog djelovanja.

Inverzni nivo ekspresije miR-101 kod pacijenata sa AB i CAC, takode je razmatran u
kontekstu potencijalne, inverzne molekularne povezanosti ovih bolesti. Ekspresija miR-
101 je bila znaCajno povecana u AB, u poredenju sa CAC grupom. Smanjenje nivoa
ekspresije miR-101 u oblasti kancera, najprije je demonstrirano na celijskim linijama
karcinoma dojke (468), a potom dokazano i kod drugih tipova kancera
(317,318,469,470,471). Smanjenje miR-101 ekspresije u CAC tkivu i kolorektalnim
celijskim kulurama, takode je identifikovano ve¢im brojem istrazivanja (314,321,473,474).
Naime, dokazana je odbrambena uloga miR-101, kroz posredovanje u tumorskoj supresiji
(313,314,318,474-479), a njegovi antitumorski efekti u kontekstu CAC su nedvosmisleno
pokazani, u razli¢itim eksperimentalnim postavkama istrazivanja (314,321,474,477,478).
Stoga se smanjena ekspresija miR-101 u CAC dovodi u vezu sa smanjenom onkosupresijom,

odnosno, smatra se faktorom koji doprinosi nastanku CAC. Stoga, ovi literaturni podaci jesu
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u skladu sa rezultatom smanjenja miR-101 kod pacijenata sa CAC, pronadenim u ovoj studiji.
Uzimajuci u obzir odnos AB-CAC, dokazi o onkosupresivhom miR-101 efektu, zajedno sa
rezultatima ovog istrazivanja, koji ukazuju na trend povecanja miR-101 u ranoj AB, dovode
nas do sljedeceg zakljucka: dugi pretklinicki AB stadijum koji moze trajati nekoliko decenija
(29,30,44,45,105,106), mogao bi stimulisati miR-101 up-regulaciju kao zastitni mehanizam
— u cilju smanjenja APP ekspresije, ali bi ova miRNK istovremeno manifestovala
onkosupresivinu ulogu, potencijalno Stite¢i ove pojedince od razvoja kancera. Zapravo, ova
hipoteza proizasla iz naSeg istrazivanja, pruza jedno od mogucih objaSnjenja zaSto oboljeli
od AB imaju smanjen rizik za nastanak kancera. Kao korak dalje, pokusali smo da istrazimo
idali bi miR-101 mogla ostvariti navedene suprotne efekte posredstvom targeta zajednickog
za obije bolesti i time jo§ snaZznije odbraniti svoju ulogu molekula—indikatora inverzne
asocijacije AB i CAC. Analiza brojnih studija koje razmatraju miR-101 kao negativnog
regulatora gena ciklooksigenaze-2 (eng. ciclooxigenase-2 - COX-2) sa proinflamatornim
efektomu AB i onkogenim u CAC, jasno podrzava predstavljenu hipotezu (317,318,473,480-
490). Naime, dolazi se do istog zakljucka - priroda AB-CAC odnosa je inverzna, ali izgleda
da se ne bazira na inverznom nivou ekspresije miR-101. Umjesto toga, istovrsna, povecana
regulacija miR-101 ima protektivni efekat u obije bolesti: povecana aktivnost COX-2 koja
se detektuje upravo u ranoj AB u kontekstu neuroinflamatornog procesa, mogla bi biti uzrok
povecane miR-101 ekspresije - kako je pronadeno u naSoj studiji, sa ciljem da svojom
negativnom regulacijom suprimira inflamaciju. Istovremeno bi do$lo i do inhibicije
onkogenog djelovanja COX-2. Drugim rije¢ima, o¢ekuje se da ce povecana ekspresija miR-
101 uzrokovana AB, zastititi ove pojedince od kancera, negativnom regulacijom COX-2,
zajedniCkog targeta koji posreduje i u neuroinflamaciji i u kancerogenezi. Konac¢no, bez
obzira da li se razmatraju efekti simultanog uticaja miR-101 na razlicite ili na target
zajedniCki za obije bolesti, dolazimo do zakljucka da se jasno inverzan odnos AB i CAC,
reflektuje kroz izmijenjenu ekspresiju miR-101 indukovanu jednom od ovih bolesti. Dakle,
rezultati prikazanog istraZivanja potvrduju trecu hipotezu. Osim toga, istrazivanje
inverzne korelacije izmedu AD i CAC, dovelo nas je do predstavljanog i potencijalno novog
objasnjenja uloge miR-101 u AB, koja do sada nije pokazana. Stoga konatno, ovo

istraZivanje je rezultiralo i uspostavljanjem nove naucne hipoteze.
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Zakljucak: Medu pet istrazivanih miRNK molekula, ovom studijom su identifikovana ¢ak
tri potencijalna biomarkera AB. Dvije miRNK bi mogle biti od velikog znacaja za
stratifikaciju opste populacije prema riziku za obolijevanje od AB. Neocekivano,
identifikovana je i jedna miRNK koja bi potencijalno mogla da posluzi u procesu dalje
stratifikacije onih pacijenata sa ve¢ definisanom AB, u kontekstu primjene najnovije terapije
koja modifikuje bolest. Jednostavnost, pristupacnost i neinvazivnost metode detekcije
miRNK, predstavljaju dodatnu vrijednost, pove¢avajuci mogucnost njihove buduce primjene
u oblasti AB. Na kraju, rezultati prikazanog istrazivanja nude molekularnu potvrdu, odnosno

objasnjenje inverzne korelacije incidenci AB i CAC.

Konkretnije, ovim istrazivanjem je otkriveno da odredeni broj pojedinaca sa kognitivnim
deficitom u crnogorskoj populaciji, nije prepoznat. Stoga bi neuropsiholoske skrining testove
trebalo rutinski primjenjivati kod starije populacije 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 skrining opste populacije u kontekstu AB.

MiR-101 negativno reguliSe ekspresiju amiloid prekursor proteina (4PP) gena i APP
metabolizam, stoga je njena smanjena regulacija koja karakteriSse AB, shvacena kao faktor
koji doprinosi nastanku bolesti. Medutim, trend povecanja nivoa ekspresije miR-101u EAD,
kao injeno 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. Uzimajuéi 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 dugotrajnoj pretklinickoj i 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.

25




LITERATURA:

1. Gaugler J, Weuve J, Solis M, Reimer J, Johnson T, James B. 2022 Alzheimer’s
disease facts and figures - Alzheimer’s association [Internet]. Alzheimer’s
Association; 2022 [cited 2023 Feb]. Available from:
https://www alz org/media/Documents/2022-Facts-and-Figures-Report_1 .pdf

2. Adi - dementia statistics [Internet]. 2020 [cited 2023 Feb]. Available from:
https://www .alzint org/about/dementia-facts-figures/dementia-statistics/

3. Gaigbe-Togbe V, Bassarsky L, Gu D, Spoorenberg T, Zeifman L. World population
prospects 2022: Summary of results | population division [Internet]. United Nations
Department of Economic and Social Affairs, Population Division; 2022 [cited 2023

Feb]. Available from: htips://www.un.org/development/desa/pd/content/World-

Population-Prospects-2022

4. Nelson PT, Head E, Schmitt FA, Davis PR, Neltner JH, Jicha GA, et al. Alzheimer’s
disease is not “Brain aging™: Neuropathological, genetic, and epidemiological human
studies. Acta Neuropathologica. 2011;121(5):571-87. doi:10.1007/s00401-011-
0826-y

5. Schneider JA, Nelson PT. Reply: Limbic-predominant age-related TDP-43
encephalopathy (late). Brain. 2019;142(8). doi:10.1093/brain/awz 186

6. Nelson PT, Schneider JA, Jicha GA, Duong MT, Wolk DA. When Alzheimer’s is
LATE: Why does it matter? Annals of Neurology. 2023; doi:10.1002/ana.26711

7. Niu H, Alvarez-Alvarez I, Guillén-Grima F, Aguinaga-Ontoso [. Prevalence and
Incidence of Alzheimer's disease in Europe: Meta-analysis. Neurologia. 2017
Oct;32(8):523-32. doi:10.1016/j.nr.2016.02.016

8. Association A. 2019 Alzheimer’s Disease Facts and figures. Alzheimer’s &
Dementia. 2019;15(3):321-87. doi:10.1016/j.jalz.2019.01.010

9. Nebel RA, Aggarwal NT, Barnes LL, Gallagher A, Goldstein JM, Kantarci K, et al.
Understanding the impact of sex and gender in Alzheimer’s disease: A call to action.

Alzheimer’s & Dementia. 2018;14(9):1171-83. doi:10.1016/j.jalz.2018.04.008

26




10.

11.

12.

13.

14,

15.

16.

17.

18.

Fox M, Berzuini C, Knapp LA. Cumulative estrogen exposure, number of menstrual
cycles, and Alzheimer’s risk in a cohort of British women.
Psychoneuroendocrinology. 2013 Dec;38(12):2973-82.
doi:10.1016/j.psyneuen.2013.08.005

Beydoun MA, Boueiz A, Abougergi MS, Kitner-Triolo MH, Beydoun HA, Resnick
SM, et al. Sex differences in the association of the apolipoprotein E epsilon 4 allele
with incidence of dementia, cognitive impairment, and decline. Neurobiology of
Aging. 2012:33(4). doi:10.1016/j.neurobiolaging.2010.05.017

Dementia [Internet]. World Health Organization; 2023 [cited 2023 Apr]. Available
from: https://www.who.int/news-room/fact-sheets/detail/dementia

Nichols E, Szoeke CE, Vollset SE, Abbasi N, Abd-Allah F, Abdela J, et al. Global,

regional, and national burden of Alzheimer’s disease and other Dementias, 1990-
2016: A systematic analysis for the global burden of disease study 2016. The Lancet
Neurology. 2019 Jan;18(1):88-106. doi:10.1016/s1474-4422(18)30403-4

Niu H, Alvarez-Alvarez I, Guillen-Grima F, Al-Rahamneh MJ, Aguinaga-Ontoso L.
Trends of mortality from Alzheimer’s disease in the European Union, 1994-2013.
European Journal of Neurology. 2017;24(6):858-66. doi:10.1111/ene.13302

Kelley AS, McGarry K, Gorges R, Skinner JS. The burden of health care costs for
patients with dementia in the last 5 years of life. Annals of Internal Medicine.
2015;163(10):729-36. doi:10.7326/m15-0381

MareSova P, Dolejs J, Mohelska H, Bryan LK. Cost of treatment and care for people
with Alzheimer’s disease: A meta-analysis. Current Alzheimer Research.
2020;16(14):1245-53. doi:10.2174/1567205017666200102144640

Muscat M, Scerri C. Coping with anxiety, depression, burden and quality of life in
informal primary caregivers of community-dwelling individuals with dementia.
Journal of Aging Research and  Lifestyle. 2018 Oct  15;1-8.
doi:10.14283/jarcp.2018.22

Williams C. Marriage and mental health: When a spouse has Alzheimer’s disease.
Archives of Psychiatric Nursing. 2011 Jun;25(3):220-2.
doi:10.1016/j.apnu.2011.02.003

27




19.

20.

21,

22

23.

24.

25.

26.

27.

28.

Perry-Young L, Owen G, Kelly S, Owens C. How people come to recognise a
problem and seek medical help for a person showing early signs of dementia: A
systematic review and meta-ethnography. Dementia. 2016;17(1):34-60.
doi:10.1177/1471301215626889

International AD, Wimo A, Ali G-C, Guerchet M, Prince M, Prina M, et al. Adi -
World Alzheimer Report 2015 [Internet]. 2015 [cited 2023 Jul 27]. Available from:
https://www.alzint.org/resource/world-alzheimer-report-2015/

Satizabal, CL, Beiser AS, Chouraki, V, Chéne, G, Dufouil C, Seshadri S. Incidence
of dementia over three decades in the Framingham Heart Study. New England Journal

of Medicine. 2016:375(1):92—4. doi:10.1056/nejmc 1604823

. 1JZCG [Internet]. Institut za javno zdravlje Crne Gore; [cited 2023 Jul 27F ebruary].

Available from: https://www.ijzcg.me/me/publikacije/zdravstveni-registri
Statisticki GodiSnjak 2020. - amazon web services, inc. [Internet]. Institut za javno

zdravlje Crne Gore; 2020 [cited 2023 Jul 27]. Available from: https://s3.eu-central-

1 .amazonaws.com/web.repository/ijzcg-media/files/167534654 1 -statisticki-

godisnjak-2020-1.pdf

Analiza bolnickog morbiditeta [Internet]. Institut za javno zdravlje Crne Gore; 2020

[cited 2023 Jul 27]. Available from: https://www.ijzcg.me/me/publikacije/analiza-

bolnickog-morbiditeta

Analiza upotrebe ljekova [Internet]. Institut za javno zdravlje Crne Gore; 2018 [cited

2023 Jul 27]. Available from: https://www.ijzcg.me/me/publikacije/analiza-upotrebe-

liekova
Za zdravstvene radnike i institucije - ministarstvo zdravlja [Internet]. Ministarstvo

zdravlja Crne Gore; [cited 2023 Jul 27]. Available from: https://www.gov.me/mzd/za-

zdravstvene-radnike

Wright T, O’Connor S. Reviewing challenges and gaps in European and global
dementia policy. Journal of Public Mental Health. 2018;17(4):157-67.
doi:10.1108/jpmh-02-2018-0012

Vodi¢ za pruzanje usluga u SavjetovaliStima za zdravo starenje [Internet]. Institut za

javno zdravlje Crne Gore; 2019 [cited 2023 Jul 27]. Available from: https://s3.eu-

28




20.

30.

31

32.

33

34

35,

36

37.

38.

central-1.amazonaws.com/web.repository/ijzcg-media/files/1574233954-vodic-za-

pruzanje-usluga-u-savjetovalistima-za-zdravo-starenje.pdf

Soria Lopez JA, Gonzalez HM, Leger GL. Chapter 13, Alzheimer’s Disease. In:
Handbook of Clinical Neurology. Elsevier B.V. ; 2019. p. 231-54. (third; vol. 167).
Jack CR, Bennett DA, Blennow K, Carrillo MC, Dunn B, Haeberlein SB, et al. NIA-

AA Research Framework: Toward a biological definition of Alzheimer’s disease.
Alzheimer’s & Dementia. 2018;14(4):535-62. doi:10.1016/j.jalz.2018.02.018
Duyckaerts C, Delatour B, Potier M-C. Classification and basic pathology of
Alzheimer disease. Acta Neuropathologica. 2009 Apr 21;118(1):5-36.
doi:10.1007/s00401-009-0532-1

Masters CL, Bateman R, Blennow K, Rowe CC, Sperling RA, Cummings JL.
Alzheimer’s disease. Nature Reviews Disease Primers. 2015 Oct 15;1(1).

doi:10.1038/nrdp.2015.56

.Shearman MS. Amyloid-f hypothesis of Alzheimer’s disease. Advances in

Behavioral Biology. 1998;187-90. doi:10.1007/978-1-4615-5337-3 27

. Wu T, Lin D, Cheng Y, Jiang S, Riaz MW, Fu N, et al. Amyloid cascade hypothesis

for the treatment of Alzheimer’s disease: Progress and challenges. Aging and disease.
2022 Dec;13(6):1745. doi:10.14336/ad.2022.0412

Wu JW, Hussaini SA, Bastille IM, Rodriguez GA, Mrejeru A, Rilett K, et al. Neuronal
activity enhances tau propagation and Tau Pathology in vivo. Nature Neuroscience.

2016;19(8):1085-92. doi:10.1038/nn.4328

. Ruan Z, Pathak D, Venkatesan Kalavai S, Yoshii-Kitahara A, Muraoka S, Bhatt N, et

al. Alzheimer’s disease brain-derived extracellular vesicles spread tau pathology in
Interneurons. Brain. 2020;144(1):288-309. doi:10.1093/brain/awaa376

Congdon EE, Jiang Y, Sigurdsson EM. Targeting Tau only extracellularly is likely to
be less efficacious than targeting it both intra- and extracellularly. Seminars in Cell &
Developmental Biology. 2022;126:125-37. doi:10.1016/j.semcdb.2021.12.002
Sorbi S. Molecular genetics of Alzheimer’s disease. Aging Clinical and Experimental
Research. 1993 Dec;5(6):417-25. doi:10.1007/bf03324196

29




39.

40

41.

42.

43.

44.

45.

46.

47.

48.

Piaceri I. Genetics of familial and sporadic Alzheimer's disease. Frontiers in

Bioscience. 2013 Jan 1;E5(1):167-77. doi:10.2741/e605

.A. Armstrong R. Risk factors for Alzheimer’s disease. Folia Neuropathologica.

2019:57(2):87-105. doi:10.5114/fh.2019.85929

Gatz M, Reynolds CA, Fratiglioni L, Johansson B, Mortimer JA, Berg S, et al. Role
of genes and environments for explaining Alzheimer disease. Archives of General
Psychiatry. 2006;63(2):168. doi:10.1001/archpsyc.63.2.168

Liu C-C, Kanekiyo T, Xu H, Bu G. Apolipoprotein E and Alzheimer disease: Risk,
mechanisms and therapy. Nature Reviews Neurology. 2013 Feb 8;9(2):106-18.
doi:10.1038/nrneurol.2012.263

Bennett DA, Wilson RS, Schneider JA, Evans DA, Aggarwal NT, Arnold SE, et al.
Apolipoprotein E 4 allele, ad pathology, and the clinical expression of Alzheimer’s
disease. Neurology. 2003;60(2):246—-52. doi: 10.1212/01.wnl.0000042478.08543.f7
Jack CR, Lowe VJ, Senjem ML, Weigand SD, Kemp BJ, Shiung MM, et al. |1C PIB
and structural MRI provide complementary information in imaging of Alzheimer’s
disease and amnestic mild cognitive impairment. Brain. 2008;131(3):665-80.
doi:10.1093/brain/awm336

Li C, Gotz J. Tau-based therapies in neurodegeneration: Opportunities and
challenges.  Nature  Reviews Drug  Discovery.  2017;16(12):863-83.
doi:10.1038/nrd.2017.155

La Joie R, Visani AV, Baker SL, Brown JA, Bourakova V, Cha J, et al. Prospective
longitudinal atrophy in Alzheimer’s disease correlates with the intensity and
topography of baseline tau-pet. Science Translational Medicine. 2020 Jan 1;12(524).
doi:10.1126/scitranslmed.aau5732

Arnsten AF, Datta D, Del Tredici K, Braak H. Hypothesis: TAU Pathology is an
initiating factor in sporadic Alzheimer’s disease. Alzheimer’s & Dementia.
2020;17(1):115-24. doi:10.1002/alz.12192

Small SA, Duff K. Linking AB and tau in late-onset Alzheimer’s disease: A dual
pathway hypothesis. Neuron. 2008 Nov 26;60(4):534-42.
doi:10.1016/j.neuron.2008.11.007

30




49.

50.

51.

52

53.

54.

55.

56.

57.

58.

Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC, et al. Common variants at
ABCA7, MS4A6A/MS4A4E, EPHAL, CD33 and CD2AP are associated with
Alzheimer's disease. Nature Genetics. 2011 May;43(5):429-35. doi: 10.1038/ng.803.
Lambert J. F1-01-01: Meta-analysis in more than 74,000 individuals identifies 11
new susceptibility loci for Alzheimer’s disease. Alzheimer’s & Dementia.
2013:9(4S_Part_3). doi:10.1016/j.jalz.2013.04.040

Strooper B, Karran E. The cellular phase of Alzheimer’s disease. Cell.
2016;164(4):603-15. doi:10.1016/j.cell.2015.12.056

. Selkoe DJ, Hardy J. The amyloid hypothesis of Alzheimer’s disease at 25 Years.

EMBO Molecular Medicine. 2016;8(6):595—608. doi:10.15252/emmm.201606210
Glenner GG, Wong CW. Alzheimer’s disease: Initial report of the purification and
characterization of a novel cerebrovascular amyloid protein. Biochemical and
Biophysical Research Communications. 1984;120(3):885-90. doi:10.1016/s0006-
291x(84)80190-4

Clark RF, Hutton M, Fuldner M, Froelich S, Karran E, Talbot C, et al. The structure
ofthe presenilin 1 (S182) gene and identification of six novel mutations in early onset
ad families. Nature Genetics. 1995;11(2):219-22. doi:10.1038/ng1095-219

Hardy J, Selkoe DJ. The amyloid hypothesis of Alzheimer’s disease: Progress and
problems on the road to therapeutics. Science. 2002;297(5580):353-6.
doi:10.1126/science.1072994

Haass C, Schlossmacher MG, Hung AY, Vigo-Pelfrey C, Mellon A, Ostaszewski BL,
et al. Amyloid B-peptide is produced by cultured cells during normal metabolism.
Nature. 1992;359(6393):322-5. doi:10.1038/359322a0

Haass C. Take Five—BACE and the y-secretase quartet conduct Alzheimer’s amyloid
p-peptide generation. The EMBO Journal. 2004;23(3):483-8.
doi:10.1038/sj.emboj.7600061

Zhang H, Ma Q, Zhang Y, Xu H. Proteolytic processing of Alzheimer’s B-amyloid
precursor protein. Journal of Neurochemistry. 2011;120:9-21. doi:10.1111/j.1471-
4159.2011.07519.x

31




59.

60.

61.

62.

63.

64.

65.

66.

D’Ursi AM, Armenante MR, Guerrini R, Salvadori S, Sorrentino G, Picone D.
Solution structure of amyloid B-peptide (25-35) in different media. Journal of
Medicinal Chemistry. 2004:47(17):4231-8. doi:10.1021/jm0407730

Szaruga M, Munteanu B, Lismont S, Veugelen S, Horré K, Mercken M, et al.
Alzheimer’s-causing mutations shift AP length by destabilizing y-secretase-afn
interactions. Cell. 2017;170(3). doi:10.1016/j.cell.2017.07.004

Takeda K, Uda A, Mitsubori M, Nagashima S, Iwasaki H, Ito N, et al. Mitochondrial
ubiquitin ligase alleviates Alzheimer’s disease pathology via blocking the toxic
amyloid-f  oligomer generation. Communications Biology.  2021:4(1).
doi:10.1038/s42003-021-01720-2

McLean CA, Cherny RA, Fraser FW, Fuller SJ, Smith MJ, Konrad Vbeyreuther, et
al. Soluble pool of Abeta amyloid as a determinant of severity of neurodegeneration
in Alzheimer’s disease. Annals of Neurology. 1999:46(6):860—-6. doi:10.1002/1531-
8249(199912)46:6&1t:860::aid-ana8&gt;3.0.co;2-m

Harris ME, Hensley K, Butterfield DA, Leedle RA, Carney JM. Direct evidence of
oxidative injury produced by the Alzheimer’s B-amyloid peptide (1-40) in cultured
hippocampal  neurons.  Experimental  Neurology.  1995;131(2):193-202.
doi:10.1016/0014-4886(95)90041-1

Panza F, Lozupone M, Seripa D, Imbimbo BP. Amyloid-fp immunotherapy for
Alzheimer disease: Is it now a long shot? Annals of Neurology. 2019;85(3):303-15.
doi:10.1002/ana.25410

Verheijen J, Sleegers K. Understanding Alzheimer disease at the interface between
genetics and Transcriptomics. Trends in Genetics. 2018;34(6):434-47.
doi:10.1016/j.tig.2018.02.007

Gonzalez A, Calfio C, Liittges V, Gonzalez-Madrid A, Guzman C. The multifactorial
etiopathogenesis of Alzheimer’s disease: Neuroinflammation as the major
contributor. Journal of Alzheimer’s Disease. 2023 Jun 27;94(1):95-100.
doi:10.3233/jad-230150

32




67.

68.

69.

70.

71.

72.

73.

74.

75.

Cummings J, Lee G, Zhong K, Fonseca J, Taghva K. Alzheimer’s disease drug
development pipeline: 2021. Alzheimer’s & Dementia: Translational Research &
Clinical Interventions. 2021;7(1). doi:10.1002/trc2.12179

Scheltens P, Vijverberg EGB. Aducanumab: Appropriate use recommendations. The
Journal of Prevention of Alzheimer’s Disease. 2021;1-2. doi:10.14283/jpad.2021 .45
Breitner JCS, Gau BA, Welsh KA, Plassman BL, McDonald WM, Helms MJ, et al.
Inverse association of anti-inflammatory treatments and Alzheimer’s disease: Initial
results of a co-twin control study. Neurology. 1994:44(2):227-227.
doi:10.1212/wnl.44.2.227

Dunn N, Mullee M, Perry VH, Holmes C. Association between dementia and
infectious disease. Alzheimer Disease & Associated Disorders. 2005;19(2):91-4.
doi:10.1097/01.wad.0000165511.52746.1f

Philippens IH, Ormel PR, Baarends G, Johansson M, Remarque EJ, Doverskog M.
Acceleration of amyloidosis by inflammation in the amyloid-beta marmoset monkey
model of Alzheimer’s disease. Journal of Alzheimer’s Disease. 2016;55(1):101-13.
doi:10.3233/jad-160673

Chai YL, Lee JH, Chong JR, Ballard C, Francis PT, Kennedy BK, et al. Inflammatory
panel cytokines are elevated in the neocortex of late-stage Alzheimer’s disease but
not Lewy body dementias. Journal of Neuroinflammation. 2023;20(1).
doi:10.1186/512974-023-02789-8

Hok-A-Hin YS, del Campo M, Boiten WA, Stoops E, Vanhooren M, Lemstra AW, et
al. Neuroinflammatory CSF biomarkers MIF, STREM 1, and STREM?2 show dynamic
expression profiles in Alzheimer’s disease. Journal of Neuroinflammation.
2023;20(1). doi:10.1186/512974-023-02796-9

Arce Renteria M, Gillett SR, McClure LA, Wadley VG, Glasser SP, Howard VJ, et
al. C-reactive protein and risk of cognitive decline: The regards study. PLOS ONE.
2020:15(12). doi:10.1371/journal.pone.0244612

LuY, Liu W, Wang X. TREM2 variants and risk of Alzheimer’s disease: A meta-
analysis. Neurological Sciences. 2015:36(10):1881-8. doi:10.1007/s10072-015-
2274-2

33




76.

77.

78.

79.

80.

81.

82.

83.

84.

Naj A, Jun G, Buros J, Gallins P, Farrer L, Haines J, et al. P1-250: Genome-Wide
Association Study of late-onset Alzheimer disease identifies disease-associated
variants in MS4A4/MS4A6E, CD2AP, CD33, and EPHAL. Alzheimer’s & Dementia.
2011;7(4S_Part_6). doi:10.1016/j.jalz.2011.05.530

Jones L, Holmans PA, Marian H, Harold D, Moskvina V, lvanov D, et al. 02-07-05:
Genetic evidence implicates the immune system and cholesterol metabolism in the
etiology of Alzheimer’s disease. Alzheimer’s & Dementia. 2010;6(4S_Part 4).
doi:10.1016/j.jalz.2010.05.350

Salter MW, Stevens B. Microglia emerge as central players in brain disease. Nature
Medicine. 2017;23(9):1018-27. doi:10.1038/nm.4397

Leng F, Edison P. Neuroinflammation and microglial activation in Alzheimer disease:
Where do we go from here? Nature Reviews Neurology. 2020;17(3):157-72.
doi:10.1038/541582-020-00435-y

Wang Y, Ulland TK, Ulrich ID, Song W, Tzaferis JA, Hole JT, et al. Trem2-mediated
early microglial response limits diffusion and toxicity of amyloid plaques. Journal of
Experimental Medicine. 2016;213(5):667-75. doi:10.1084/jem.20151948

Feng W, Zhang Y, Wang Z, Xu H, Wu T, Marshall C, et al. Microglia prevent beta-
amyloid plaque formation in the early stage of an Alzheimer’s disease mouse model
with suppression of Glymphatic Clearance. 2020; doi:10.21203/rs.2.19388/v2
Goodwin JL, Uemura E, Cunnick JE. Microglial release of nitric oxide by the
synergistic action of B-amyloid and IFN-y. Brain Research. 1995:692(1-2):207-14.
doi:10.1016/0006-8993(95)00646-8

Condello C, Yuan P, Schain A, Grutzendler J. Microglia constitute a barrier that
prevents neurotoxic protofibrillar AB42 hotspots around plaques. Nature
Communications. 2015;6(1). doi:10.1038/ncomms7176

Sutinen EM, Pirttild T, Anderson G, Salminen A, Ojala JO. Pro-inflammatory
interleukin-18 increases Alzheimer’s disease-associated amyloid-f production in
human neuron-like cells. Journal of Neuroinflammation. 2012;9(1).

doi:10.1186/1742-2094-9-199

34




85.

86.

87.

88.

89.

90.

91.

92.

Riphagen JM, Ramakers IHGM, Freeze WM, Pagen LHG, Hanseeuw BlJ, Verbeek
MM, et al. Linking Apoe-g4, blood-brain barrier dysfunction, and inflammation to
Alzheimer’s  pathology. Neurobiology  of  Aging. 2020;85:96-103.
doi:10.1016/j.neurobiolaging.2019.09.020

Femminella GD, Ninan S, Atkinson R, Fan Z, Brooks DJ, Edison P. Does microglial
activation influence hippocampal volume and neuronal function in Alzheimer’s
disease and Parkinson’s disease dementia? Journal of Alzheimer’s Disease.
2016;51(4):1275-89. doi:10.3233/jad-150827

Fan Z, Aman 'Y, Ahmed I, Chetelat G, Landeau B, Ray Chaudhuri K, et al. Influence
of microglial activation on neuronal function in Alzheimer’s and Parkinson’s disease
dementia. Alzheimer’s & Dementia. 2014;11(6):608. doi:10.1016/j.jalz.2014.06.016
Wang Q, Chen G, Schindler SE, Christensen J, McKay NS, Liu J, et al. Baseline
microglial activation correlates with brain amyloidosis and longitudinal cognitive
decline in Alzheimer disease. Neurology - Neuroimmunology Neuroinflammation.
2022:9(3). doi:10.1212/nxi.0000000000001152

Chen Y-H, Lin R-R, Huang H-F, Xue Y-Y, Tao Q-Q. Microglial activation, tau
pathology, and neurodegeneration biomarkers predict longitudinal cognitive decline
in Alzheimer’s disease continuum. Frontiers in Aging Neuroscience. 2022;14.
doi:10.3389/fhagi.2022.848180

Zhang B, Gaiteri C, Bodea L-G, Wang Z, McElwee J, Podtelezhnikov AA, et al.
Integrated Systems Approach identifies genetic nodes and networks in late-onset
Alzheimer’s disease. Cell. 2013;153(3):707-20. doi:10.1016/j.cell.2013.03.030
Wang Y, Ulland TK, Ulrich ID, Song W, Tzaferis JA, Hole JT, et al. Trem2-mediated
early microglial response limits diffusion and toxicity of amyloid plaques. Journal of
Experimental Medicine. 2016;213(5):667-75. doi:10.1084/jem.20151948

Hamelin L, Lagarde J, Dorothée G, Leroy C, Labit M, Comley RA, et al. Early and
protective microglial activation in Alzheimer’s disease: A prospective study
using 1 8F-DPA-714 pet imaging. Brain. 2016;139(4):1252—-064.
doi:10.1093/brain/aww017

35




93.

94.

95.

96.

97.

98.

99.

Van Zeller M, Dias D, Sebastido AM, Valente CA. NLRP3 inflammasome: A starring
role in amyloid-p- and tau-driven pathological events in Alzheimer’s disease. Journal
of Alzheimer’s Disease. 2021:83(3):939-61. doi:10.3233/jad-210268

De Schepper S, Ge JZ, Crowley G, Ferreira LS, Garceau D, Toomey CE, et al.
Perivascular cells induce microglial phagocytic states and synaptic engulfment via
SPP1 in mouse models of Alzheimer’s disease. Nature Neuroscience. 2023;
doi:10.1038/s41593-023-01257-z

Guerreiro R, Bras J. The age factor in Alzheimer’s disease. Genome Medicine.
2015;7(1). doi:10.1186/s13073-015-0232-5

Awada AA. Early and late-onset Alzheimer’s disease: What are the differences?
Journal of Neurosciences in Rural Practice. 2015;6(03):455-6. doi:10.4103/0976-
3147.154581

James BD, Wilson RS, Boyle PA, Trojanowski JQ, Bennett DA, Schneider JA. TDP-
43 stage, mixed pathologies, and Clinical Alzheimer’s-type dementia. Brain.
2016;139(11):2983-93. doi:10.1093/brain/aww224

Kovacs GG, Milenkovic I, Wohrer A, Hoftberger R, Gelpi E, Haberler C, et al. Non-
Alzheimer neurodegenerative pathologies and their combinations are more frequent
than commonly believed in the elderly brain: A community-based autopsy series.
Acta Neuropathologica. 2013;126(3):365-84. doi:10.1007/s00401-013-1157-y
Blennow K, Wallin A. Clinical heterogeneity of probable Alzheimer’s disease.
Journal of  Geriatric  Psychiatry and Neurology.  1992;5(2):106-13.
doi:10.1177/002383099200500208

100. Dayan AD. Quantitative histological studies on the aged human brain. Acta

101.

Neuropathologica. 1970;16(2):85-94. doi:10.1007/bf00687663

Price JL, McKeel DW, Buckles VD, Roe CM, Xiong C, Grundman M, et al.
Neuropathology of nondemented aging: Presumptive evidence for preclinical
Alzheimer  disease. Neurobiology  of  Aging. 2009;30(7):1026-36.
doi:10.1016/j.neurobiolaging.2009.04.002

36




102. Bertram L, Tanzi RE. The genetics of Alzheimer’s disease. Progress in
Molecular Biology and Translational Science. 2012;79-100. doi:10.1016/b978-0-12-
385883-2.00008-4

103. Sirkis DW, Bonham LW, Johnson TP, La Joie R, Yokoyama JS. Dissecting the
clinical heterogeneity of early-onset Alzheimer’s disease. Molecular Psychiatry.
2022;27(6):2674-88. doi:10.1038/s41380-022-01531-9

104. Ryan NS, Rossor MN. Correlating familial Alzheimer’s disease gene
mutations with clinical phenotype. Biomarkers in Medicine. 2010:4(1):99-112.
doi:10.2217/bmm.09.92

105. Jicha GA, Parisi JE, Dickson DW, Johnson K, Cha R, Ivnik RJ, et al
Neuropathologic outcome of mild cognitive impairment following progression to
clinical dementia. Archives of Neurology. 2006:;63(5):674.
doi:10.1001/archneur.63.5.674

106. Knopman DS, Parisi JE, Salviati A, Floriach-Robert M, Boeve BF, Ivnik RJ,
et al. Neuropathology of cognitively normal elderly. Journal of Neuropathology &
Experimental Neurology. 2003;62(11):1087-95. doi:10.1093/jnen/62.11.1087

107. Frasceschi C, Bonafe M, Valensin S, Olivieri F, De Luca M, Ottaviani E, et
al. Inflamm-aging: An evolutionary perspective on immunosenescence. Annals of the
New York Academy of Sciences. 2006;908(1):244-54. doi:10.1111/.1749-
6632.2000.tb06651 .x

108. Leng F, Edison P. Neuroinflammation and microglial activation in Alzheimer
disease: Where do we go from here? Nature Reviews Neurology. 2020;17(3):157-72.
doi:10.1038/541582-020-00435-y

109. Sabbatinelli J, Ramini D, Giuliani A, Recchioni R, Spazzafumo L, Olivieri F.
Connecting Vascular Aging and frailty in Alzheimer’s disease. Mechanisms of
Ageing and Development. 2021;195:111444. doi:10.1016/j.mad.2021.111444

110. Barulli D, Stern Y. Efficiency, capacity, compensation, maintenance,
plasticity: Emerging concepts in cognitive reserve. Trends in Cognitive Sciences.

2013;17(10):502-9. doi:10.1016/j.tics.2013.08.012

37




I11. Stern Y, Arenaza-Urquijo EM, Bartrés-Faz D, Belleville S, Cantilon M,
Chetelat G, et al. Whitepaper: Defining and investigating Cognitive Reserve, Brain
Reserve, and Brain Maintenance. Alzheimer’s & Dementia. 2020;16(9):1305-11.
doi:10.1016/j.jalz.2018.07.219

112. Baldivia B, Andrade VM, Bueno OF. Contribution of education, occupation
and cognitively stimulating activities to the formation of Cognitive Reserve.
Dementia &  Neuropsychologia.  2008;2(3):173-82.  doi:10.1590/s1980-
57642009dn20300003

113. Calvo N, Garcia AM, Manoiloff L, Ibafiez A. Bilingualism and Cognitive
Reserve: A critical overview and a plea for methodological innovations. Frontiers in
Aging Neuroscience. 2016;7. doi:10.3389/fhagi.2015.00249

114, Scarmeas N, Stern Y. Cognitive reserve: Implications for diagnosis and
prevention of Alzheimer’s disease. Current Neurology and Neuroscience Reports.
2004:4(5):374-80. doi:10.1007/s11910-004-0084-7

115. Stern Y. Influence of education and occupation on the incidence of
Alzheimer’s disease. JAMA: The Journal of the American Medical Association.
1994;271(13):1004. doi:10.1001/jama.1994.03510370056032

116. Shimada H, Doi T, Lee S, Makizako H. Reversible predictors of reversion
from mild cognitive impairment to normal cognition: A 4-Year longitudinal study.
Alzheimer’s Research & Therapy. 2019;11(1). doi:10.1186/s13195-019-0480-5

117. Overton M, Pihlsgird M, Elmstahl S. Diagnostic stability of mild cognitive
impairment, and predictors of reversion to normal cognitive functioning. Dementia
and Geriatric Cognitive Disorders. 2019;48(5-6):317-29. doi:10.1159/000506255

118. Robb MA, Mclnnes PM, Califf RM. Biomarkers and surrogate endpoints.
JAMA. 2016;315(11):1107. doi:10.1001/jama.2016.2240

119. Humpel C. Identifying and validating biomarkers for Alzheimer’s disease.
Trends in Biotechnology. 2011;29(1):26-32. doi:10.1016/j.tibtech.2010.09.007
120. Jack CR, Bennett DA, Blennow K, Carrillo MC, Feldman HH, Frisoni GB, et

al. A/t/N: An unbiased descriptive classification scheme for Alzheimer disease

biomarkers. Neurology. 2016:87(5):539-47. doi:10.1212/wnl.0000000000002923

38




121. Fagan AM, Roe CM, Xiong C, Mintun MA, Morris JC, Holtzman DM.
Cerebrospinal fluid tau/B-amyloid42 ratio as a prediction of cognitive decline in
nondemented older adults. Archives of Neurology. 2007;64(3):343.
doi:10.1001/archneur.64.3.noc60123

122. Mattsson N. CSF biomarkers and incipient Alzheimer disease in patients with
mild cognitive impairment. JAMA. 2009;302(4):385. doi:10.1001/jama.2009.1064
123. Visser PJ, Verhey F, Knol DL, Scheltens P, Wahlund L-O, Freund-Levi Y, et

al. Prevalence and prognostic value of CSF markers of Alzheimer’s disease pathology
in patients with subjective cognitive impairment or mild cognitive impairment in the
DESCRIPA study: A prospective cohort study. The Lancet Neurology.
2009:8(7):619-27. doi:10.1016/s1474-4422(09)70139-5

124. Klunk WE, Engler H, Nordberg A, Wang Y, Blomqvist G, Holt DP, et al.
Imaging brain amyloid in Alzheimer’s disease with Pittsburgh compound-B. Annals
of Neurology. 2004;55(3):306-19. doi:10.1002/ana.20009

125. Villain N, Chételat G, Grassiot B, Bourgeat P, Jones G, Ellis KA, et al.
Regional Dynamics of amyloid-f deposition in healthy elderly, mild cognitive
impairment and Alzheimer’s disease: A voxelwise PIB—pet longitudinal study. Brain.
2012;135(7):2126-39. doi:10.1093/brain/aws125

126. Buerger K, Ewers M, Pirttila T, Zinkowski R, Alafuzoff1, Teipel SJ, et al. CSF
phosphorylated tau protein correlates with neocortical neurofibrillary pathology in
Alzheimer’s disease. Brain. 2006;129(11):3035-41. doi: 10.1093/brain/awl269

127. Chhatwal JP, Schultz AP, Marshall GA, Boot B, Gomez-Isla T, Dumurgier J,
et al. Temporal T807 binding correlates with CSF tau and Phospho-Tau In Normal
Elderly. Neurology. 2016:87(9):920-6. doi:10.1212/wnl.0000000000003050

128. Besson FL, La Joie R, Doeuvre L, Gaubert M, Mezenge F, Egret S, et al.
Cognitive and brain profiles associated with current neuroimaging biomarkers of
preclinical Alzheimer’s disease. Journal of Neuroscience. 2015;35(29):10402-11.
doi:10.1523/jneurosci.0150-15.2015

39




129. Blennow K, Hampel H, Weiner M, Zetterberg H. Cerebrospinal fluid and
plasma biomarkers in Alzheimer disease. Nature Reviews Neurology. 2010;6(3):131-

44. doi:10.1038/nrneurol.2010.4

130. Clinical and biomarker changes in dominantly inherited Alzheimer’s disease.
New England Journal of Medicine. 2012;367(8):780-780. doi:10.1056/nejmx 120056
131. Buchhave P, Hansson O, Minthon L, Wallin A, Zetterberg H, Blennow K. S4-

03-01: The CSF levels of AB42, but not tau, are fully changed already 5-10 years
before onset of Alzheimer’s dementia. Alzheimer’s &  Dementia.
2011;7(4S_Part_23). doi:10.1016/j.jalz.2011.09.003

132. Ikonomovic MD, Buckley CJ, Heurling K, Sherwin P, Jones PA, Zanette M,
et al. Post-mortem histopathology underlying B-amyloid PET imaging following
flutemetamol F 18 injection. Acta Neuropathologica Communications. 2016:4(1).
doi:10.1186/540478-016-0399-z

133. Terry RD, Masliah E, Salmon DP, Butters N, DeTeresa R, Hill R, et al
Physical basis of cognitive alterations in Alzheimer’s disease: Synapse loss is the
major correlate of cognitive impairment. Annals of Neurology. 1991;30(4):572-80.
doi:10.1002/ana.410300410

134. Serrano-Pozo A, Qian J, Monsell SE, Blacker D, Gomez-Isla T, Betensky RA,
et al. Mild to moderate Alzheimer dementia with insufficient neuropathological
changes. Annals of Neurology. 2014;75(4):597—-601. doi:10.1002/ana.24125

135. Wang BW, Lu E, Mackenzie IR, Assaly M, Jacova C, Lee PE, et al. Multiple
pathologies are common in Alzheimer patients in clinical trials. Canadian Journal of
Neurological Sciences / Journal Canadien des Sciences Neurologiques.
2012:39(5):592-9. doi:10.1017/s0317167100015316

136. Rabinovici GD, Jagust WJ, Furst AJ, Ogar JM, Racine CA, Mormino EC, et
al. AB amyloid and glucose metabolism in three variants of primary progressive
aphasia. Annals of Neurology. 2008;64(4):388—401. doi:10.1002/ana.21451

137. Murray ME, Graff-Radford NR, Ross OA, Petersen RC, Duara R, Dickson
DW. Neuropathologically defined subtypes of Alzheimer’s disease with distinct

40




clinical characteristics: A retrospective study. The Lancet Neurology.
2011;10(9):785-96. doi:10.1016/s1474-4422(11)70156-9

138. Jack CR, Albert MS, Knopman DS, McKhann GM, Sperling RA, Carrillo
MC, et al. Introduction to the recommendations from the National Institute on aging-
Alzheimer’s association workgroups on diagnostic guidelines for Alzheimer’s
disease. Alzheimer’s & Dementia. 2011,;7(3):257-62. doi:10.1016/j.jalz.2011.03.004

139. Albert MS, DeKosky ST, Dickson D, Dubois B, Feldman HH, Fox NC, et al.
The diagnosis of mild cognitive impairment due to Alzheimer’s disease:
Recommendations from the National Institute on Aging-Alzheimer’s association
workgroups on diagnostic guidelines for Alzheimer’s disease. FOCUS.
2013:11(1):96-106. doi:10.1176/appi.focus.11.1.96

140. McKhann GM, Knopman DS, Chertkow H, Hyman BT, Jack CR, Kawas CH,
et al. The diagnosis of dementia due to Alzheimer’s disease: Recommendations from
the National Institute on aging-Alzheimer’s association workgroups on diagnostic
guidelines for Alzheimer’s disease. Alzheimer’s & Dementia. 2011;7(3):263-9.
doi:10.1016/j.jalz.2011.03.005

141. Villemagne VL, Pike KE, Chételat G, Ellis KA, Mulligan RS, Bourgeat P, et
al. Longitudinal assessment of AB and cognition in aging and Alzheimer disease.
Annals of Neurology. 2011;69(1):181-92. doi:10.1002/ana.22248

142. Sperling RA, Aisen PS, Beckett LA, Bennett DA, Craft S, Fagan AM, et al.
Toward defining the preclinical stages of Alzheimer’s disease: Recommendations
from the National Institute on aging-Alzheimer’s association workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimer’s & Dementia.
2011;7(3):280-92. doi:10.1016/j.jalz.2011.03.003

143. Sperling RA, Karlawish J, Johnson KA. Preclinical Alzheimer disease—the
challenges ahead. Nature Reviews Neurology. 2012;9(1):54-8.
doi:10.1038/nrneurol.2012.241

144. Beach TG, Monsell SE, Phillips LE, Kukull W. Accuracy of the clinical

diagnosis of Alzheimer disease at National Institute on Aging Alzheimer Disease

41




Centers, 2005-2010. Journal of Neuropathology & Experimental Neurology.
2012;71(4):266-73. doi:10.1097/nen.0b013e31824b211b

145. Rizzo G, Arcuti S, Copetti M, Alessandria M, Savica R, Fontana A, et al.
Accuracy of clinical diagnosis of dementia with Lewy bodies: A systematic review
and meta-analysis. Journal of Neurology, Neurosurgery & Psychiatry.
2017;89(4):358-66. doi:10.1136/jnnp-2017-316844

146. Knopman DS, DeKosky ST, Cummings JL, Chui H, Corey—Bloom J, Relkin
N, et al. Practice parameter: Diagnosis of dementia (an evidence-based review).
Neurology. 2001:56(9):1143-53. doi:10.1212/wnl.56.9.1143

147. Bradford A, Kunik ME, Schulz P, Williams SP, Singh H. Missed and delayed
diagnosis of dementia in primary care. Alzheimer Disease & Associated Disorders.

2009;23(4):306—14. doi:10.1097/wad.0b013e3181abbebc

148. Hansson O. Biomarkers for neurodegenerative diseases. Nature Medicine.
2021;27(6):954-63. doi:10.1038/s41591-021-01382-x
149. Gay BE, Taylor KI, Hohl U, Tolnay M, Staechelin HB. The validity of clinical

diagnoses of dementia in a group of consecutively autopsied memory clinic patients.
The Journal of Nutrition Health and Aging. 2008;12(2):132-7.
doi:10.1007/bf02982566

150. Gaugler JE, Ascher-Svanum H, Roth DL, Fafowora T, Siderowf A, Beach TG.
Characteristics of patients misdiagnosed with Alzheimer’s disease and their
medication use: An analysis ofthe NACC-uds database. BMC Geriatrics. 2013;13(1).
doi:10.1186/1471-2318-13-137

151. Serrano-Pozo A, Qian J, Monsell SE, Blacker D, Gomez-Isla T, Betensky RA,
et al. Mild to moderate Alzheimer dementia with insufficient neuropathological
changes. Annals of Neurology. 2014;75(4):597-601. doi:10.1002/ana.24125

152. Rowe CC, Ellis KA, Rimajova M, Bourgeat P, Pike KE, Jones G, et al
Amyloid imaging results from the Australian imaging, biomarkers and lifestyle
(AIBL) study of aging. Neurobiology of Aging. 2010;31(8):1275-83.
doi:10.1016/j.neurobiolaging.2010.04.007

42




153. Jack CR, Lowe VI, Senjem ML, Weigand SD, Kemp BJ, Shiung MM, et al.
11C PIB and structural MRI provide complementary information in imaging of
Alzheimer’s disease and amnestic mild cognitive impairment. Brain.
2008;131(3):665-80. doi:10.1093/brain/awm336

154. Zwan MD, Bouwman FH, Konijnenberg E, van der Flier WM, Lammertsma
AA, Verhey FR, et al. Diagnostic impact of [18F]flutemetamol pet in early-onset
dementia. Alzheimer’s Research & Therapy. 2017:9(1). doi:10.1186/s13195-016-
0228-4

155. Jessen F. F5-01-01: A conceptual framework of subjective cognitive decline
(SCD) in preclinical Alzheimer’s disease (AD). Alzheimer’s & Dementia.
2013;9(4S_Part_21). doi:10.1016/j.jalz.2013.04.451

156. Rabin LA, Smart CM, Amariglio RE. Subjective cognitive decline in
preclinical Alzheimer’s disease. Annual Review of Clinical Psychology.
2017:13(1):369-96. doi:10.1146/annurev-clinpsy-032816-045136

157. Mackinnon A, Mulligan R. Combining cognitive testing and informant report
to increase accuracy in screening for dementia. American Journal of Psychiatry.
1998;155(11):1529-35. doi:10.1176/ajp.155.11.1529

158. Petersen RC, Smith GE, Waring SC, Ivnik RJ, Tangalos EG, Kokmen E. Mild
cognitive impairment. Archives of Neurology. 1999:56(3):303.
doi:10.1001/archneur.56.3.303

159. Peterson RC. Mild cognitive impairment: Aging to Alzheimer’s disease.
Oxford: University Press; 2003.
160. Petersen RC, Roberts RO, Knopman DS, Boeve BF, Geda YE, Ivnik RJ, et al.

Mild  cognitive  impairment. Archives of Neurology. 2009:66(12).
doi:10.1001/archneurol.2009.266

161. Morris JC, Cummings J. Mild cognitive impairment (MCI) represents early-
stage alzheimer’s disease. Journal of Alzheimer’s Disease. 2005:7(3):235-9.
doi:10.3233/jad-2005-7306

43




162. Knopman DS, Petersen RC. Mild cognitive impairment and mild dementia: A
clinical  perspective. Mayo  Clinic Proceedings.  2014;89(10):1452-9.
doi:10.1016/j.mayocp.2014.06.019

163. Garcia MJ, Leadley R, Lang S, Ross J, Vinand E, Ballard C, et al. Real-world
use of symptomatic treatments in early Alzheimer’s disease. Journal of Alzheimer’s
Disease. 2023:91(1):151-67. doi:10.3233/jad-220471

164. Thangavel P, Natarajan Y, Sri Preethaa KR. EAD-DNN: Early Alzheimer’s
disease prediction using Deep Neural Networks. Biomedical Signal Processing and
Control. 2023;86:105215. doi:10.1016/j.bspc.2023.105215

165. Hayato S, Rawal S, Takenaka O, Landry 1, Boyd P, Aluri J, et al. Subcutaneous
dose selection of Lecanemab for treatment of subjects with early Alzheimer’s disease
(EAD). Alzheimer’s & Dementia. 2022;18(S10). doi:10.1002/alz.069429

166. Blennow K. A review of fluid biomarkers for Alzheimer’s disease: Moving
from CSF to blood. Neurology and Therapy. 2017;6(S1):15-24. doi: 10.1007/s40120-
017-0073-9

167. Bateman RJ, Blennow K, Doody R, Hendrix S, Lovestone S, Salloway S, et
al. Plasma biomarkers of AD emerging as essential tools for drug development: An
EU/US CTAD task force report. The Journal Of Prevention of Alzheimer’s Disease.
2019;1-5. doi:10.14283/jpad.2019.21

168. Carmona P, Molina M, Toledano A. Blood-based biomarkers of Alzheimers
disease: Diagnostic algorithms and New Technologies. Current Alzheimer Research.
2016;13(4):450-64. doi:10.2174/1567205013666151116130301

169. Palmqvist S, Janelidze S, Stomrud E, Zetterberg H, Karl J, Zink K, et al.
Performance of fully automated plasma assays as screening tests for Alzheimer
disease-related P-amyloid status. JAMA Neurology. 2019;76(9):1060.
doi:10.1001/jamaneurol.2019.1632

170. Ovod V, Ramsey KN, Mawuenyega KG, Bollinger JG, Hicks T, Schneider T,
et al. Amyloid B concentrations and stable isotope labeling kinetics of human plasma
specific to central nervous system amyloidosis. Alzheimer’s & Dementia.

2017;13(8):841-9. doi:10.1016/j.jalz.2017.06.2266




171. Hansson O. Biomarkers for neurodegenerative diseases. Nature Medicine.
2021;27(6):954-63. doi:10.1038/s41591-021-01382-x

172. Janelidze S, Teunissen CE, Zetterberg H, Allu¢ JA, Sarasa L, Eichenlaub U,
et al. Head-to-head comparison of § plasma amyloid-p 42/40 assays in Alzheimer
disease. JAMA Neurology. 2021;78(11):1375. doi:10.1001/jamaneurol.2021.3180

173. Fukumoto H, Tennis M, Locascio JJ, Hyman BT, Growdon JH, Irizarry MC.
Age but not diagnosis is the main predictor of plasma amyloid B-protein levels.
Archives of Neurology. 2003;60(7):958. doi:10.1001/archneur.60.7.958

174. Hansson O, Edelmayer RM, Boxer AL, Carrillo MC, Mielke MM, Rabinovici
GD, et al. The Alzheimer’s association appropriate use recommendations for blood
biomarkers in Alzheimer’s disease. Alzheimer’s & Dementia. 2022;18(S6).
doi:10.1002/alz.070020

175. Janelidze S, Mattsson N, Palmqvist S, Smith R, Beach TG, Serrano GE, et al.
Plasma P-taul81 in Alzheimer’s disease: Relationship to other biomarkers,
differential diagnosis, neuropathology and longitudinal progression to Alzheimer’s
dementia. Nature Medicine. 2020;26(3):379-86. doi:10.1038/s41591-020-0755-1

176. Palmgqvist S, Janelidze S, Quiroz YT, Zetterberg H, Lopera F, Stomrud E, et
al. Discriminative accuracy of Plasma Phospho-Tau217 for Alzheimer disease vs
other neurodegenerative disorders. JAMA. 2020:;324(8):772.
doi:10.1001/jama.2020.12134

177. Mattsson-Carlgren N, Janelidze S, Bateman R, Smith R, Stomrud E, Serrano
G, et al. Soluble P-TAU217 reflects amyloid and tau pathology and mediates the
association of amyloid with TAU. 2021; doi:10.21203/rs.3.rs-101153/v2

178. Ashton NJ, Pascoal TA, Karikari TK, Benedet AL, Lantero-Rodriguez J,
Brinkmalm G, et al. Plasma P-TAU231: A new biomarker for Incipient Alzheimer’s
Disease Pathology. Acta Neuropathologica. 2021;141(5):709-24.
doi:10.1007/s00401-021-02275-6

179. Palmqvist S, Insel PS, Stomrud E, Janelidze S, Zetterberg H, Brix B, et al.

Cerebrospinal fluid and plasma biomarker trajectories with increasing amyloid

45




deposition in Alzheimer’s disease. EMBO Molecular Medicine. 2019;11(12).
doi:10.15252/emmm.201911170

180. Karikari TK, Benedet AL, Ashton NJ, Lantero Rodriguez J, Snellman A,
Suarez-Calvet M, et al. Diagnostic performance and prediction of clinical progression
of Plasma Phospho-Taul81 in the Alzheimer’s disease neuroimaging initiative.
Molecular Psychiatry. 2020;26(2):429-42. doi:10.1038/s41380-020-00923-z

181. Cullen NC, Leuzy A, Palmqvist S, Janelidze S, Stomrud E, Pesini P, et al.
Individualized prognosis of cognitive decline and dementia in mild cognitive
impairment based on plasma biomarker combinations. Nature Aging. 2020;1(1):114—
23. doi:10.1038/s43587-020-00003-5

182. Yuan A, Nixon RA. Neurofilament proteins as biomarkers to monitor
neurological diseases and the efficacy of therapies. Frontiers in Neuroscience.
2021;15. doi:10.3389/fnins.2021.689938

183. Ashton NJ, Janelidze S, Al Khleifat A, Leuzy A, van der Ende EL, Karikari
TK, et al. A multicentre validation study of the diagnostic value of plasma
neurofilament light. Nature Communications. 2021;12(1). doi:10.1038/s41467-021-
23620-z

184. Bridel C, van Wieringen WN, Zetterberg H, Tijms BM, Teunissen CE,
Alvarez-Cermefio JC, et al. Diagnostic value of cerebrospinal fluid neurofilament
light protein in  neurology. JAMA  Neurology. 2019;76(9):1035.
doi:10.1001/jamaneurol.2019.1534

185. Mattsson N, Cullen NC, Andreasson U, Zetterberg H, Blennow K.
Association between longitudinal plasma neurofilament light and neurodegeneration
in patients with Alzheimer disease. JAMA Neurology. 2019;76(7):791.
doi:10.1001/jamaneurol.2019.0765

186. Quiroz YT, Zetterberg H, Reiman EM, Chen Y, Su Y, Fox-Fuller JT, et al.
Plasma neurofilament light chain in the Presenilin 1 E280A autosomal dominant
Alzheimer’s disease kindred: A cross-sectional and longitudinal cohort study. The

Lancet Neurology. 2020;19(6):513-21. doi:10.1016/s1474-4422(20)30137-x

46




187. Park SA, Han SM, Kim CE. New fluid biomarkers tracking non-amyloid-p
and non-tau pathology in Alzheimer’s disease. Experimental & Molecular Medicine.
2020;52(4):556-68. doi:10.1038/s12276-020-0418-9

188. Pereira JB, Janelidze S, Smith R, Mattsson-Carlgren N, Palmqvist S,
Teunissen CE, et al. Plasma GFAP is an early marker of amyloid-f but not tau
pathology in  Alzheimer’s disease. Brain. 2021;144(11):3505-16.
doi:10.1093/brain/awab223

189. Cicognola C, Janelidze S, Hertze J, Zetterberg H, Blennow K, Mattsson-
Carlgren N, et al. Plasma glial fibrillary acidic protein detects alzheimer pathology
and predicts future conversion to Alzheimer dementia in patients with mild cognitive
impairment. Alzheimer’s Research & Therapy. 2021;13(1). doi:10.1186/s13195-021-
00804-9

190. Shen X, Huang S, Yu J. Plasma glial fibrillary acidic protein in alzheimer’s
disease and other neurodegenerative disorders: Relationship to diagnosis, biomarkers,
neuropathology and longitudinal progression. Alzheimer’'s & Dementia.
2022;18(S6). doi:10.1002/alz.063121

191. Laverse E, Guo T, Zimmerman K, Foiani MS, Velani B, Morrow P, et al.
Plasma glial fibrillary acidic protein and neurofilament light chain, but not tau, are
biomarkers of sports-related mild traumatic brain injury. Brain Communications.
2020;2(2). doi:10.1093/braincomms/fcaal37

192. Mattila OS, Ashton NJ, Blennow K, Zetterberg H, Harve-Rytsili H,
Pihlasviita S, et al. Ultra-early differential diagnosis of acute cerebral ischemia and
hemorrhagic stroke by measuring the prehospital release rate of GFAP. Clinical
Chemistry. 2021:67(10):1361-72. doi:10.1093/clinchem/hvab128

193. Blennow K, de Leon MJ, Zetterberg H. Alzheimer’s disease. The Lancet.
2006;368(9533):387-403. doi:10.1016/50140-6736(06)69113-7

194, Pepeu G, Giovannini MG. Changes in acetylcholine extracellular levels
during cognitive processes: Table 1. Learning & Memory. 2004;11(1):21-7.
doi:10.1101/lm.68104

47




195. Ray B, Maloney B, Sambamurti K, Karnati HK, Nelson PT, Greig NH, et al.
Rivastigmine modifies the a-secretase pathway and potentially early Alzheimer’s
disease. Translational Psychiatry. 2020;10(1). doi: 10.1038/s41398-020-0709-x

196. Puzzo D, Gulisano W, Arancio O, Palmeri A. The keystone of Alzheimer
pathogenesis might be sought in AB physiology. Neuroscience. 2015;307:26-36.
doi:10.1016/j.neuroscience.2015.08.039

197. Cooper C, Sommerlad A, Lyketsos CG, Livingston G. Modifiable predictors
of dementia in mild cognitive impairment: A systematic review and meta-analysis.
American Journal of Psychiatry. 2015:172(4):323-34.
doi:10.1176/appi.ajp.2014.14070878

198. Shi X, Lin X, Hu R, Sun N, Hao J, Gao C. Toxicological differences between
NMDA receptor antagonists and cholinesterase inhibitors. American Journal of
Alzheimer’s Disease & Other Dementias. 2016;31(5):405-12.
doi:10.1177/1533317515622283

199. Opare Asamoah Botchway B. Alzheimer’s disease — the past, the present and
the  future. Science Journal of Clinical Medicine. 2017;6(1):1.
doi:10.11648/j.sjcm.20170601.11

200. Arndt JW, Qian F, Smith BA, Quan C, Kilambi KP, Bush MW, et al. Structural
and kinetic basis for the selectivity of aducanumab for aggregated forms of amyloid-

B. Scientific Reports. 2018:8(1). doi:10.1038/s41598-018-24501-0

201. Sevigny J, Suhy J, Chiao P, Chen T, Klein G, Purcell D, et al. Amyloid pet
screening for enrichment of early-stage Alzheimer disease clinical trials. Alzheimer
Disease & Associated Disorders. 2016;30(1):1-7.
doi:10.1097/wad.0000000000000144

202. Hoy SM. Lecanemab: First approval. Drugs. 2023;83(4):359-65.
doi:10.1007/540265-023-01851-2

203. McDade E, Cummings JL, Dhadda S, Swanson CJ, Reyderman L, Kanekiyo

M, et al. Lecanemab in patients with early Alzheimer’s disease: Detailed results on

biomarker, cognitive, and clinical effects from the randomized and open-label

48




extension of the phase 2 proof-of-concept study. Alzheimer’s Research & Therapy.
2022;14(1). doi:10.1186/s13195-022-01124-2

204. Wu T, Lin D, Cheng Y, Jiang S, Riaz MW, Fu N, et al. Amyloid cascade
hypothesis for the treatment of Alzheimer’s disease: Progress and challenges. Aging
and disease. 2022 Dec;13(6):1745. doi:10.14336/ad.2022.0412

205. Zheng X, Tang Y, Yang Q, Wang S, Chen R, Tao C, et al. Effectiveness and
safety of anti-Tau Drugs for Alzheimer’s disease: Systematic review and meta-
analysis. Journal of the American Geriatrics Society. 2022;70(11):3281-92.
doi:10.1111/jgs.18025

206. Klimova B, Kuca K. Alzheimer’s disease: Potential Preventive, non-invasive,
intervention strategies in lowering the risk of cognitive decline - a review study.
Journal of Applied Biomedicine. 2015;13(4):257-61. doi:10.1016/j.jab.2015.07.004

207. Kivipelto M, Mangialasche F, Ngandu T. Lifestyle interventions to prevent
cognitive impairment, dementia and Alzheimer disease. Nature Reviews Neurology.
2018;14(11):653-66. doi:10.1038/s41582-018-0070-3

208. Rosenberg A, Mangialasche F, Ngandu T, Solomon A, Kivipelto M.
Multidomain interventions to prevent cognitive impairment, Alzheimer’s disease, and
dementia: From finger to world-wide fingers. The Journal of Prevention of
Alzheimer’s Disease. 2019;1-8. doi:10.14283/jpad.2019.41

2009. Lehtisalo J, Levilahti E, Lindstrom J, Hinninen T, Paajanen T, Peltonen M,
et al. Dietary changes and cognition over 2 years within a multidomain intervention
trial—the Finnish geriatric intervention study to prevent cognitive impairment and
disability  (FINGER).  Alzheimer’s &  Dementia. 2018;15(3):410-7.
doi:10.1016/j.jalz.2018.10.001

210. van Wijk N, Broersen LM, de Wilde MC, Hageman RJJ, Groenendijk M,
Sijben JWC, et al. Targeting synaptic dysfunction in Alzheimer’s disease by
administering a specific nutrient combination. Journal of Alzheimer’s Disease.

2013;38(3):459-79. doi:10.3233/jad-130998

49




211. Livingston G, Huntley J, Sommerlad A, Ames D, Ballard C, Banerjee S, et al.

Dementia prevention, intervention, and care: 2020 report of The Lancet Commission.

The Lancet. 2020;396(10248):413—46. doi:10.1016/s0140-6736(20)30367-6

212. Atri A. The Alzheimer’s disease clinical spectrum. Medical Clinics of North
America. 2019;103(2):263-93. doi:10.1016/j.mcna.2018.10.009
213. Whitmer RA, Sidney S, Selby J, Johnston SC, Yaffe K. Midlife cardiovascular

risk factors and risk of dementia in late life. Neurology. 2005:;64(2):277-81.
doi:10.1212/01.wnl.0000149519.47454.12

214. Edwards 111 GA, Gamez N, Escobedo Jr. G, Calderon O, Moreno-Gonzalez 1.
Modifiable risk factors for Alzheimer’s disease. Frontiers in Aging Neuroscience.
2019;11. doi:10.3389/fhagi.2019.00146

215. C. Vickers I, Mitew S, Woodhouse A, M. Fernandez-Martos C, T. Kirkcaldie

M, J. Canty A, et al. Defining the earliest pathological changes of Alzheimer’s

disease. Current Alzheimer Research. 2016;13(3):281-7.
doi:10.2174/1567205013666151218150322
216. Chew H, Solomon VA, Fonteh AN. Involvement of lipids in Alzheimer’s

disease pathology and potential therapies. Frontiers in Physiology. 2020;11.
doi:10.3389/fphys.2020.00598

217. Maulik M, Westaway D, Jhamandas JH, Kar S. Role of cholesterol in APP
metabolism and its significance in Alzheimer’s disease pathogenesis. Molecular
Neurobiology. 2012:47(1):37-63. doi:10.1007/s12035-012-8337-y

218. Korade Z, Kenworthy AK. Lipid rafts, cholesterol, and the brain.
Neuropharmacology. 2008;55(8):1265-73. doi:10.1016/j.neuropharm.2008.02.019

219. Johansson M. Insulin resistance and metabolic comorbidities in Alzheimer’s
disease. 2021; doi:10.1101/2021.04.23.21255980
220. Kandimalla R, Thirumala V, Reddy PH. Is Alzheimer’s disease a type 3

diabetes? A critical appraisal. Biochimica et Biophysica Acta (BBA) - Molecular
Basis of Disease. 2017;1863(5):1078-89. doi:10.1016/j.bbadis.2016.08.018
221. Cooper C, Sommerlad A, Lyketsos CG, Livingston G. Modifiable predictors

of dementia in mild cognitive impairment: A systematic review and meta-analysis.

50




American Journal of Psychiatry. 2015:172(4):323-34.
doi:10.1176/appi.ajp.2014.14070878

222 Mendez MF. The relationship between anxiety and Alzheimer’s diseasel.
Journal of Alzheimer’s Disease Reports. 2021;5(1):171-7. doi:10.3233/adr-210294
223. Ganguli M, Du Y, Dodge HH, Ratcliff GG, Chang C-CH. Depressive

symptoms and cognitive decline in late life. Archives of General Psychiatry.
2006:63(2):153. doi:10.1001/archpsyc.63.2.153

224, Wilker EH, Osman M, Weisskopf MG. Ambient air pollution and clinical
dementia: Systematic review and meta-analysis. BMJ. 2023; doi:10.1136/bmj-2022-
071620

225. Thomas J, Thomas CJ, Radcliffe J, Itsiopoulos C. Omega-3 fatty acids in early
prevention of inflammatory neurodegenerative disease: A focus on Alzheimer’s
disease. BioMed Research International. 2015:2015:1-13. doi:10.1155/2015/172801

226. Deckers K, van Boxtel MP, Schiepers OJ, de Vugt M, Mufioz Sanchez JL,
Anstey KJ, et al. Target risk factors for dementia prevention: A systematic review and
Delphi consensus study on the evidence from observational studies. International
Journal of Geriatric Psychiatry. 2014;30(3):234-46. doi:10.1002/gps.4245

227. Matthews DC, Davies M, Murray J, Williams S, Tsui WH, LiY, et al. Physical
activity, Mediterranean diet and biomarkers-assessed risk of Alzheimer’s: A multi-
modality Brain Imaging Study. Advances in Molecular Imaging. 2014;04(04):43-57.
doi:10.4236/ami.2014.44006

228. Tosun D, Demir Z, Veitch DP, Weintraub D, Aisen P, Jack CR, et al
Contribution of Alzheimer’s biomarkers and risk factors to cognitive impairment and
decline across the Alzheimer’s disease continuum. Alzheimer’s & Dementia.
2021;18(7):1370-82. doi:10.1002/alz. 12480

229. Lion KM, Szczesniak D, Bulinska K, Evans SB, Evans SC, Saibene FL, et al.
Do people with dementia and mild cognitive impairments experience stigma? A
cross-cultural investigation between Italy, Poland and the UK. Aging & Mental
Health. 2019;24(6):947-55. doi:10.1080/13607863.2019.1577799

51




230. Nabi K, Le A. The intratumoral heterogeneity of cancer metabolism. The
Heterogeneity of Cancer Metabolism. 2021;149-60. doi:10.1007/978-3-030-65768-
011

231. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell.
2011;144(5):646-74. doi:10.1016/j.cell.2011.02.013

232. Driver JA. Inverse association between cancer and Neurodegenerative
Disease: Review of the epidemiologic and biological evidence. Biogerontology.
2014;15(6):547-57. doi:10.1007/s10522-014-9523-2

233. van Heemst D, Mooijaart SP, Beekman M, Schreuder J, de Craen AJM, Brandt
BW, et al. Variation in the human TP53 gene affects old age survival and cancer
mortality. Experimental Gerontology. 2005;40(1-2):11-5.
doi:10.1016/j.exger.2004.10.001

234. Greten FR, Grivennikov SI. Inflammation and cancer: Triggers, mechanisms,
and consequences. Immunity. 2019;51(1):27-41. doi: 10.1016/j.immuni.2019.06.025

235. Park S, Yu SJ, Cho Y, Balch C, Lee J, Kim YH, et al. Network comparison of
inflammation in colorectal cancer and Alzheimer’s disease. BioMed Research
International. 2015;2015:1-6. doi:10.1155/2015/205247

236. Van Eldik LJ, Carrillo MC, Cole PE, Feuerbach D, Greenberg BD, Hendrix
JA, et al. The roles of inflammation and immune mechanisms in Alzheimer’s disease.
Alzheimer’s & Dementia: Translational Research & Clinical Interventions.
2016;2(2):99-109. doi:10.1016/j.trci.2016.05.001

237. Driver JA. Understanding the link between cancer and neurodegeneration.
Journal of Geriatric Oncology. 2012;3(1):58—67. doi:10.1016/j.jgo.2011.11.007

238. Guo B, Fu S, Zhang J, Liu B, Li Z. Targeting inflammasome/IL-1 pathways
for cancer immunotherapy. Scientific Reports. 2016;6(1). doi:10.1038/srep36107

2309. Tyagi A, Kamal MA, Poddar NK. Integrated Pathways of COX-2 and mTOR:
Roles in cell sensing and Alzheimer’s disease. Frontiers in Neuroscience. 2020;14.

doi:10.3389/fhins.2020.00693

52




240. Harris RA, Tindale L, Cumming RC. Age-dependent metabolic dysregulation
in cancer and Alzheimer’s disease. Biogerontology. 2014;15(6):559-77.
doi:10.1007/s10522-014-9534-z

241. Aliev G, Obrenovich ME, Tabrez S, Jabir NR, Reddy VP, Li Y, et al. Link
between cancer and Alzheimer disease via oxidative stress induced by nitric oxide-
dependent mitochondrial DNA overproliferation and deletion. Oxidative Medicine
and Cellular Longevity. 2013;2013:1-19. doi:10.1155/2013/962984

242, Narayanan S, Santhoshkumar A, Ray S, Harihar S. Reprogramming of cancer
cell metabolism: Warburg and Reverse Warburg hypothesis. Cancer Cell Metabolism:
A Potential Target for Cancer Therapy. 2020;15-26. doi:10.1007/978-981-15-1991-
82

243. Pavlides S, Tsirigos A, Vera I, Flomenberg N, Frank PG, Casimiro MC, et al.
Transcriptional evidence for the “reverse warburg effect” in human breast cancer
tumor stroma and metastasis: Similarities with oxidative stress, inflammation,
Alzheimer’s disease, and “neuron-glia metabolic coupling.” Aging. 2010;2(4):185-
99. doi:10.18632/aging. 100134

244. Menendez JA. Metabolic control of cancer cell stemness: Lessons from IPS
cells. Cell Cycle. 2015;14(24):3801-11. doi:10.1080/15384101.2015.1022697
245. Driver JA, Beiser A, Au R, Kreger BE, Splansky GL, Kurth T, et al. Inverse

association between cancer and Alzheimer’s disease: Results from the Framingham
Heart Study. BMJ. 2012;344(marl2 1). doi:10.1136/bmj.e1442

246. Musicco M, Adorni F, Di Santo S, Prinelli F, Pettenati C, Caltagirone C, et al.
Inverse occurrence of cancer and Alzheimer disease: A population-based incidence
study. Neurology. 2013;81(4):322-8. doi:10.1212/wnl.0b013e31829c5ecl

247. Hanson HA, Horn KP, Rasmussen KM, Hoffman JM, Smith KR. Is cancer
protective for subsequent Alzheimer’s disease risk? evidence from the Utah
Population Database. The Journals of Gerontology Series B: Psychological Sciences
and Social Sciences. 2016; doi:10.1093/geronb/gbw040

248. Ospina-Romero M, Glymour MM, Hayes-Larson E, Mayeda ER, Graff RE,

Brenowitz WD, et al. Association between Alzheimer disease and cancer with

53




evaluation of study Dbiases. JAMA  Network Open. 2020:3(11).
doi:10.1001/jamanetworkopen.2020.25515

249. Nudelman KN, Risacher SL, West JD, McDonald BC, Gao S, Saykin AlJ.
Association of Cancer History with Alzheimer’s disease onset and structural brain

changes. Frontiers in Physiology. 2014:5. doi:10.3389/fphys.2014.00423

250. Ganguli M. Cancer and dementia. Alzheimer Disease & Associated Disorders.
2015;29(2):177-82. doi:10.1097/wad.0000000000000086
251. Freedman DM, Wu J, Chen H, Kuncl RW, Enewold LR, Engels EA, et al.

Associations between cancer and Alzheimer’s disease in a U.S. medicare population.
Cancer Medicine. 2016;5(10):2965-76. doi:10.1002/cam4.850

252. Lin H-L, Lin H-C, Tseng Y-F, Chen S-C, Hsu C-Y. Inverse association
between cancer and dementia. Alzheimer Disease & Associated Disorders.
2016;30(2):118-22. doi:10.1097/wad.0000000000000116

253. Frain L, Swanson D, Cho K, Gagnon D, Lu KP, Betensky RA, et al.
Association of Cancer and Alzheimer’s disease risk in a national cohort of veterans.
Alzheimer’s & Dementia. 2017;13(12):1364-70. doi:10.1016/j.jalz.2017.04.012

254. Lee JE, Kim D, Lee JH. Association between Alzheimer’s disease and cancer
risk in South Korea: An 11-year nationwide population-based study. Dementia and

Neurocognitive Disorders. 2018;17(4):137. doi:10.12779/dnd.2018.17.4.137

255. Siegel RL, Miller KD, Fuchs HE, Jemal A. Cancer statistics, 2021. CA: A
Cancer Journal for Clinicians. 2021;71(1):7-33. doi:10.3322/caac.21654
256. Akushevich 1, Yashkin AP, Kravchenko J, Kertai MD. Chemotherapy and the

risk of Alzheimer’s disease in colorectal cancer survivors: Evidence from the
medicare system. JCO Oncology Practice. 2021;17(11). doi:10.1200/0p.20.00729
257. DU XL, CAI Y, SYMANSKI E. Association between chemotherapy and
cognitive impairments in a large cohort of patients with colorectal cancer.
International Journal of Oncology. 2013:42(6):2123-33. doi:10.3892/ij0.2013.1882
258. Lahiri DK, Felipe Salech MIBDPP. Common Biological Mechanisms in
Alzheimer’s Disease and Cancer. In: Advances in Alzheimer's research volume 2.

Sharjah: Bentham Science Publishers; 2014. p. 33-57.

54




259. Ibafiez K, Boullosa C, Tabarés-Seisdedos R, Baudot A, Valencia A. Molecular
evidence for the inverse comorbidity between central nervous system disorders and
cancers detected by transcriptomic meta-analyses. PLoS Genetics. 2014;10(2).
doi:10.1371/journal. pgen.1004173

260. Feng Y-CA, Cho K, Lindstrom S, Kraft P, Cormack J, Liang L, et al.
Investigating the genetic relationship between Alzheimer’s disease and cancer using
GWAS  summary statistics. Human  Genetics.  2017;136(10):1341-51.
doi:10.1007/s00439-017-1831-6

261. Lanni C, Masi M, Racchi M, Govoni S. Cancer and Alzheimer’s disease
inverse relationship: An age-associated diverging derailment of shared pathways.
Molecular Psychiatry. 2020;26(1):280-95. doi:10.1038/s41380-020-0760-2

262. Bao L, Kimzey A, Sauter G, Sowadski JM, Lu KP, Wang D-G. Prevalent
overexpression of prolyl isomerase pinl in human cancers. The American Journal of
Pathology. 2004;164(5):1727-37. doi:10.1016/s0002-9440(10)63731-5

263. Driver JA, Zhou XZ, Lu KP. Regulation of protein conformation by Pinl
offers novel disease mechanisms and therapeutic approaches in Alzheimer's disease.
Discovery Medicine. 2014 Feb;17(92):93-9. PMID: 24534472

264. Inestrosa NC, Toledo EM. The role of Wnt signaling in neuronal dysfunction
in  Alzheimer’s  disease. = Molecular = Neurodegeneration.  2008;3(1):9.

doi:10.1186/1750-1326-3-9

265. Zhan T, Rindtorff N, Boutros M. Wnt signaling in cancer. Oncogene.
2016;36(11):1461-73. doi:10.1038/onc.2016.304
266. Gamez-Belmonte R, Mahapatro M, Erkert L, Gonzalez-Acera M,

Naschberger E, Yu Y, et al. Epithelial presenilin-1 drives colorectal tumour growth by
controlling EGFR-Cox2 signalling. Gut. 2022;72(6):1155-66. doi:10.1136/gutjnl-
2022-327323

267. Pefia-Bautista C, Tarazona-Sanchez A, Braza-Boils A, Balaguer A, Ferré-
Gonzalez L, Canada-Martinez AJ, et al. Plasma microRNAs as potential biomarkers
in early Alzheimer disease expression. Scientific Reports. 2022;12(1).

doi:10.1038/541598-022-19862-6

55




268. Dong H, Li J, Huang L, Chen X, Li D, Wang T, et al. Serum MicroRNA
profiles serve as novel biomarkers for the diagnosis of Alzheimer’s disease. Disease
Markers. 2015;2015:1-11. doi:10.1155/2015/625659

269. Csicsatkova N, Matyasova K, Porubska S, Filipcik P, Cente M. Dysregulated
plasma microRNAs as potential biomarkers of aging and Alzheimer’s disease. The
FASEB Journal. 2021;35(S1). doi:10.1096/fasebj.2021.35.51.04982

270. Chen C-Z. MicroRNAs as oncogenes and tumor suppressors. New England
Journal of Medicine. 2005;353(17):1768-71. doi:10.1056/nejmp058190

271. Yates LA, Norbury CJ, Gilbert RJC. The long and short of MicroRNA. Cell.
2013;153(3):516-9. doi:10.1016/j.cell.2013.04.003

272. Chen X, Liang H, Zhang J, Zen K, Zhang C-Y. Horizontal transfer of
microRNAs: Molecular mechanisms and clinical applications. Protein & Cell.
2012;3(1):28-37. doi:10.1007/s13238-012-2003-z

273. Kozomara A, Birgaoanu M, Griffiths-Jones S. MiRbase: From microRNA
sequences to function. Nucleic  Acids Research. 2018;47(D1).
doi:10.1093/nar/gkyl141

274. Antonakos N, Gilbert C, Théroude C, Schrijver IT, Roger T. Modes of action
and diagnostic value of miRNAs in sepsis. Frontiers in Immunology. 2022;13.
doi:10.3389/fimmu.2022.951798

275. Ullah S, John P, Bhatti A. MicroRNAs with a role in gene regulation and in
human  diseases. = Molecular  Biology = Reports. 2013:41(1):225-32.
doi:10.1007/s11033-013-2855-1

276. Sohel MH. Extracellular/circulating microRNAs: Release mechanisms,
functions and challenges. Achievements in the Life Sciences. 2016;10(2):175-86.
doi:10.1016/j.als.2016.11.007

2717. Flamand MN, Gan HH, Mayya VK, Gunsalus KC, Duchaine TF. A non-
canonical site reveals the cooperative mechanisms of microRNA-mediated silencing.

Nucleic Acids Research. 2017;45(12):7212-25. doi:10.1093/nar/gkx340

56




278. Tai Y, Pu M, Yuan L, Guo H, Qiao J, Lu H, et al. MiR-34a-5P regulates
PINK1-mediated mitophagy via multiple modes. Life Sciences. 2021;276:119415.
doi:10.1016/j.1f5.2021.119415

279. Pu M, Chen J, Tao Z, Miao L, Qi X, Wang Y, et al. Regulatory network of
miRNA on its target: Coordination between transcriptional and post-transcriptional
regulation of gene expression. Cellular and Molecular Life Sciences.
2018;76(3):441-51. doi:10.1007/s00018-018-2940-7

280. Gurien SD, Aziz M, Jin H, Wang H, He M, Al-Abed Y, et al. Extracellular
MicroRNA130b-3p inhibits eCIRP-induced inflammation. EMBO reports.
2019;21(1). doi:10.15252/embr.201948075

281. Turchinovich A, Weiz L, Langheinz A, Burwinkel B. Characterization of
extracellular circulating microRNA. Nucleic Acids Research. 2011;39(16):7223-33.
doi:10.1093/nar/gkr254

282. Sempere LF, Azmi AS, Moore A. microRNA-based diagnostic and
therapeutic applications in cancer medicine. WIREs RNA. 2021;12(6).
doi:10.1002/wrna. 1662

283. Kadir RR, Alwjwaj M, Bayraktutan U. MicroRNA: An emerging predictive,
diagnostic, prognostic and therapeutic strategy in Ischaemic Stroke. Cellular and
Molecular Neurobiology. 2020;42(5):1301-19. doi:10.1007/s10571-020-01028-5

284. Mirzavi F, Ebrahimi S, Ghazvini K, Hasanian SM, Hashemy SI. Diagnostic,
prognostic, and therapeutic potencies of circulating miRNAs in acute myocardial
infarction. Critical Reviews in Eukaryotic Gene Expression. 2019;29(4):333-42.
doi:10.1615/critreveukaryotgeneexpr.2019028211

285. Wang Z-Y, Wen Z-J, Xu H-M, Zhang Y, Zhang Y-F. Exosomal noncoding
RNAs in central nervous system diseases: Biological functions and potential clinical
applications. Frontiers in Molecular Neuroscience. 2022;15.
doi:10.3389/fhmol.2022.1004221

286. Reddy PH. Molecular biology of aging. Vol. 146. Amsterdam: Academic
Press; 2017.

57




287. Dong H, Lei J, Ding L, Wen Y, Ju H, Zhang X. MicroRNA: Function,
detection, and bioanalysis. Chemical Reviews. 2013;113(8):6207-33.
doi:10.1021/cr300362f

288. Smirnova L, Griife A, Seiler A, Schumacher S, Nitsch R, Wulezyn FG.
Regulation of miRNA expression during neural cell specification. European Journal

of Neuroscience. 2005;21(6):1469-77. doi:10.1111/j.1460-9568.2005.03978.x

2809. Kosik KS. The neuronal microRNA system. Nature Reviews Neuroscience.
2006;7(12):911-20. doi:10.1038/nrn2037
290. Maes O, Chertkow H, Wang E, Schipper H. MicroRNA: Implications for

Alzheimer disease and other human CNS disorders. Current Genomics.
2009;10(3):154-68. doi:10.2174/138920209788185252

291. Swarbrick S, Wragg N, Ghosh S, Stolzing A. Systematic review of miRNA as
biomarkers in Alzheimer’s disease. Molecular Neurobiology. 2019;56(9):6156-67.
doi:10.1007/s12035-019-1500-y

292. Jayaswal V, Lutherborrow M, Ma DD, Yang YH. Identification of microRNA-
mRNA modules using microarray data. BMC Genomics. 2011;12(1).
doi:10.1186/1471-2164-12-138

293. Oliveira AC, Bovolenta LA, Alves L, Figueiredo L, Ribeiro AO, Campos VF,
et al. Understanding the modus operandi of MicroRNA regulatory clusters. Cells.
2019:8(9):1103. doi:10.3390/cells8091103

294, Giuliani A, Gaetani S, Sorgentoni G, Agarbati S, Laggetta M, Matacchione G,
et al. Circulating inflamma-miRs as potential biomarkers of cognitive impairment in
patients affected by Alzheimer’s disease. Frontiers in Aging Neuroscience. 2021;13.
doi:10.3389/fhagi.2021.647015

295. Holohan KN, Lahiri DK, Schneider BP, Foroud T, Saykin AJ. Functional
microRNAs in Alzheimer’s disease and cancer: Differential Regulation of common
mechanisms and pathway. Frontiers in Genetics. 2013:3.
doi:10.3389/fgene.2012.00323

296. Nagaraj S, Zoltowska KM, Laskowska-Kaszub K, Wojda U. MicroRNA

diagnostic panel for Alzheimer’s disease and epigenetic trade-off between

58




neurodegeneration and cancer. Ageing Research Reviews. 2019;49:125-43.
doi:10.1016/j.arr.2018.10.008

297. Budakoti M, Panwar AS, Molpa D, Singh RK, Biisselberg D, Mishra AP, et
al. Micro-RNA: The darkhorse of cancer. Cellular Signalling. 2021:83:109995.
doi:10.1016/j.cellsig.2021.109995

298. Hirschberger S, Hinske LC, Kreth S. MiRNAs: Dynamic regulators of
immune cell functions in inflammation and cancer. Cancer Letters. 2018:431:11-21.
doi:10.1016/j.canlet.2018.05.020

299. Sethi P, Lukiw WJ. Micro-RNA abundance and stability in human brain:
Specific alterations in Alzheimer’s disease temporal lobe neocortex. Neuroscience
Letters. 2009;459(2):100—-4. doi:10.1016/j.neulet.2009.04.052

300. Butterfield DA, Griffin S, Munch G, Pasinetti GM. Amyloid B-peptide and
amyloid pathology are central to the oxidative stress and inflammatory cascades
under which Alzheimer’s disease brain exists. Journal of Alzheimer’s Disease.
2002:4(3):193-201. doi:10.3233/jad-2002-4309

301. Lukiw WIJ. Micro-RNA speciation in fetal, adult and Alzheimer’s disease
hippocampus. NeuroReport. 2007;18(3):297-300.
doi:10.1097/wnr.0b013e3280148e8b

302. Cogswell JP, Ward J, Taylor 1A, Waters M, Shi Y, Cannon B, et al
Identification of MiRNA changes in Alzheimer’s disease brain and CSF yields
putative biomarkers and insights into disease pathways. Journal of Alzheimer’s
Disease. 2008;14(1):27-41. doi:10.3233/jad-2008-14103

303. Wang H, Li X, Li T, Wang L, Wu X, Liu J, et al. Multiple roles of
microRNA-146a in immune responses and hepatocellular carcinoma (review).
Oncology Letters. 2019; doi:10.3892/01.2019.10862

304. Garo LP, Ajay AK, Fujiwara M, Gabriely G, Raheja R, Kuhn C, et al
MicroRNA-146a limits tumorigenic inflammation in colorectal cancer. Nature
Communications. 2021;12(1). doi:10.1038/s41467-021-2264 1 -y

305. Khorrami S, Zavaran Hosseini A, Mowla SJ, Soleimani M, Rakhshani N,

Malekzadeh R. MicroRNA-146a induces immune suppression and drug-resistant

59




colorectal cancer cells. Tumor Biology. 2017;39(5):101042831769836.
doi:10.1177/1010428317698365

306. Ekiz HA, Ramstead AG, Lee S-H, Nelson MC, Bauer KM, Wallace JA, et al.
T cell-expressed microRNA-155 reduces lifespan in a mouse model of age-related
chronic inflammation. The Journal of Immunology. 2020;204(8):2064-75.
doi:10.4049/jimmunol. 1901484

307. Hu R, Kagele DA, Huffaker TB, Runtsch MC, Alexander M, Liu J, et al. MiR-
155 promotes T follicular helper cell accumulation during chronic, low-grade
inflammation. Immunity. 2014;41(4):605-19. doi: 10.1016/j.immuni.2014.09.015

308. Liu D, Zhao D, Zhao Y, Wang Y, Zhao Y, Wen C. Inhibition of microRNA-
155 alleviates cognitive impairment in Alzheimer’s disease and involvement of
neuroinflammation. Current  Alzheimer  Research. 2019;16(6):473-82.
doi:10.2174/1567205016666190503145207

3009. Guedes JR, Custodia CM, Silva RJ, de Almeida LP, Pedroso de Lima MC,
Cardoso AL. Early miR-155 upregulation contributes to neuroinflammation in
Alzheimer’s disease triple transgenic mouse model. Human Molecular Genetics.
2014;23(23):6286-301. doi:10.1093/hmg/ddu348

310. Wang W, Gu X-H, Li M, Cheng Z-J, Tian S, Liao Y, et al. MicroRNA-155-5p
targets SKP2, activates IKKp, increases AB aggregation, and aggravates a mouse
Alzheimer disease model. Journal of Neuropathology & Experimental Neurology.
2021;81(1):16-26. doi:10.1093/jnen/nlab116

311. Volinia S, Calin GA, Liu C-G, Ambs S, Cimmino A, Petrocca F, et al. Faculty
opinions recommendation of a microRNA expression signature of human solid
tumors defines cancer gene targets. Proceedings of the National Academy of
Sciences. 2006;103(7):2257-61. doi:10.1073/pnas.0510565103

312. Qu, Y.-L.; Wang, H.-F.; Sun, Z.-Q.; Tang, Y.; Han, X.-N_; Yu, X.-B.; Liu, K.
Up-regulated miR-155-5p promotes cell proliferation, invasion and metastasis in
colorectal carcinoma. International Journal of Clinical Experimental Pathology.

2015:8:6988-6994. PMID: 26261588

60




313. Liu N, Yang C, Gao A, Sun M, Lv D. MiR-101: An important regulator of
gene expression and tumor ecosystem. Cancers. 2022;14(23):5861.
doi:10.3390/cancers14235861

314. Zhou Z, Xu H, Duan Y, Liu B. MicroRNA-101 suppresses colorectal cancer
progression by negative regulation of RAP1b. Oncology Letters. 2020;20(3):2225-
31.doi:10.3892/01.2020.11791

315. Vilardo E, Barbato C, Ciotti M, Cogoni C, Ruberti F. MicroRNA-101
regulates amyloid precursor protein expression in hippocampal neurons. Journal of
Biological Chemistry. 2010;285(24):18344-51. doi:10.1074/jbc.m110.112664

316. Nunez-Iglesias J, Liu C-C, Morgan TE, Finch CE, Zhou XJ. Joint genome-
wide profiling of miRNA and mRNA expression in Alzheimer’s disease cortex
reveals altered miRNA Regulation. PLoS ONE. 2010;5(2).
doi:10.1371/journal.pone.0008898

317. GONG J,CHU Y, XU M, HUO J, LV L. Esophageal squamous cell carcinoma
cell proliferation induced by exposure to low concentration of cigarette smoke extract
is mediated wvia targeting miR-101-3p/COX-2 pathway. Oncology Reports.
2015;35(1):463-71. doi:10.3892/0r.2015.4379

318. Huang F, Lin C, Shi Y-H, Kuerban G. MicroRNA-101 inhibits cell
proliferation, invasion, and promotes apoptosis by regulating cyclooxygenase-2 in
Hela cervical carcinoma cells. Asian Pacific Journal of Cancer Prevention.
2013;14(10):5915-20. doi:10.73 14/apjcp.2013.14.10.5915

319. Sokolik VV, Berchenko OG. The cumulative effect ofthe combined action of

miR-101 and curcumin in a liposome on a model of Alzheimer’s disease in

mononuclear  cells. Frontiers in Cellular Neuroscience. 2023:17.
doi:10.3389/fncel.2023.1169980
320. Krishnan AR, Zheng H, Kwok JG, Qu Y, Zou AE, Korrapati A, et al. A

comprehensive study of smoking-specific microRNA alterations in head and neck
squamous cell carcinoma. Oral Oncology. 2017;72:56-64.
doi:10.1016/j.oraloncology.2017.07.009

61




321. Huang Z, Wu X, Li J. MiR-101 suppresses colon cancer cell migration
through regulation of EZH2. Revista Espafiola de Enfermedades Digestivas. 2020
Apr; doi:10.17235/reed.2020.6800/2019

322. Wang A, Deng S, Chen X, Yu C, Du Q, Wu Y, et al. MiR-29a-5p/stat3 positive
feedback loop regulates tets in colitis-associated colorectal cancer. Inflammatory
Bowel Diseases. 2020;26(8). doi:10.1093/ibd/izaal33

323. YANG G, SONG Y, ZHOU X, DENGY, LIU T, WENG G, et al. MicroRNA-
29c targets [-site amyloid precursor protein-cleaving enzyme 1 and has a
neuroprotective role in vitro and in vivo. Molecular Medicine Reports.
2015;12(2):3081-8. doi:10.3892/mmr.2015.3728

324. Jahangard Y, Monfared H, Moradi A, Zare M, Mirnajafi-Zadeh J, Mowla SJ.
Therapeutic effects of transplanted exosomes containing miR-29b to a rat model of
Alzheimer’s disease. Frontiers in Neuroscience. 2020:14.
doi:10.3389/fnins.2020.00564

325. Roshan R, Shridhar S, Sarangdhar MA, Banik A, Chawla M, Garg M, et al.
Brain-specific knockdown of miR-29 results in neuronal cell death and ataxia in mice.
RNA. 2014;20(8):1287-97. doi:10.1261/rna.044008.113

32e6. Aharonov R. Tumor microRNA-29a expression and the risk of recurrence in
stage Il colon cancer. International Journal of Oncology. 2012;
doi:10.3892/1j0.2012.1403

327. Cogswell JP, Ward J, Taylor IA, Waters M, Shi Y, Cannon B, et al
Identification of miRNA changes in Alzheimer’s disease brain and CSF yields
putative biomarkers and insights into disease pathways. Journal of Alzheimer’s
Disease. 2008;14(1):27-41. doi:10.3233/jad-2008-14103

328. iMa X, Liu L, Meng J. Expression of concern: microRNA-125b promotes
neurons cell apoptosis and tau phosphorylation in Alzheimer’s disease. Neuroscience
Letters. 2022;769:136229. doi: 10.1016/j.neulet.2021.136229

329. Zhuang J, Chen Z, Cai P, Wang R, Yang Q, Li L, et al. Targeting MicroRNA-

125b promotes neurite outgrowth but represses cell apoptosis and inflammation via

62




blocking PTGS2 and CDKS5 in a foxql-dependent way in Alzheimer disease.
Frontiers in Cellular Neuroscience. 2020;14. doi:10.3389/fncel.2020.587747

330. Nunomura A, Perry G. RNA and oxidative stress in Alzheimer’s disease:
Focus on microRN As. Oxidative Medicine and Cellular Longevity. 2020;2020:1-16.
doi:10.1155/2020/2638130

331. Kiko T, Nakagawa K, Tsuduki T, Furukawa K, Arai H, Miyazawa T.
MicroRNAs in plasma and cerebrospinal fluid as potential markers for Alzheimer’s
disease. Journal of Alzheimer’s Disease. 2014;39(2):253-9. doi:10.3233/jad-130932

332. Yin H, Sun Y, Wang X, Park J, Zhang Y, Li M, et al. Progress on the
relationship between miR-125 family and tumorigenesis. Experimental Cell
Research. 2015;339(2):252-60. doi:10.1016/j.yexcr.2015.09.015

333. Jiang M, Yang Y, Niu L, Li P, Chen Y, Liao P, et al. miR-125b-5p modulates
the function of regulatory T cells in tumor microenvironment by targeting TNFR2.
Journal for ImmunoTherapy of Cancer. 2022;10(11). doi:10.1136/jitc-2022-005241

334 Haiman CA, Stram DO. Exploring genetic susceptibility to cancer in diverse
populations. Current Opinion in Genetics & Development. 2010;20(3):330-5.
doi:10.1016/j.gde.2010.02.007

33s. Green RC. Risk of dementia among white and African American relatives of
patients with Alzheimer disease. JAMA. 2002;287(3):329.
doi:10.1001/jama.287.3.329

336. Miyashita A, Kikuchi M, Hara N, Ikeuchi T. Genetics of Alzheimer’s disease:
An East Asian perspective. Journal of Human Genetics. 2022;68(3):115-24.
doi:10.1038/s10038-022-01050-z

337. Wu X, Zhao Z, Ding Y, Xiang F, Kang X, Pu X. Differential expression of
microRNAs in the normal skin of the Han and Uyghur populations in Xinjiang
Province. Medicine. 2018;97(7). doi:10.1097/md.0000000000009928

338. Chang X, Li S, Li J, Yin L, Zhou T, Zhang C, et al. Ethnic differences in
microRNA-375 expression level and DNA methylation status in type 2 diabetes of
Han and Kazak populations. Journal of Diabetes Research. 2014;2014:1-7.
doi:10.1155/2014/761938

63




330. Telonis AG, Rigoutsos I. Data from race disparities in the contribution of
miRNA isoforms and trna-derived fragments to triple-negative breast cancer. 2023;
doi:10.1158/0008-5472.¢.6508047.v1

340. Ciesielska N, Sokotowski R, Mazur E, Podhorecka M, Polak-Szabela A,
Kedziora-Kornatowska K. Is the Montreal Cognitive Assessment (MOCA) test better
suited than the mini-mental state examination (MMSE) in mild cognitive impairment
(MCI) detection among people aged over 60? meta-analysis. Psychiatria Polska.
2016;50(5):1039-52. doi:10.12740/pp/45368

341. Blank K, Gruman C, Robison JT. Case-finding for depression in elderly
people: Balancing ease of administration with validity in varied treatment settings.
The Journals of Gerontology: Series A. 2004;59(4). doi:10.1093/gerona/59.4.m378

342. Andersen CL, Jensen JL, @rntoft TE. Normalization of real-time quantitative
reverse transcription-PCR DATA: A model-based variance estimation approach to
identify genes suited for normalization, applied to bladder and colon cancer data sets.
Cancer Research. 2004;64(15):5245-50. doi:10.1158/0008-5472.can-04-0496

343. Soldan A, Pettigrew C, Cai Q, Wang J, Wang M-C, Moghekar A, et al.
Cognitive Reserve and long-term change in cognition in aging and Preclinical
Alzheimer’s disease. Neurobiology of  Aging. 2017;60:164-72.
doi:10.1016/j.neurobiolaging.2017.09.002

344. van Loenhoud AC, van der Flier WM, Wink AM, Dicks E, Groot C, Twisk J,
et al. Cognitive Reserve and clinical progression in Alzheimer disease. Neurology.
2019;93(4). doi:10.1212/wnl.0000000000007821

345s. Blay SL, Peluso ET. Public stigma: The community’s tolerance of Alzheimer
disease. The American Journal of Geriatric Psychiatry. 2010;18(2):163-71.
doi:10.1097/jgp.0b013e3181bea®00

346. Oliveira FF, Chen ES, Smith MC, Bertolucci PHF. Predictors of cognitive and
functional decline in patients with Alzheimer disease dementia from Brazil
Alzheimer Disease & Associated Disorders. 2016:30(3):243-50.
doi:10.1097/wad.0000000000000117

64




347. Slot RER, Sikkes SAM, Berkhof J, Brodaty H, Buckley R, Cavedo E, et al.
Subjective cognitive decline and rates of incident Alzheimer’s disease and non—
Alzheimer’s disease dementia. Alzheimer’s & Dementia. 2018;15(3):465-76.
doi:10.1016/j.jalz.2018.10.003

348. Lista S, Molinuevo JL, Cavedo E, Rami L, Amouyel P, Teipel SJ, et al.
Evolving evidence for the value of neuroimaging methods and biological markers in
subjects categorized with subjective cognitive decline. Journal of Alzheimer’s
Disease. 2015:48(s1). doi:10.3233/jad- 150202

349. Koyanagi A, Lara E, Stubbs B, Carvalho AF, Oh H, Stickley A, et al. Chronic
physical conditions, multimorbidity, and mild cognitive impairment in low- and
middle-income countries. Journal of the American Geriatrics Society.
2018;66(4):721-7. doi:10.1111/jgs. 15288

350. van Vliet NA, van Heemst D, Almeida OP, Asvold BO, Aubert CE, Bae B,
et al. Association of thyroid dysfunction with cognitive function. JAMA Internal
Medicine. 2021;181(11):1440. doi:10.1001/jamainternmed.2021.5078

351. Ansari A, Maffioletti E, Milanesi E, Marizzoni M, Frisoni GB, Blin O, et al.
miR-146a and miR-181a are involved in the progression of mild cognitive
impairment to Alzheimer’s disease. Neurobiology of Aging. 2019:82:102-9.
doi:10.1016/j.neurobiolaging.2019.06.005

352. Turk A, Kunej T, Peterlin B. MicroRNA-Target Interaction Regulatory
Network in Alzheimer’s disease. Journal of Personalized Medicine.
2021;11(12):1275. doi:10.3390/jpm11121275

353. Davis M, O'Connell T, Johnson S, Cline S, Merikle E, Martenyi F, et al.
Estimating Alzheimer’s disease progression rates from normal cognition through
mild cognitive impairment and stages of dementia. Current Alzheimer Research.
2018;15(8):777-88. doi:10.2174/1567205015666180119092427

354. Strafella C, Caputo V, Termine A, Fabrizio C, Calvino G, Megalizzi D, et al.
Identification of genetic networks reveals complex associations and risk trajectory
linking mild cognitive impairment to Alzheimer’s disease. Frontiers in Aging

Neuroscience. 2022;14. doi:10.3389/fnagi.2022.821789

65




355. Taganov KD, Boldin MP, Chang K-J, Baltimore D. NF-KB-dependent
induction of microRNA miR- 146, an inhibitor targeted to signaling proteins of innate
immune responses. Proceedings of the National Academy of Sciences.
2006;103(33):12481-6. doi:10.1073/pnas.0605298103

356. Li YY, Cui JG, Hill JM, Bhattacharjee S, Zhao Y, Lukiw WIJ. Increased
expression of miRNA-146a in Alzheimer’s disease transgenic mouse models.
Neuroscience Letters. 2011;487(1):94-8. doi:10.1016/j.neulet.2010.09.079

357. Lukiw WIJ. Gene expression profiling in fetal, aged, and Alzheimer
hippocampus: A continuum of stress-related signaling. Neurochemical Research.
2004;29(6):1287-97. doi:10.1023/b:nere.0000023615.89699.63

358. Sun X, Song M, Song H, Wang Y, Luo M, Yin L. MiR-155 mediates
inflammatory injury of hippocampal neuronal cells via the activation of microglia.
Molecular Medicine Reports. 2019; doi:10.3892/mmr.2019.9917

359. Cardoso AL, Guedes JR, Pereira de Almeida L, Pedroso de Lima MC. MiR-
155 modulates microglia-mediated immune response by down-regulating SOCS-1
and promoting cytokine and nitric oxide production. Immunology. 2011;135(1):73—
88. doi:10.1111/j.1365-2567.2011.03514.x

360. Hanzel CE, Pichet-Binette A, Pimentel LSB, lulita MF, Allard S,
Ducatenzeiler A, et al. Neuronal driven pre-plaque inflammation in a transgenic rat
model of Alzheimer’s disease. Neurobiology of Aging. 2014;35(10):2249-62.
doi:10.1016/j.neurobiolaging.2014.03.026

361. Okello A, Edison P, Archer HA, Turkheimer FE, Kennedy J, Bullock R, et al.
Microglial activation and amyloid deposition in mild cognitive impairment: A PET
study. Neurology. 2009;72(1):56-62. doi:10.1212/01.wnl.0000338622.27876.0d

362. Femminella GD, Ninan S, Atkinson R, Fan Z, Brooks DJ, Edison P. Does
microglial activation influence hippocampal volume and neuronal function in
Alzheimer’s disease and Parkinson’s disease dementia? Journal of Alzheimer’s
Disease. 2016:51(4):1275-89. doi:10.3233/jad-150827

363. Fan Z, Aman Y, Ahmed I, Chetelat G, Landeau B, Ray Chaudhuri K, et al.

Influence of microglial activation on neuronal function in Alzheimer’s and

66




Parkinson’s disease dementia. Alzheimer’s & Dementia. 2014;11(6):608.
doi:10.1016/j.jalz.2014.06.016

364. Zheng C, Zhou X-W, Wang J-Z. The dual roles of cytokines in Alzheimer’s
disease: Update on interleukins, TNF-o, TGF-B and IFN-y. Translational
Neurodegeneration. 2016;5(1). doi:10.1186/s40035-016-0054-4

365. Taipa R, das Neves SP, Sousa AL, Fernandes J, Pinto C, Correia AP, et al.
Proinflammatory and anti-inflammatory cytokines in the CSF of patients with
Alzheimer’s disease and their correlation with cognitive decline. Neurobiology of
Aging. 2019:76:125-32. doi:10.1016/j.neurobiolaging.2018.12.019

366. Hill JM, Zhao Y, Clement C, Neumann DM, Lukiw WJ. HSV-1 infection of
human brain cells induces MIRNA-146A and Alzheimer-type inflammatory
signaling. NeuroReport. 2009;20(16):1500-5. doi:10.1097/wnr.0b013e3283329c05

367. Wang L-L, Huang Y, Wang G, Chen S-D. The potential role of microRNA-
146 in Alzheimer’s disease: Biomarker or therapeutic target? Medical Hypotheses.
2012;78(3):398-401. doi:10.1016/j.mehy.2011.11.019

368. Fernandes A, Ribeiro AR, Monteiro M, Garcia G, Vaz AR, Brites D.
Secretome from SH-Sy5y appswe cells trigger time-dependent CHME3 microglia
activation phenotypes, ultimately leading to Mir-21 exosome shuttling. Biochimie.
2018;155:67-82. doi:10.1016/j.biochi.2018.05.015

369. Caldeira C, Cunha C, Vaz AR, Falcdo AS, Barateiro A, Seixas E, et al. Key
aging-associated alterations in primary microglia response to beta-amyloid
stimulation. Frontiers in Aging Neuroscience. 2017;9. doi:10.3389/fnagi.2017.00277

370. Mann M, Mehta A, Zhao JL, Lee K, Marinov GK, Garcia-Flores Y, et al. An
NF-KB-microRNA regulatory network tunes macrophage inflammatory responses.
Nature Communications. 2017:8(1). doi:10.1038/541467-017-00972-z

371. Welcome to string [Internet]. STRING consortium; [cited 2023 Jul 10].
Available from: https://string-db.org/

372. Ramos-Miguel A, Garcia-Sevilla JA, Barr AM, Bayer TA, Falkai P, Leurgans

SE, et al. Decreased cortical FADD protein is associated with clinical dementia and

67




cognitive decline in an elderly community sample. Molecular Neurodegeneration.
2017;12(1). doi:10.1186/5s13024-017-0168-x

373. Spangenberg E, Severson PL, Hohsfield LA, Crapser J, Zhang J, Burton EA,
et al. Sustained microglial depletion with CSFIR inhibitor impairs parenchymal
plaque development in an Alzheimer’s disease model. Nature Communications.
2019;10(1). doi:10.1038/s41467-019-11674-z

374. Tummers B, Mari L, Guy CS, Heckmann BL, Rodriguez DA, Riihl S, et al.
Caspase-8-dependent inflammatory responses are controlled by its adaptor, FADD,
and necroptosis. Immunity. 2020;52(6). doi:10.1016/j.immuni.2020.04.010

375. Ng A, Tam WW, Zhang MW, Ho CS, Husain SF, Mclntyre RS, et al. IL-1p,
IL-6, TNF- o and CRP in elderly patients with depression or Alzheimer’s disease:
Systematic review and meta-analysis. Scientific Reports. 2018:8(1).
doi:10.1038/s41598-018-30487-6

37e. Lien E. Faculty opinions recommendation of human monocytes engage an
alternative inflammasome pathway. Faculty Opinions — Post-Publication Peer
Review of the Biomedical Literature. 2016; doi:10.3410/£726260384.793516820

377. LuY, Li K, Hu'Y, Wang X. Expression of immune related genes and possible
regulatory mechanisms in Alzheimer’s disease. Frontiers in Immunology. 2021;12.
doi:10.3389/fimmu.2021.768966

378. Ando K, Nagaraj S, Kiiciikali F, de Fisenne M-A, Kosa A-C, Doeraene E, et
al. PICALM and Alzheimer’s disease: An update and perspectives. Cells.
2022;11(24):3994. doi:10.3390/cells11243994

379. Gao L, Zhang Y, Sterling K, Song W. Brain-derived neurotrophic factor in
Alzheimer’s disease and its pharmaceutical potential. — Translational
Neurodegeneration. 2022;11(1). doi:10.1186/s40035-022-00279-0

380. Bisht I, Ambasta RK, Kumar P. An integrated approach to unravel a putative
crosstalk network in Alzheimer’s disease and Parkinson’s disease. Neuropeptides.
2020;83:102078. doi:10.1016/j.npep.2020.102078

381. Sommerer Y, Dobricic V, Schilling M, Ohlei O, Sabet SS, Wesse T, et al.

Entorhinal Cortex epigenome-wide association study highlights four novel loci

68




showing differential methylation in Alzheimer’s disease. Alzheimer’s Research &
Therapy. 2023;15(1). doi:10.1186/s13195-023-01232-7

382. Yang F, Diao X, Wang F, Wang Q, Sun J, Zhou Y, et al. Identification of key
regulatory genes and pathways in prefrontal cortex of Alzheimer’s disease.
Interdisciplinary Sciences: Computational Life Sciences. 2020;12(1):90-8.
doi:10.1007/s12539-019-00353-8

383. Yao X, Tian Z. Dyslipidemia and Colorectal Cancer Risk: A meta-analysis of
prospective  studies. Cancer Causes & Control.  2014;26(2):257-68.
doi:10.1007/s10552-014-0507-y

384. Tosi MR, Tugnoli V. Cholesteryl esters in malignancy. Clinica Chimica Acta.
2005;359(1-2):27-45. doi:10.1016/j.ccecn.2005.04.003
385. Samuel SM, Varghese E, Varghese S, Biisselberg D. Challenges and

perspectives in the treatment of diabetes associated breast cancer. Cancer Treatment
Reviews. 2018;70:98-111. doi:10.1016/j.ctrv.2018.08.004
386. O’Sullivan DE, Sutherland RL, Town S, Chow K, Fan J, Forbes N, et al. Risk

factors for early-onset colorectal cancer: A systematic review and meta-analysis.

Clinical Gastroenterology and Hepatology. 2022:20(6).
doi:10.1016/j.cgh.2021.01.037
387. Schmit SL, Rennert HS, Rennert G, Gruber SB. Coffee consumption and the

risk of colorectal cancer. Cancer Epidemiology, Biomarkers & Prevention.
2016:25(4):634-9. doi:10.1158/1055-9965.epi-15-0924

388. Li G, Ma D, Zhang Y, Zheng W, Wang P. Coffee consumption and risk of
colorectal cancer: A meta-analysis of observational studies. Public Health Nutrition.
2012;16(2):346-57. doi:10.1017/s1368980012002601

389. Um CY, McCullough ML, Guinter MA, Campbell PT, Jacobs EJ, Gapstur SM.
Coffee consumption and risk of colorectal cancer in the cancer prevention study-1I
nutrition cohort. Cancer Epidemiology. 2020;67:101730.
doi:10.1016/j.canep.2020.101730

390. Dong X, Li S, Sun J, LiY, Zhang D. Association of Coffee, decaffeinated

coffee and caffeine intake from coffee with cognitive performance in older adults:

69




National Health and Nutrition Examination Survey (NHANES) 2011-2014.
Nutrients. 2020;12(3):840. doi:10.3390/nu12030840

391. Lindsay J. Risk factors for Alzheimer’s disease: A prospective analysis from
the Canadian Study of Health and Aging. American Journal of Epidemiology.
2002;156(5):445-53. doi:10.1093/aje/kwf074

392. Maia L, de Mendonca A. Does caffeine intake protect from Alzheimer’s
disease? European Journal of Neurology 2002;9(4):377-82. doi:10.1046/j.1468-
1331.2002.00421.x

393. Zhou X, Zhang L. The neuroprotective effects of moderate and regular
caffeine consumption in Alzheimer’s disease. Oxidative Medicine and Cellular

Longevity. 2021;2021:1-18. doi:10.1155/2021/5568011

394. Scientific opinion on the safety of caffeine. EFSA Journal. 2015;13(5).
doi:10.2903/j.efsa.2015.4102
395. Arendash GW, Mori T, Cao C, Mamcarz M, Runfeldt M, Dickson A, et al.

Caffeine reverses cognitive impairment and decreases brain amyloid-f levels in aged
Alzheimer’s disease mice. Journal of Alzheimer’s Disease. 2009;17(3):661-80.
doi:10.3233/jad-2009-1087

396. Arendash GW, Cao C. Caffeine and coffee as therapeutics against Alzheimer’s
disease. Journal of Alzheimer’s Disease. 2010;20(s1). doi:10.3233/jad-2010-091249

397. Derossi A, Ricci I, Caporizzi R, Fiore A, Severini C. How grinding level and
brewing method (espresso, American, Turkish) could affect the antioxidant activity
and bioactive compounds in a coffee cup. Journal of the Science of Food and

Agriculture. 2018; doi:10.1002/jsfa.8826

398. Vitaglione P, Fogliano V, Pellegrini N. Coffee, colon function and colorectal
cancer. Food & Function. 2012;3(9):916. doi:10.1039/c2f030037k
399, Ludwig IA, Clifford MN, Lean ME, Ashihara H, Crozier A. Coffee:

Biochemistry and potential impact on health. Food Funct. 2014;5(8):1695-717.
doi:10.1039/c4fo00042k
400. Oba S, Shimizu N, Nagata C, Shimizu H, Kametani M, Takeyama N, et al.

The relationship between the consumption of meat, fat, and coffee and the risk of

70




colon cancer: A prospective study in Japan. Cancer Letters. 2006;244(2):260-7.
doi:10.1016/j.canlet.2005.12.037

401. Rustan AC, Halvorsen B, Huggett AC, Ranheim T, Drevon CA. Effect of
coffee lipids (Cafestol and Kahweol) on regulation of cholesterol metabolism in
hepg?2 cells. Arteriosclerosis, Thrombosis, and Vascular Biology. 1997;17(10):2140—
9. doi:10.1161/01.atv.17.10.2140

402. Sartini M, Bragazzi N, Spagnolo A, Schinca E, Ottria G, Dupont C, et al.
Coffee consumption and risk of colorectal cancer: A systematic review and meta-
analysis of prospective studies. Nutrients. 2019;11(3):694. doi:10.3390/nu11030694

403. Gaascht F, Dicato M, Diederich M. Coffee provides a natural multitarget
pharmacopeia against the hallmarks of cancer. Genes & Nutrition. 2015;10(6).
doi:10.1007/s12263-015-0501-3

404. Bode AM, Dong Z. The enigmatic effects of caffeine in cell cycle and cancer.
Cancer Letters. 2007;247(1):26-39. doi:10.1016/j.canlet.2006.03.032
405. Angelucci MEM, Cesario C, Hiroi RH, Rosalen PL, Cunha CD. Effects of

caffeine on learning and memory in rats tested in the Morris Water Maze. Brazilian
Journal of Medical and Biological Research. 2002;35(10):1201-8.
doi:10.1590/s0100-879x2002001000013

406. Costa MS, Botton PH, Mioranzza S, Souza DO, Porcitincula LO. Caffeine
prevents age-associated recognition memory decline and changes brain-derived
neurotrophic factor and Tirosine kinase receptor (trkb) content in mice. Neuroscience.
2008:153(4):1071-8. doi:10.1016/j.neuroscience.2008.03.038

407. HUANG W-J, ZHANG X, CHEN W-W. Role of oxidative stress in
Alzheimer’s disease. Biomedical Reports. 2016:4(5):519-22.
doi:10.3892/br.2016.630

408. Wu L, Sun D, He Y. Coffee intake and the incident risk of cognitive disorders:
A dose-response meta-analysis of nine prospective cohort studies. Clinical Nutrition.
2017;36(3):730-6. doi:10.1016/j.clnu.2016.05.015

409. Liu Q-P, Wu Y-F, Cheng H-Y, Xia T, Ding H, Wang H, et al. Habitual coffee

consumption and risk of cognitive decline/dementia: A systematic review and meta-

71




analysis of prospective cohort studies. Nutrition. 2016;32(6):628-36.
doi:10.1016/j.nut.2015.11.015

410. Vina J, Borras C, Sanchis-Gomar F, Martinez-Bello V, Olaso-Gonzalez G,
Gambini J, et al. Pharmacological properties of physical exercise in the elderly.
Current Pharmaceutical Design. 2014;20(18):3019-29,
doi:10.2174/13816128113196660704

411. Harriss DJ, Atkinson G, Batterham A, George K, Tim Cable N, Reilly T, et al.
Lifestyle factors and colorectal cancer risk (2): A systematic review and meta-analysis
of associations with leisure-time physical activity. Colorectal Disease.
2009;11(7):689-701. doi:10.1111/j.1463-1318.2009.01767.x

412. Wolin KY, Yan Y, Colditz GA, Lee I-M. Physical activity and colon cancer
prevention: A meta-analysis. British Journal of Cancer. 2009;100(4):611-6.
doi:10.1038/sj.bjc.6604917

413. Boyle T, Keegel T, Bull F, Heyworth J, Fritschi L. Physical activity and risks
of proximal and distal colon cancers: A systematic review and meta-analysis. INCI:
Journal of the  National Cancer  Institute. 2012;104(20):1548-61.
doi:10.1093/jnci/djs354

414, KerrJ, Anderson C, Lippman SM. Physical activity, sedentary behaviour, diet,
and cancer: An update and emerging new evidence. The Lancet Oncology.
2017;18(8). doi:10.1016/s1470-2045(17)30411-4

415. THUNE [, FURBERG A-S. Physical activity and cancer risk: Dose-response
and cancer, all sites and site-specific. Medicine and Science in Sports and Exercise.
2001;33(Supplement). doi:10.1097/00005768-200106001-00025

416. The Continuous Update Project: Diet, Nutrition, Physical Activity and
Colorectal Cancer [Internet]. World Cancer Research Fund/American Institute for
Cancer Research; 2023  [cited 2023 Aug 20]. Available from:

https://www.aicr.org/research/the-continuous-update-project/

417. Thomas AM, Manghi P, Asnicar F, Pasolli E, Armanini F, Zolfo M, et al.

Metagenomic analysis of colorectal cancer datasets identifies cross-cohort microbial

72




diagnostic signatures and a link with choline degradation. Nature Medicine.
2019;25(4):667-78. doi:10.1038/s41591-019-0405-7

418. ALLEN JM, MAILING LJ, NIEMIRO GM, MOORE R, COOK MD,
WHITE BA, et al. Exercise alters gut microbiota composition and function in lean
and obese humans. Medicine & Science in Sports & Exercise. 2018;50(4):747-57.
doi:10.1249/mss.0000000000001495

419, Ahn J, Sinha R, Pei Z, Dominianni C, Wu J, Shi J, et al. Human gut
microbiome and risk for colorectal cancer. INCI: Journal of the National Cancer
Institute. 2013;105(24):1907-11. doi: 10.1093/jnci/djt300

420. Zheng Q, Cui G, Chen J, Gao H, Wei Y, Uede T, et al. Regular exercise
enhances the immune response against microbial antigens through up-regulation of
toll-like receptor signaling pathways. Cellular Physiology and Biochemistry.
2015;37(2):735-46. doi:10.1159/000430391

421. Rovio S, Kareholt I, Helkala E-L, Viitanen M, Winblad B, Tuomilehto I, et al.
Leisure-time physical activity at midlife and the risk of dementia and Alzheimer’s
disease. The Lancet Neurology. 2005:4(11):705-11. doi:10.1016/s1474-
4422(05)70198-8

422, Verghese J, LeValley A, Derby C, Kuslansky G, Katz M, Hall C, et al. Leisure
activities and the risk of amnestic mild cognitive impairment in the elderly.
Neurology. 2006;66(6):821-7. doi:10.1212/01.wnl.0000202520.68987.48

423, Laurin D, Verreault R, Lindsay J, MacPherson K, Rockwood K. Physical
activity and risk of cognitive impairment and dementia in elderly persons. Archives
of Neurology. 2001;58(3). doi:10.1001/archneur.58.3.498

424, Hamer M, Chida Y. Physical activity and risk of Neurodegenerative Disease:
A systematic review of prospective evidence. Psychological Medicine. 2008;39(1):3—
11. doi:10.1017/s0033291708003681

425. Buchman AS, Boyle PA, Yu L, Shah RC, Wilson RS, Bennett DA. Total daily
physical activity and the risk of AD and cognitive decline in older adults. Neurology.
2012;78(17):1323-9. doi:10.1212/wnl.0b013e3182535d35

73




426. Erickson KI, Voss MW, Prakash RS, Basak C, Szabo A, Chaddock L, et al.
Exercise training increases size of hippocampus and improves memory. Proceedings
of  the National Academy of  Sciences. 2011;108(7):3017-22.
doi:10.1073/pnas. 1015950108

427. Gibbons TD, Cotter JD, Ainslie PN, Abraham WC, Mockett BG, Campbell
HA, et al. Fasting for 20 h does not affect exercise-induced increases in circulating
BDNF in humans. The Journal of Physiology. 2023;601(11):2121-37.
doi:10.1113/jp283582

428. Yuede CM, Zimmerman SD, Dong H, Kling MJ, Bero AW, Holtzman DM, et
al. Effects of voluntary and forced exercise on plaque deposition, hippocampal
volume, and behavior in the TG2576 mouse model of Alzheimer’s disease.
Neurobiology of Disease. 2009;35(3):426-32. doi: 10.1016/j.nbd.2009.06.002

429, Deslandes A, Moraes H, Ferreira C, Veiga H, Silveira H, Mouta R, et al.
Exercise and mental health: Many reasons to move. Neuropsychobiology.
2009;59(4):191-8. doi:10.1159/000223730

430. Fordyce DE, Farrar RP. Enhancement of spatial learning in F344 rats by
physical activity and related learning-associated alterations in hippocampal and
cortical cholinergic functioning. Behavioural Brain Research. 1991:;46(2):123-33.
doi:10.1016/s0166-4328(05)80105-6

431. Vivar C, Potter MC, van Praag H. All about running: Synaptic plasticity,
growth factors and adult hippocampal neurogenesis. Neurogenesis and Neural
Plasticity. 2012;189-210. doi:10.1007/7854 2012 220

432. Blumenthal JA, Emery CE Madden DJ, Schniebolk S, Walsh-riddle M,
George LK, et al. Long-term effects of exercise on psychological functioning in older
men and women. Journal of Gerontology. 1991:46(6). doi:10.1093/geronj/46.6.p352

433. Barbato C, Pezzola S, Caggiano C, Antonelli M, Frisone P, Ciotti MT, etal. A
lentiviral sponge for mir-101 regulates RANBP9 expression and amyloid precursor
protein metabolism in hippocampal neurons. Frontiers in Cellular Neuroscience.

2014:8. doi:10.3389/fncel.2014.00037

74




434, Lanoiselée H-M, Nicolas G, Wallon D, Rovelet-Lecrux A, Lacour M,
Rousseau S, et al. APP, PSENI1, and PSEN2 mutations in early-onset Alzheimer
disease: A genetic screening study of familial and sporadic cases. PLOS Medicine.
2017;14(3). doi:10.1371/journal.pmed.1002270

435. Boggula VR. Genetic aspects of early-onset Alzheimer’s disease. The
Molecular Immunology of Neurological Diseases. 2021;29-39. doi:10.1016/b978-0-
12-821974-4.00013-3

436. Rovelet-Lecrux A, Hannequin D, Raux G, Meur NL, Laquerriére A, Vital A,
et al. APP locus duplication causes autosomal dominant early-onset Alzheimer
disease with cerebral amyloid angiopathy. Nature Genetics. 2005;38(1):24-6.
doi:10.1038/ng1718

437. Theuns J, Brouwers N, Engelborghs S, Sleegers K, Bogaerts V, Corsmit E, et
al. Promoter mutations that increase amyloid precursor-protein expression are
associated with Alzheimer disease. The American Journal of Human Genetics.
2006;78(6):936—46. doi:10.1086/504044

438. Brouwers N, Sleegers K, Engelborghs S, Bogaerts V, Serneels S, Kamali K,
et al. Genetic risk and transcriptional variability of amyloid precursor protein in
Alzheimer’s disease. Brain. 2006;129(11):2984-91. doi:10.1093/brain/awl212

439, Blasko I, Veerhuis R, Stampfer-Kountchev M, Saurwein-Teissl M,
Eikelenboom P, Grubeck-Loebenstein B. Costimulatory effects of interferon-y and
interleukin-1f or tumor necrosis factor o on the synthesis of AB1-40 and AB1-42 by
human astrocytes. Neurobiology of Disease. 2000;7(6):682-9.
doi:10.1006/nbdi.2000.0321

440. Cho HJ, Kim S-K, Jin SM, Hwang E-M, Kim YS, Huh K, et al. IFN-y-induced
BACE! expression is mediated by activation of JAK2 and ERKI1/2 signaling
pathways and direct binding of STAT1 to BACE! promoter in astrocytes. Glia.
2006;55(3):253-62. doi:10.1002/glia.20451

441. Reddy PH, McWeeney S, Park BS, Manczak M, Gutala RV, Partovi D, et al.
Gene expression profiles of transcripts in amyloid precursor protein transgenic mice:

Up-regulation of mitochondrial metabolism and apoptotic genes is an early cellular

75




change in Alzheimer’s disease. Human Molecular Genetics. 2004;13(12):1225-40.
doi:10.1093/hmg/ddh140

442, Pavlov PF, Petersen CH, Glaser E, Ankarcrona M. Mitochondrial
accumulation of APP and AP: Significance for Alzheimer disease pathogenesis.
Journal of Cellular and Molecular Medicine. 2009;13(10):4137-45.
doi:10.1111/j.1582-4934.2009.00892.x

443, TCW I, Goate AM. Genetics of f-amyloid precursor protein in Alzheimer’s
disease. Cold Spring Harbor Perspectives in Medicine. 2016;7(6).
doi:10.1101/cshperspect.a024539

444, Sawa M, Overk C, Becker A, Derse D, Albay R, Weldy K, et al. Impact of
increased APP gene dose in Down syndrome and the Dp16 mouse model. Alzheimer’s
& Dementia. 2021;18(6):1203-34. doi:10.1002/alz.12463

445. Long JM, Lahiri DK. MicroRNA-101 downregulates Alzheimer’s amyloid-p
precursor protein levels in human cell cultures and is differentially expressed.
Biochemical and Biophysical Research Communications. 2011;404(4):889-95.
doi:10.1016/j.bbrc.2010.12.053

446. Barbato C, Giacovazzo G, Albiero F, Scardigli R, Scopa C, Ciotti MT, et al.
Cognitive decline and modulation of Alzheimer’s disease-related genes after
inhibition of MicroRNA-101 in mouse hippocampal neurons. Molecular
Neurobiology. 2020;57(7):3183-94. doi:10.1007/s12035-020-01957-8

447. Barbato C, Pezzola S, Caggiano C, Antonelli M, Frisone P, Ciotti MT, etal. A
lentiviral sponge for miR-101 regulates RANBP9 expression and amyloid precursor
protein metabolism in hippocampal neurons. Frontiers in Cellular Neuroscience.
2014:8. doi:10.3389/fncel.2014.00037

448. Hébert SS, Horré K, Nicolai L, Papadopoulou AS, Mandemakers W,
Silahtaroglu AN, et al. Loss of microRNA cluster miR-29a/b-1 in sporadic
Alzheimer’s disease correlates with increased BACEL/B-secretase expression.
Proceedings of the National Academy of Sciences. 2008;105(17):6415-20.
doi:10.1073/pnas.0710263105

76




449, Barak B, Shvarts-Serebro I, Modai S, Gilam A, Okun E, Michaelson DM, et
al. Opposing actions of environmental enrichment and Alzheimer’s disease on the
expression of hippocampal microRNAs in mouse models. Translational Psychiatry.
2013:3(9). doi:10.1038/tp.2013.77

450. Zhou Q, Luo L, Wang X, Li X. Relationship between single nucleotide
polymorphisms in the 3'UTR of amyloid precursor protein and risk of Alzheimer’s
disease and its mechanism. Bioscience Reports. 2019;39(5).
doi:10.1042/bsr20182485

451. Delay C, Calon F, Mathews P, Hébert SS. Alzheimer-specific variants in the
3’'UTR of amyloid precursor protein affect microRNA function. Molecular
Neurodegeneration. 2011;6(1). doi:10.1186/1750-1326-6-70

452. Moraghebi M, Maleki R, Ahmadi M, Negahi AA, Abbasi H, Mousavi P. In
silico analysis of polymorphisms in microRNAs deregulated in Alzheimer disease.
Frontiers in Neuroscience. 2021:15. doi:10.3389/thins.2021.631852

453. Roy J, Mallick B. Altered gene expression in late-onset Alzheimer’s disease
due to SNPs within 3'UTR microRNA response elements. Genomics. 2017;109(3—
4):177-85. doi:10.1016/j.ygeno.2017.02.006

454, Haas U, Sczakiel G, Laufer S. MicroRNA-mediated regulation of gene
expression is affected by disease-associated SNPs within the 3-UTR via altered RNA
structure. RNA Biology. 2012;9(6):924-37. doi:10.4161/rna.20497

455. Qiu M, Liu Y, Zhou Z, Jiang Y, Lin Q, Huo R, et al. Association between
single-nucleotide polymorphism in microRNA target site of DDB2 and risk of
hepatocellular carcinoma in a southern Chinese population. BioMed Research
International. 2020;2020:1-5. doi:10.1155/2020/8528747

456. Radanova M, Levkova M, Mihaylova G, Manev R, Maneva M, Hadgiev R, et
al. Single nucleotide polymorphisms in microRNA genes and colorectal cancer risk
and prognosis. Biomedicines. 2022;10(1):156. doi:10.3390/biomedicines10010156

457. Arancibia T, Morales-Pison S, Maldonado E, Jara L. Association between
single-nucleotide polymorphisms in miRNA and breast cancer risk: An updated

review. Biological Research. 2021;54(1). doi:10.1186/s40659-021-00349-z

77




458. Holsinger RM, McLean CA, Beyreuther K, Masters CL, Evin G. Increased
expression of the amyloid precursor beta-secretase in Alzheimer’s disease. Annals of
Neurology. 2002;51(6):783-6. doi:10.1002/ana.10208

459, Kamenetz F, Tomita T, Hsieh H, Seabrook G, Borchelt D, Iwatsubo T, et al.
APP  Processing and synaptic function. Neuron. 2003;37(6):925-37.
doi:10.1016/s0896-6273(03)00124-7

460. Shankar GM, Walsh DM. Alzheimer’s disease: Synaptic dysfunction and Ap.
Molecular Neurodegeneration. 2009:4(1):48. doi:10.1186/1750-1326-4-48
461. LIU C-G, WANG J-L, LI L, WANG P-C. MicroRNA-384 regulates both

amyloid precursor protein and -secretase expression and is a potential biomarker for
Alzheimer’s disease. International Journal of Molecular Medicine. 2014;34(1):160—
6. doi:10.3892/ijmm.2014.1780

462. Burgos K, Malenica I, Metpally R, Courtright A, Rakela B, Beach T, et al.
Profiles of extracellular miRNA in cerebrospinal fluid and serum from patients with
Alzheimer’s and Parkinson’s diseases correlate with disease status and features of
pathology. PLoS ONE. 2014;9(5). doi:10.1371/journal. pone.0094839

463. Jiang M, Xu B, Li X, Shang Y, Chu Y, Wang W, et al. O-GlcNAcylation
promotes colorectal cancer metastasis via the miR-101-O-GlcNAc¢/EZH?2 regulatory
feedback circuit. Oncogene. 2018;38(3):301-16. doi:10.1038/s41388-018-0435-5

464. Wang L, Zhang X, Jia L-T, Hu S-J, Zhao J, Yang J-D, et al. C-Myc-mediated
epigenetic silencing of microRNA-101 contributes to dysregulation of multiple
pathways in hepatocellular carcinoma. Hepatology. 2014;59(5):1850-63.
doi:10.1002/hep.26720

465. DRUGS@FDA: FDA-approved drugs. Aducanumab. Reference 1D 4822820
2021; [Internet]. U.S. Food & Drug Administration.; [cited 2023 Mar]. Available
from:
https://www.accessdata.fda.gov/scripts/cder/daf/index.cfm?+event=overview.proces
s&amp;AppINo=761178.

466. Sevigny J, Suhy J, Chiao P, Chen T, Klein G, Purcell D, et al. Amyloid pet

screening for enrichment of early-stage Alzheimer disease clinical trials. Alzheimer

78




Disease & Associated Disorders. 2016;30(1):1-7.
doi:10.1097/wad.0000000000000144

467. WANG W, WILFRED B, BALDWIN D, ISETT R, REN N, STROMBERG
A, et al. Focus on RNA isolation: Obtaining RNA for microRNA (miRNA) expression
profiling analyses of neural tissue. Biochimica et Biophysica Acta (BBA) - Gene
Regulatory Mechanisms. 2008;1779(11):749-57. doi:10.1016/j.bbagrm.2008.01.005

468. lorio MV, Ferracin M, Liu C-G, Veronese A, Spizzo R, Sabbioni S, et al.
MicroRNA gene expression deregulation in human breast cancer. Cancer Research.
2005;65(16):7065—-70. doi:10.1158/0008-5472.can-05-1783

469. Calastri MC, Ferreira R, Tenani G, Spinola L, Vieira G, Rabaga Roque
Botelho M, et al. Investigating VEGF. mir-145-3p, and mir-101-3p expression in
patients with cholangiocarcinoma. Asian Pacific Journal of Cancer Prevention.
2022;23(7):2233-41. doi:10.31557/apjcp.2022.23.7.2233

470. Friedman JM, Liang G, Liu C-C, Wolff EM, Tsai YC, Ye W, et al. Data from
the putative tumor suppressor microRNA-101 modulates the cancer epigenome by
repressing the Polycomb group protein EZH2. 2023; doi:10.1158/0008-
5472.c.6499632.v1

471. Sandberg AA, Meloni-Ehrig AM. Cytogenetics and genetics of human cancer:
Methods and accomplishments. Cancer Genetics and Cytogenetics.
2010:203(2):102-26. doi:10.1016/j.cancergencyto.2010.10.004

472. Schee K, Boye K, Abrahamsen TW, Fodstad @, Flatmark K. Clinical
relevance of microRNA miR-21, miR-31, miR-92a, miR-101, miR-106a and miR-
145 in colorectal cancer. BMC Cancer. 2012;12(1). doi:10.1186/1471-2407-12-505

473. Strillacci A, Griffoni C, Sansone P, Paterini P, Piazzi G, Lazzarini G, et al.
MiR-101 downregulation is involved in cyclooxygenase-2 overexpression in human
colon cancer «cells. Experimental Cell Research. 2009;315(8):1439-47.
doi:10.1016/j.yexcr.2008.12.010

474. Yang Q, Yu W, Han X. Overexpression of microRNA-101 causes anti-tumor
effects by targeting CREBI in colon cancer. Molecular Medicine Reports. 2019;
doi:10.3892/mmr.2019.9952

79




475. Wu HB, Huang SS, Lu CG, Tian SD, Chen M. CircAPLP2 regulates the
proliferation and metastasis of colorectal cancer by targeting miR-101-3p to activate
the Notch signaling pathway. American Journal of Translational Research.
2020;12:2554-2569.PMID: 32655790

476. Xiaoping L, Zhibin Y, Wenjuan L, Zeyou W, Gang X, Zhaohui L, et al.
CPEB1, a histone-modified hypomethylated gene, is regulated by miR-101 and
involved in cell senescence in glioma. Cell Death & Disease. 2013:4(6).
doi:10.1038/cddis.2013.197

4717. Chen M-B, Yang L, Lu P-H, Fu X-L, Zhang Y, Zhu Y-Q, et al. MicroRNA-
101 down-regulates sphingosine kinase 1 in colorectal cancer cells. Biochemical and
Biophysical Research Communications. 2015:463(4):954-60.
doi:10.1016/j.bbrc.2015.06.041

478. Chen L-G, Xia Y-J, Cui Y. Upregulation of miR-101 enhances the cytotoxic
effect of anticancer drugs through inhibition of colon cancer cell proliferation.
Oncology Reports. 2017;38(1):100-8. doi:10.3892/0r.2017.5666

479. Normann LS, Haugen MH, Aure MR, Kristensen VN, Malandsmo GM,
Sahlberg KK. Mir-101-5p acts as a tumor suppressor in HER2-positive breast cancer
cells and improves targeted therapy. Breast Cancer: Targets and Therapy.
2022:Volume 14:25-39. doi:10.2147/bctt.s338404

480. Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S, Dubois
RN. Up-regulation of cyclooxygenase 2 gene expression in human colorectal
adenomas and adenocarcinomas. Gastroenterology.  1994;107(4):1183-8.
doi:10.1016/0016-5085(94)90246-1

481. Simon LS. Role and regulation of cyclooxygenase-2 during inflammation.
The American Journal of Medicine. 1999;106(5). doi:10.1016/s0002-
9343(99)00115-1

482. Tong BJ, Tan J, Tajeda L, Das SK, Chapman JA, DuBois RN, et al.
Heightened expression of cyclooxygenase-2 and peroxisome proliferator-activated
receptor-0 in human endometrial adenocarcinoma. Neoplasia. 2000;2(6):483-90.
doi:10.1038/sj.ne0.7900119

80




483. Wang D, DuBois RN. The role of COX-2 in intestinal inflammation and
colorectal cancer. Oncogene. 2009;29(6):781-8. doi:10.1038/0onc.2009.421

484. Tyagi A, Kamal MA, Poddar NK. Integrated Pathways of COX-2 and mTOR:
Roles in cell sensing and Alzheimer’s disease. Frontiers in Neuroscience. 2020;14.
doi:10.3389/fnins.2020.00693

485. Xiang Z, Ho L, Yemul S, Zhao Z, Pompl P, Kelley K, et al. Cyclooxygenase-
2 promotes amyloid plaque deposition in a mouse model of Alzheimer’s disease
neuropathology. Gene Expression. 2002;10(5):271-8.
doi:10.3727/000000002783992352

486. Chakrabarty A, Tranguch S, Daikoku T, Jensen K, Furneaux H, Dey SK.
MicroRNA regulation of cyclooxygenase-2 during embryo implantation. Proceedings
of  the National  Academy of  Sciences. 2007;104(38):15144-9.
doi:10.1073/pnas.0705917104

487. Minghetti L. Role of COX-2 in inflammatory and Degenerative Brain
Diseases. Subcellular Biochemistry. 2007;127-41. doi:10.1007/1-4020-5688-5 5
488. Wang P, Guan P, Wang T, Yu X, Guo J, Wang Z. Aggravation of Alzheimer’s

disease due to the COX-2-mediated reciprocal regulation of IL-1 and AP between
glial and neuron cells. Aging Cell. 2014;13(4):605-15. doi:10.1111/acel.12209

489, Daikoku T, Hirota Y, Tranguch S, Joshi AR, DeMayo FJ, Lydon JP, et al.
Conditional loss ofuterine PTEN unfailingly and rapidly induces endometrial cancer
in mice. Cancer Research. 2008:68(14):5619-27. doi:10.1158/0008-5472.can-08-
1274

490. Peek RM. Prevention of colorectal cancer through the use of COX-2 selective
inhibitors. ~ Cancer =~ Chemotherapy and  Pharmacology.  2004;54(S1).
doi:10.1007/s00280-004-0887-x

491. Wullen B, Miihlhofer A, Zoller WG. The effect of celecoxib, a
cyclooxygenase-2 inhibitor, in familial adenomatous polyposis. Zeitschrift fiir
Gastroenterologie. 2001;39(4):335-7. doi:10.1055/s-2001-12868

492, Hasegawa K, Ohashi Y, Ishikawa K, Yasue A, Kato R, Achiwa Y, et al

Expression of cyclooxygenase-2 in uterine endometrial cancer and anti-tumor effects

81




of a selective COX-2 inhibitor. International Journal of Oncology. 2005;
doi:10.3892/ij0.26.5.1419

493, Hawk ET, Viner JL, Umar A. Non-steroidal anti-inflammatory and
cyclooxygenase-2-selective inhibitors in Clinical Cancer Prevention Trials. COX-2.
2003;210-42. doi:10.1159/000071375

494, Firuzi O, Pratico D. Coxibs and Alzheimer’s disease: Should they stay or
should they go? Annals of Neurology. 2006;59(2):219-28. doi:10.1002/ana.20774
495, Kotilinek LA, Westerman MA, Wang Q, Panizzon K, Lim GP, Simonyi A, et

al. Cyclooxygenase-2 inhibition improves amyloid-B-mediated suppression of
memory and synaptic plasticity. Brain. 2008:131(3):651-064.
doi:10.1093/brain/awn008

496. Jaturapatporn D, Isaac MG, McCleery J, Tabet N. Aspirin, steroidal and non-
steroidal anti-inflammatory drugs for the treatment of Alzheimer’s disease. Cochrane
Database of Systematic Reviews. 2012; doi:10.1002/14651858.cd006378.pub2

497. Yermakova A. Downregulation of neuronal cyclooxygenase-2 expression in
end stage Alzheimer’s disease. Neurobiology of Aging. 2001;22(6):823-36.
doi:10.1016/s0197-4580(01)00303-7

498. Hoozemans 1J, Briickner MK, Rozemuller AJ, Veerhuis R, Eikelenboom P,
Arendt T. Cyclin DI and cyclin E are co-localized with cyclo-oxygenase 2 (COX-2)
in pyramidal neurons in Alzheimer disease temporal cortex. Journal of
Neuropathology & Experimental Neurology. 2002:61(8):678-88.
doi:10.1093/jnen/61.8.678

499, Hoozemans JIM, Veerhuis R, Rozemuller AJM, Arendt T, Eikelenboom P.
Neuronal cox-2 expression and phosphorylation of PRB precede p38 MAPK
activation and neurofibrillary changes in ad temporal cortex. Neurobiology of
Disease. 2004;15(3):492-9. doi:10.1016/j.nbd.2003.11.028

500. Fang L, Wang X, Zhang M, Khan P, Tamm M, Roth M. MicroRNA-101-3p
suppresses mTOR and causes mitochondrial fragmentation and cell degeneration in

COPD. Canadian Respiratory Journal. 2022;2022:1-13. doi:10.1155/2022/5933324

82




501.

analyses of colorectal cancer risk factors. Cancer

2013;24(6):1207-22. doi:10.1007/s10552-013-0201-5

Causes

Johnson CM, Wei C, Ensor JE, Smolenski DJ, Amos Cl, Levin B, et al. Meta-

& Control

83




Med-RovcaninDragovic

ORIGINALITY REPORT

/%

SIMILARITY INDEX

PRIMARY SOURCES

B B

[

IS|dvorav Rovcanln .[.)l.ragowc, Nata.s,a Popovic, 4257 words — 6%
Masa Zdralevic, Ljiliana Radulovic et al.

"Inflammation-Related microRNAs-146a and -155 Are

Upregulated in Mild Cognitive Impairment Subjects Among

Older Age Population in Montenegro", Journal of Alzheimer's

Disease, 2022

Crossref

. 0)
repository.upenn.edu 92 words — < ] 0

Internet

. . . O
Norman, Ian, Ryrie, Ial.n. Thg Art and Science 34 words — < 1 /0
of Mental Health Nursing: Principles and
Practice", The Art and Science of Mental Health Nursing:
Principles and Practice, 2018

Publications

0
era.ed.ac.uk 22 words — < 1 /0

Internet

Na'tasa 'Popo'vic, Masa Zdralexic’, SteI"a | 39 words — < 1 %
Vujosevic, Miroslav Radunovic et al. "Retinal

microvascular complexity as a putative biomarker of

biological age - a pilot study", Research Square Platform LLC,

2023

Crossref Posted Content

, . : 0
www.jpreventionalzheimer.com 37 words — < 1 /0

Internet

Www.rj-robbins.com



Internet

36 words — < 1 %

www.alz.org 33 words — < 1 %

Internet

. 0
www.tesisenred.net 31 words — < 1 Yo

Internet

n _ _ n 1 ! in° 0
Muhs, A.. "O1-06-06", AI.zhelr'ner s & I.Je.mentla. 30 words — < 1 /0
The Journal of the Alzheimer's Association,
200607

Crossref

: 0
mts.intechopen.com 28 words — < ] o

Internet

IS|dvorav Rovca.nlln .[.).ragowc, Nata.s’a PQpOV|c, 27 words — < 1 %
Masa Zdralevic, Ljillana Radulovi¢, Miodrag

Radunovié. "Inflammation-Related microRNAs-146a and -155

Are Upregulated in Mild Cognitive Impairment Subjects

Among Older Age Population in Montenegro", Journal of

Alzheimer's Disease, 2022

Crossref

. R . . 0
eron, Justln.. Analysis of Noyel G'enejclc Fac"fors25 words — < 1 /0
in the Sporadic form of Alzheimer's Disease",

McGill University (Canada), 2023

ProQuest

0
portal.ct.gov 24 words — < 1 %

Internet

" . 1 . n H 0
Alzheimer's Disease", Wiley, 2001 20 words — < 1 /0

Crossref

: : : - 0
Angelica Varesi, Adelaide Carrara, Vitor Gomes 18 words — < 1 /o

Pires, Valentina Floris et al. "Blood-Based
Biomarkers for Alzheimer’s Disease Diagnosis and
Progression: An Overview", Cells, 2022



Crossref

e " . . 0
Amblkalra'uah, Anar\than. Women's Brain 13 words — < 1 /0
Health: Disentangling the Role of Menopause
and Ageing", The Australian National University (Australia),

2022

ProQuest

. " . 0
Daily, K}{Iene P nge Regulat(?ry Mechanlsms 13 words — < 1 A)
Underlying Microglial Dysfunction in
Alzheimer's Disease", The Ohio State University, 2023

ProQuest

N . . . . 0
Blolog|cal., Dlagngst|c 'and.Thera"peutl.c 12 words — < 1 /0

Advances in Alzheimer's Disease", Springer

Science and Business Media LLC, 2019

Crossref

I . . . . 0
Diet and.Exerc.lse in C"ogn.ltlve Function and 12 words — < 1 /0
Neurological Diseases", Wiley, 2015

Crossref

. : 0
Advances in Neurobiology, 2011. 12 words — < 1 /0

Crossref

i 0)
Harald Hampel, Yan I'-'Iu,Jeffrey Cum.mlngs, 12 words — < 1 /0
Soeren Mattke et al. "Blood-based biomarkers
for Alzheimer’s disease: Current state and future use in a
transformed global healthcare landscape”, Neuron, 2023

Crossref

. " . 0
Todd, Nicholas Kuzma. Thg Role of g.Proteln 12 words — < 1 /0
Coupled Receptor Kinases in Modulating y-
Secretase Activity Andamyloid- Generation", University of
Pittsburgh, 2022

ProQuest

: 0
www.duo.uio.no 12 words — < 1 /0

Internet



Jingxuan Wang, Peter Buto, Sarah F. Ackley, . < 1 %

Lindsay C. Kobayashi et al. "Association

between cancer and dementia risk in the UK Biobank:
evidence of diagnostic bias", Cold Spring Harbor Laboratory,
2022

Crossref Posted Content

" . . . . 0
Ha.ndbook.of Nutrition, [?let, and Eplgenetlcs 10 words — < 1 /0
Springer Science and Business Media LLC, 2019

Crossref

I\/Iechgmsms, Clinical Strategies, and | 10 words — < 1 %
Promising Treatments of Neurodegenerative
Diseases. 12th International Conference
AD/PD<sup>TM</sup> Nice, France, March 18-22, 2015:
Abstracts", Neurodegenerative Diseases, 2015

Crossref

" H H " M 0
N.eurodegenera.tlve Dlsea§es , Springer 10 words — < 1 /0
Science and Business Media LLC, 2018

Crossref

" . . . O
Neuropsychlatrlc Symptst of.Cognltlve 10 words — < 1 /0

Impairment and Dementia", Springer Nature,

2017

Crossref

n H n . 0
P!ET and SPECT .|n Neurolqu , Springer 10 words — < 1 /0
Science and Business Media LLC, 2021

Crossref

" . . . . . . 0
Reviews on Blomarkgr Stgdles in 'I?sychlatrlc 10 words — < 1 /0

and Neurodegenerative Disorders", Springer

Nature, 2019

Crossref

. Vin "Cling . . 0
Lim, Bryant Bak Y!n. Clinical Validation Pf 10words — < 1 )0
Neuronal Pentraxin Receptor as a Candidate
Biomarker for Alzheimer's Disease", University of Toronto
(Canada), 2020



ProQuest

Olivier Bousiges, Benjamin Cretin, Candice 10 words — < 1 %
Muller, Anne Botzung et al. "Involvement of

ApoE4 in dementia with Lewy bodies in the prodromal and

demented stages: evaluation of the Strasbourg cohort”,

Research Square Platform LLC, 2023

Crossref Posted Content

VUJanlct Stfankov Tuana.- Neuropsihlosjki 10 words — < 1 %
Korelati Mikrostrukturnih Promena Mozga

utvra‘enih Metodom Magnetne Rezonance Kod Obolelih Od

Blagog Kognitivhog poremecaja i Alchajmerove Bolesti.",

University of Novi Sad (Serbia), 2021

ProQuest

0
;(teji?rch.vu.nl 10 words — < ] /0
www.demneuropsy.com.br < 1 %
Internet 10 words —
ON OFF

ON <10 WORDS



